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in 2004. She is an Auxiliary Researcher at the Department of Clinics of Faculdade de Medicina
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Preface to ”Antimicrobial Resistance and Virulence -
2nd Volume”

The worldwide dissemination of antimicrobial-resistant bacteria, particularly those resistant

to last-resource antibiotics, is a common problem to which no immediate solution is foreseen. In

2017, the World Health Organization (WHO) published a list of antimicrobial-resistant “priority

pathogens”, which include a group of microorganisms with high-level resistance to multiple

drugs, named ESKAPE pathogens, comprising vancomycin-resistant Enterococcus faecium (VRE),

methicillin- and vancomycin-resistant Staphylococcus aureus (MRSA and VRSA), extended spectrum

β-lactamase (ESBL) or carbapenem-resistant Klebsiella pneumoniae, carbapenem-resistant Acinetobacter

baumannii, carbapenem-resistant Pseudomonas aeruginosa and extended spectrum β-lactamase (ESBL)

or carbapenem-resistant Enterobacter spp. These bacteria also have the ability to produce several

virulence factors, which have a major influence on the outcomes of infectious diseases. Bacterial

resistance and virulence are interrelated, since antibiotics pressure may influence bacterial virulence

gene expression and, consequently, infection pathogenesis. Additionally, some virulence factors

contribute to an increased resistance ability, as observed in biofilm-producing strains. The

surveillance of important resistant and virulent clones and associated mobile genetic elements is

essential to decision making in terms of mitigation measures to be applied for the prevention of such

infections in both human and veterinary medicine, being also relevant to address the role of natural

environments as important components of the dissemination cycle of these strains.

This reprint constitutes a Second Volume focusing on antimicrobial resistance and virulence, and

aims to publish manuscripts that further clarify 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 and Elisabete Silva

Editors
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Abstract: Mortality in neonates with Gram-negative bloodstream infections has remained unac-
ceptably high. Very few data are available on the impact of resistance profiles, virulence factors,
appropriateness of empirical treatment and clinical characteristics on patients’ mortality. A survival
analysis to investigate 28-day mortality probability and predictors was performed including (I)
infants <90 days (II) with an available Enterobacterales blood isolate with (III) clinical, treatment
and 28-day outcome data. Eighty-seven patients were included. Overall, 299 virulence genes were
identified among all the pathogens. Escherichia coli had significantly more virulence genes identified
compared with other species. A strong positive correlation between the number of resistance and
virulence genes carried by each isolate was found. The cumulative probability of death obtained
by the Kaplan-Meier survival analysis was 19.5%. In the descriptive analysis, early age at onset,
gestational age at onset, culture positive for E. coli and number of classes of virulence genes carried
by each isolate were significantly associated with mortality. By Cox multivariate regression, none
of the investigated variables was significant. This pilot study has demonstrated the feasibility of
investigating the association between neonatal sepsis mortality and the causative Enterobacterales
isolates virulome. This relationship needs further exploration in larger studies, ideally including host
immunopathological response, in order to develop a tailor-made therapeutic strategy.

Keywords: infant; newborn; bacteremia; Gram-negative bacteria; drug resistance; microbial; viru-
lence factors; mortality

1. Introduction

Mortality in neonates with Gram-negative bloodstream infections (GN-BSIs) has
remained unacceptably high. Appropriate empirical treatment is considered crucially
important in reducing mortality. However, despite the improvement in neonatal care, the
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fatality rate in babies with GN-BSIs remains around 15–20%, also during the emergence of
antimicrobial resistance (AMR) [1–6].

Very few data are available on the impact of different treatment regimens on clinical
outcome in neonates with GN-BSIs. Previous studies conducted in both adults and children
showed conflicting results on the impact of resistance profiles, appropriateness of empirical
treatment and clinical characteristics on patients’ mortality [7–15]. In the last decade,
the implementation of modern bioinformatics to assist next-generation sequencing data
analysis greatly improved the knowledge on the genetic characterization of pathogenic
strains that may serve as target for new therapies [16]. There has been a growing body of
evidence about the role of virulence factors (VFs) in the pathogenesis of invasive infections.
Enterobacterales employ many strategies to enhance invasiveness, overcome host defenses
and cause infections. Different strains can use alternative VFs with similar functions during
the infection process, with this plasticity leading to unique combinations of such factors [17].
Some VFs are disease-specific whereas others seem to play different roles in different types
of infection [18]. This plasticity enables pathogenic strains to colonize and infect different
tissues and hosts. Some major classes of VFs, such as capsule, siderophores and fimbriae,
have been characterized well [18]. However, several other factors were recently identified
and have yet to be defined to fully understand their mechanisms of action and clinical
significance (summarized in Table 1). To achieve this goal, a genomic approach can be
used to identify genes encoding specific virulence determinants. In adults, several genes
present in the great majority of bacteremic strains and involved in virulence have been
identified [19–21]. These are presumably essential for the infection process. However, the
specific VFs that are relevant in causing neonatal GN-BSIs are not well defined yet, partly
due the variability among the few studies available so far [2]. These have mostly been
conducted on neonates and children with Escherichia coli bacteremia, with virtually no data
available on other Enterobacterales [22–25]. Also, in the recent years, several data have
been published investigating a potential role of the bacterial virulome, defined as the set
of genes contributing to the bacterial virulence, in determining the outcome of patients
with both Gram-positive and GN-BSIs. Again, these studies demonstrate a mixed picture
reporting a significant correlation between virulence factors and mortality in both children
and adults [2,19,26–29].

Table 1. Main virulence factors in Enterobacterales.

Category Sub-Category Function Genes Pathogens

Adherence

Anti-aggregation
protein-dispersin

Bound to the outer membrane,
assisting dispersion across the

surface by overcoming electrostatic
attraction between fimbriae and

bacterial surface

aap Escherichia coli

Adhesins
Cell-surface components that allow
bacteria to attach to host cells or to

surfaces
afa, dra, fde Escherichia coli

Fimbriae
Major adhesive structures in biofilm

formation and binding to abiotic
surfaces

agg, bcf, csg, daa, fim,
foc, lpf, mrk, paa, pap,
sfa, yag.ecp, ykg.ecp

Escherichia coli
Enterobacter spp.

Klebsiella spp.

Intimin Outer membrane protein needed for
intimate adherence eae, tir Escherichia coli

Zinc metalloprotease Contributes to intimate adherence to
host cells stc Escherichia coli

2
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Table 1. Cont.

Category Sub-Category Function Genes Pathogens

Bacterial metabolism

Allantoin Metabolism Enzymes involved in degradation of
allantoin all A-D

Klebsiella spp.
Escherichia coli

Enterobacter spp.

Transcription factors DNA-binding transcriptional
activator/repressor all R-S

Klebsiella spp.
Escherichia coli

Enterobacter spp.

Bacterial survival
promoters

Methionine aminopeptidase map Escherichia coli

Magnesium transporter mgt
Klebsiella spp.
Escherichia coli

Enterobacter spp.

Toll-like receptor and
MyD88-specific signalling inhibitor tcp Escherichia coli

Capsule

Capsule

Extracellular polysaccharide matrix
that envelops the bacteria, prevents

phagocytosis, hinders the
bactericidal action of antimicrobial

peptides, blocks complement
components

cps, gal, glf, gnd, gtr,
kfo, kps, man, rcs, rmp,

ugd, wca, wza, wzi,
wzm, wzt

Klebsiella spp.
Escherichia coli

Enterobacter spp.

Lipopolysaccharide

Component of the outer leaflet of the
cell membrane of all Gram-negative

bacteria (GNB) which protects
against humoral defences

lpx, waa, wbb All GNB

Cell invasion

Arylsulfatase Penetration of the blood-brain
barrier asl Escherichia coli

Outer membrane porin A

Adherence to epithelial cells,
translocation into epithelial cells

nucleus, induction of epithelial cell
death, biofilm formation, binding to
factor H to allow bacteria to develop

serum-resistance

ompA
Escherichia coli

Enterobacter spp.
Klebsiella spp.

Invasion protein A Cell invasion into the host tissues ibeA Escherichia coli

Iron metabolism

Siderophores-Hemin
uptake

Enable using of Fe from
haemoglobin in the host system chu Escherichia coli

Enterobacter spp.

Siderophores-
Enterobactin

Mediation of iron acquisition,
obstacole macrophages antimicrobial

responses
ent, fep, fes All GNB

Siderophores-
Yersiniabactin

Can solubilise iron bound to host
binding proteins and transport it

back to the bacteria
fyu, irp, ybt Escherichia coli

Klebsiella spp.

Siderophores-Salmochelin Siderophore receptor, use of Fe ions
obtained from the body host iro

Escherichia coli
Enterobacter spp.

Klebsiella spp.

Siderophores-Aerobactin Acquisition of Fe2+/3+ in the host
system

iuc, iut Escherichia coli
Klebsiella pneumoniae

Heme/haemoglobin
transport protein and

receptor
Cell survival shu Escherichia coli

Enterobacter spp.

Motility and
chemotaxis

Chemotaxis Bacterial movement in response to a
chemical stimulus che, mot Escherichia coli

Enterobacter spp.

Flagella Motility organelle, function as
adhesins flg, flh, fli Escherichia coli

Enterobacter spp.

Pumps Pumps
Efflux pump implicated in both

virulence and resistance to
antibiotics

acr
Escherichia coli

Enterobacter spp.
Klebsiella spp.
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Table 1. Cont.

Category Sub-Category Function Genes Pathogens

Secretion system
factor

Type I secretion system
protein (T1SS)

Enables pathogens to inject effector
proteins into host cells hly Escherichia coli

Type II secretion system
protein (T2SS)

Enables pathogens to inject effector
proteins into host cells exe, gsp Escherichia coli

Klebsiella spp.

Type III secretion system
(T3SS)

Enables pathogens to inject effector
proteins into host cells ces, esc Escherichia coli

Type VI secretion system
(T6SS)

Enables pathogens to inject effector
proteins into host cells

clpV.tssH, dotU.tssL,
hcp, hsiB1.vip, icmF.tss

Escherichia coli
Enterobacter spp.

Klebsiella spp.

Toxins

Colibactin

Genotoxin causing genomic
instability in eukaryotic cells by

induction of double-strand breaks in
DNA

clb Escherichia coli
Klebsiella pneumoniae

T3SS effector Cytoskeletal rearrangements esp Escherichia coli

Hemolysin A Creating of pores in membranes of
host cells (cell lysis) hly Escherichia coli

Clarifying the role of the main determinants leading to adverse outcomes could
help to define targeted interventions to decrease mortality. With this study, we aimed to
investigate potential associations between patient characteristics, pathogen characteristics
and antibiotic treatment regimen on the clinical outcome of neonates/infants affected by
culture-proven GN-BSIs.

2. Results
2.1. Demographic and Clinical Data

Overall, 87 infants from six European countries (the United Kingdom: 49, Estonia:
21, Greece: 7, Italy: 7, Lithuania: 2, Spain: 1) between 2010–2015 fulfilled our inclusion
criteria and were included in the study. Forty patients were retrieved from the neonatal
infection surveillance network (NeonIN) study [30], 38 from NeoMero [31], and 9 from the
Collaborations for Leadership in Applied Health Research and Care (CLAHRC) study [32].
Patients, pathogens and treatment characteristics of the included episodes are summarised
in Table 2. At the BSI onset, the median age of the selected neonates was 15.2 days
(interquartile range (IQR) 6.7–31), with a median gestational age (GA) of 33 weeks (IQR
28–37). Forty-nine out of 87 babies (56%) had a central line in situ at the episode onset. A
total of 37 different antibiotic regimens have been reported among the 87 patients in the
first 48 h of treatment.

Table 2. Demographic and clinical characteristics of included patients.

Variable Overall, n = 87 (%)

Gender

Male 43 (49)

Female 44 (51)

Age at the onset (days, median (IQR)) 15.2 (6.7–31)

Gestational age category (weeks of GA)

<28 0/7 37 (42)

28 0/7–31 6/7 21 (24)

32 0/7–33 6/7 8 (9)

34 0/7–36 6/7 8 (9)

4
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Table 2. Cont.

Variable Overall, n = 87 (%)

37 0/7–38 6/7 7 (8)

39 0/7–40 6/7 6 (7)

Birth weight category (grams)

>=2500 20 (23)

1500–<2500 15 (17)

1000–<1500 15 (17)

<1000 37 (42)

Small for Gestational Age (SGA)

Yes 11 (13)

No 76 (87)

Underlying conditions

Yes 51 (59)

No 36 (41)

Gestational age (weeks) at onset, median (IQR) 33 (28–37)

Isolated organism

Escherichia coli 36 (41)

Enterobacter cloacae 18 (21)

Klebsiella pneumoniae 11 (13)

Klebsiella oxytoca 7 (8)

Serratia marcescens 7 (8)

Enterobacter asburiae 3 (3)

Enterobacter aerogenes 2 (2)

Serratia liquefaciens 1 (1)

Enterobacter kobei 1 (1)

Proteus mirabilis 1 (1)

First 48-h antibiotic treatment *

Aminoglycosides anti-bacterials 25 (29)

Beta-lactam anti-bacterials, penicillins 26 (30)

Other anti-bacterials 9 (10)

Other beta-lactam anti-bacterials 23 (26)

Quinolone anti-bacterials 4 (5)

First 48-h treatment concordance with the anti-biogram

Concordant 81 (93)

Discordant 6 (7)

Multidrug resistant **

No 61 (70)

Yes 26 (30)

Number of classes of resistance genes per isolate, median (IQR) 5 (4–5)

Number of classes of virulence genes per isolate, median (IQR) 7 (7–9)
* Coded according to the WHO ATC/DDD (Anatomical Therapeutic Chemical/Defined Daily Dose) Index 2020
at the 4th level. ** According to Magiorakos, A.P., Clin. Microbiol. Infect. 2012 Mar, 18(3), 268–281.
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2.2. Microbiological Data

The species IDs identified on matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry were all confirmed by sequencing. The isolate-specific
accession numbers are indicated in Supplementary Table S1. The most frequently isolated
pathogen was E. coli followed by Enterobacter spp. and Klebsiella spp. (Table 2). The percent-
age of multidrug-resistance (MDR) isolates was 30% (26/87). Based on interpretation of
the in vitro susceptibility profile, 16/87 (18%) were suspected of producing an extended-
spectrum beta lactamase (ESBL) enzyme, and only one isolate (Klebsiella pneumoniae) was
resistant to carbapenems. Susceptibilities of single species to the investigated antibiotics
are presented in Table 3.

Table 3. Percentages of susceptibility for the isolated pathogens.

Pathogen (n) AMK * AMP AMC CRO CAZ ATM CIP GEN MEM TZP SXT

Escherichia coli (36) 97 42 67 94 97 94 89 86 100 92 64

Enterobacter cloacae (18) 94 0 0 56 56 83 100 67 100 94 89

Klebsiella pneumoniae (11) 55 0 46 46 55 64 91 64 91 64 64

Klebsiella oxytoca (7) 100 0 71 86 86 100 100 71 100 100 86

Serratia marcescens (7) 100 0 0 86 100 86 86 100 100 86 100

Enterobacter asburiae (3) 100 0 0 100 100 100 100 33 100 100 100

Enterobacter aerogenes (2) 50 0 0 50 50 50 100 50 100 50 100

Serratia liquefaciens (1) 100 100 100 100 100 100 100 100 100 100 100

Enterobacter kobei (1) 100 100 0 100 100 100 100 100 100 100 100

Proteus mirabilis (1) 100 0 100 100 100 100 100 0 100 100 0

AMK: amikacin, AMP: ampicillin, AMC: amoxicillin-clavulanate, CRO: ceftriaxone, CAZ: ceftazidime, ATM: aztreonam, CIP: ciprofloxacin,
GEN: gentamicin, MEM: meropenem, TZP: piperacillin-tazobactam, SXT: trimethoprim-sulphametoxazole * Proportion of isolates resistant
to the antibiotic.

A total of 50 different sequence types (STs) were found, with ST131 and ST90 as the
most frequent in E. coli and Enterobacter cloacae, respectively. The median number of classes
of resistance genes carried per isolate was 5 (IQR 4–5) whereas the median number of
classes of virulence genes was 7 (IQR 7–9). Twenty-five isolates harbored blaTEM-type
genes, two non-Klebsiella spp. strains the blaSHV-type determinant, and two E. coli strains
the blaCTX-M-type genes. One K. pneumoniae ST17 carried blaVIM-12 gene, and two
Enterobacter asburiae (ST484) the mcr-9 determinant.

Overall, the genome sequencing identified 299 different virulence genes among all the
pathogens. There was a strong positive correlation between the number of resistance and
virulence genes carried by each isolate (Rho = 0.79; p = 0.001) (Figure 1).

E. coli strains showed the highest mean number of virulence genes (105 vs. <65
in the other species overall), mainly those involved in fimbriae production (p < 0.0001)
(Table 4). The genes that were more frequently carried by the isolates are summarized in
Table 5. Among the most represented strains (E. coli, E. cloacae, K. pneumoniae, K. oxytoca)
the following virulence genes were carried by all the isolates: gal, gnd, rcs (capsule); ompA
(cell invasion); ent, fep (iron metabolism); acr (pumps). Some genes were shown to be strain-
specific. Among them, the adhesion mrk gene cluster was sequenced in all Klebsiella spp.
isolates as well as the secretion system’s exe and impA.tss genes. Conversely, genes encoding
for motility and chemotaxis proteins (che, flg and fli) were only carried by E. coli and
Enterobacter spp. The clb, esp and hly genes encoding for toxin proteins were sequenced only
in E. coli strains. One hypervirulent K. pneumoniae with a hypermucoviscous phenotype
harboring the rmpA and wca genes was found [33].
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Figure 1. Spearman’s rank correlation between number of resistance and virulence genes.

Table 4. Median number of classes of virulence genes carried per bacterial strain.

Pathogen (n)

Virulence Factors Category (Median Number of Genes Carried)

Adherence Bacterial
Metabolism Capsule Cell

Invasion
Iron

Metabolism
Motility and
Chemotaxis Pumps

Secretion
System
Factor

Toxins

Escherichia coli (36) 31 2 5.5 2 37 8 2 13 6.5

Enterobacter cloacae
(18) 5 0 7 1 16 7 2 11 0

Klebsiella
pneumoniae (11) 24 0 14 1 12 0 2 13 0

Klebsiella oxytoca (7) 15 2 9 1 22 0 2 10 0

Table 5. Number and percentage of the most represented virulence genes.

Virulence Gene
Escherichia coli

(36)
Enterobacter cloacae

(18)
Klebsiella pneumoniae

(11)
Klebsiella oxytoca

(7)

N (%) N (%) N (%) N (%)

Adherence

csg 36 (100) 18 (100) 0 0

fde 36 (100) 0 0 0

fim 36 (100) 0 10 (91) 7 (100)

mrk 0 2 (11) 11 (100) 7 (100)

pap 26 (72) 0 0 0

yag.ecp 36 (100) 0 11 (100) 7 (100)

ykgK.ecp 35 (97) 0 11 (100) 0
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Table 5. Cont.

Virulence Gene
Escherichia coli

(36)
Enterobacter cloacae

(18)
Klebsiella pneumoniae

(11)
Klebsiella oxytoca

(7)

N (%) N (%) N (%) N (%)

Bacterial metabolism

all 36 (100) 0 0 3 (43)

mgt 0 0 0 7 (100)

Capsule

cps 0 0 10 (91) 0

gal 36 (100) 18 (100) 11 (100) 7 (100)

gif 0 0 6 (54) 7 (100)

gnd 36 (100) 18 (100) 11 (100) 7 (100)

kps 33 (92) 0 0 0

man 0 18 (100) 7 (64) 2 (29)

rcs 36 (100) 18 (100) 11 (100) 7 (100)

ugd 2 (6) 18 (100) 11 (100) 7 (100)

Cell invasion

asl 36 (100) 0 0 1 (14)

ompA 36 (100) 18 (100) 11 (100) 7 (100)

Iron metabolism

chu 35 (97) 6 (33) 0 0

ent 36 (100) 18 (100) 11 (100) 7 (100)

fep 36 (100) 18 (100) 11 (100) 7 (100)

fes 36 (100) 0 11 (100) 7 (100)

fyu 35 (97) 0 2 (18) 5 (71)

iro 11 (31) 11 (61) 11 (100) 0

irp 35 (97) 0 2 (18) 5 (71)

iuc 25 (69) 0 1 (9) 0

iut 25 (69) 0 1 (9) 0

Motility and chemotaxis

che 36 (100) 18 (100) 0 0

flg 36 (100) 18 (100) 0 0

fli 36 (100) 18 (100) 0 0

Pumps

acr 36 (100) 18 (100) 11 (100) 7 (100)

Secretion system factor

clpV.tssH 0 13 (72) 11 (100) 3 (43)

dotU.tssL 0 13 (72) 11 (100) 4 (57)

exe 0 0 11 (100) 7 (100)

gsp 35 (97) 0 0 0
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Table 5. Cont.

Virulence Gene
Escherichia coli

(36)
Enterobacter cloacae

(18)
Klebsiella pneumoniae

(11)
Klebsiella oxytoca

(7)

N (%) N (%) N (%) N (%)

hcp 21 (58) 14 (78) 11 (100) 7 (100)

hsiB1.vip 0 18 (100) 0 0

icmF.tss 0 11 (61) 10 (91) 4 (57)

impA.tss 0 0 11 (100) 0

vasE.tssK 0 12 (67) 11 (100) 4 (57)

vip.tss 21 (58) 15 (83) 11 (100) 7 (100)

ybd 0 18 (100) 10 (91) 7 (100)

Toxins

clb 7 (19) 0 1 (9) 0

esp 15 (42) 0 0 0

2.3. Determinants of 28-Day Case-Fatality

The cumulative probability of death obtained by the Kaplan-Meier survival analysis
was 19.5% with the greater percentage of deaths happening in the first week. In the
descriptive analysis, early age at onset (p = 0.002), culture positive for E. coli (p = 0.029),
number of classes of virulence genes carried per isolate (p = 0.022) and GA (weeks) at the
onset (p = 0.003) were significantly associated with mortality (Table 6). By Cox multivariate
regression, none of the investigated variables was significant (Table 7).

Table 6. Descriptive analysis of potential association between variables and mortality.

Variable Alive, n = 69 (%) Died, n = 18 (%) p-Value

Male 31 (45) 12 (67) 0.168

Female 38 (55) 6 (33)

Age at the onset (days, median (IQR)) 19.1 (8.8–35) 7.1 (3.3–9.8) 0.002

Gestational age category (weeks of GA)

<28 0/7 27 (39) 10 (56) 0.323

28 0/7–31 6/7 17 (25) 4 (22) 1.000

32 0/7–33 6/7 7 (10) 1 (6) 1.000

34 0/7–36 6/7 8 (12) 0 (0) 0.197

37 0/7–38 6/7 5 (7) 2 (11) 0.631

39 0/7–40 6/7 5 (7) 1 (6) 1.000

Birth weight category (grams)

>=2500 17 (25) 3 (17) 0.754

1500–<2500 13 (19) 2 (11) 0.727

1000–<1500 13 (19) 2 (11) 0.727

<1000 26 (38) 11 (61) 0.128

Small for Gestational Age (SGA)

Yes 8 (12) 3 (17) 0.690

No 61 (88) 15 (83)
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Table 6. Cont.

Variable Alive, n = 69 (%) Died, n = 18 (%) p-Value

Underlying conditions

Yes 39 (56) 12 (67) 0.610

No 30 (43) 6 (33)

Gestational age (weeks) at onset, median (IQR) 33 (30–38) 27 (25–33) 0.003

Isolated organism

Escherichia coli 24 (35) 12 (67) 0.029

Enterobacter spp. 20 (29) 4 (22) 0.769

Klebsiella spp. 16 (23) 2 (11) 0.342

Serratia spp/Proteus mirabilis 9 (13) 0 (0) 0.194

First 48-h antibiotic treatment *

Aminoglycosides antibacterials 19 (27) 6 (33) 0.848

Beta-lactam antibacterials, penicillins 22 (32) 4 (22) 0.611

Other antibacterials 7 (10) 2 (11) 1.000

Other beta-lactam antibacterials 19 (27) 4 (22) 0.770

Quinolone antibacterials 2 (3) 2 (11) 0.188

First 48-h treatment concordance with the antibiogram

Concordant 64 (93) 17 (94) 1.000

Discordant 5 (7) 1 (6) 1.000

Multidrug resistant

No 47 (68) 14 (78) 1.000

Yes 22 (32) 4 (22) 1.000

Number of classes of resistance genes per isolate, median (IQR) 5 (4–5) 5 (4–5) 0.203

Number of classes of virulence genes per isolate, median (IQR) 7 (7–9) 9 (8–9) 0.022

* coded according to the WHO ATC/DDD Index 2020 at the 4th level.

Table 7. Multivariate regression analysis on the 28-day mortality predictors.

Variable N HR * (L.95–U.95) p-Value

Age at the onset (days) 87 0.97 (0.93–1.01) 0.125

N. classes of virulence genes 87 1.35 (0.92–1.97) 0.128

Gestational Age (weeks) at onset 87 0.91 (0.83–1) 0.056

* Hazard Ratio.

3. Discussion

This study included 87 European neonates and infants younger than 90 days with
GN-BSIs due to Enterobacterales. Overall, 299 virulence genes were identified in these
pathogens. Among the different organisms, E. coli had significantly more virulence genes
identified compared with other species. Gal, gnd, rcs, ompA, ent, fep, and acr virulence
genes were identified from all the pathogens, likely being essential for the infection process.
Conversely, some other genes were shown to be strain-specific. A strong positive correlation
between the number of resistance and virulence genes carried by each isolate was found.
By survival analysis, the 28-day probability of death was 19.5%. In the descriptive analysis,
early age at onset, GA at the onset, culture positive for E. coli and number of classes of
virulence genes carried by each isolate were significantly associated with mortality whereas
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discordant therapy was not related to mortality. By Cox multivariate regression, none of
the investigated variables was significant.

Many studies have been conducted in both adults and neonates trying to define the
main determinants of mortality in patients with GN-BSIs. AMR has been broadly investi-
gated in the adult population, with the majority of studies reporting a significant association
between multiple resistance to antibiotics and patients mortality [7,34–36]. Some large
cohorts have not found a clear correlation between AMR and adverse outcome [8,12,13].
Data from this small study did not confirm a significant impact of resistance profile on
neonatal mortality [5].

In recent years, an increasing number of studies are being conducted trying to inves-
tigate the impact of virulence genes on the outcome of patients with GN-BSIs. Among
them, E. coli was the most frequently investigated pathogen followed by K. pneumoniae.
Independent risk factors associated with 30-day mortality among adult patients with
ESBL-producing E. coli bacteremia included siderophores iroN and iss positivity [21], the
siderophore fyuA gene, and the presence of the afimbrial adhesin afa gene [19,37]. In a large
prospective study investigating the main determinants for adverse outcome in patients
with K. pneumoniae BSIs, the cytotoxicity pks gene cluster carriage by causative strains
was an independent risk factor for 30-day mortality when accompanied by MDR [38].
Lastly, the siderophore-related iutA gene was found to be an independent predictor of the
30-day mortality in K. pneumoniae bacteremia [39]. However, almost all of these studies
were conducted with pre-selected virulence genes searched by polymerase chain reaction
(PCR) rather than sequencing the entire bacterial virulome. This led to a wide hetero-
geneity, with each group analyzing different genes and hampering the comparison of
the results. Very little data have been published on the relationship between bacterial
virulence factors and BSI mortality in children, and almost all in patients with E. coli
bacteremia. In a prospective cohort of 43 septic neonates, the adhesin hek/hra gene was
found to be significantly more frequent in isolates from newborns who died than in isolates
from survivors [2]. On the other hand, in a cohort of children 0–17 years old (median age
2.4 months), none of the 20 virulence factors tested by PCR was found to correlate with
sepsis severity [26]. The Burden of Antibiotic Resistance in Neonates from Developing
Societies (BARNARDS) study was conducted to assess the burden of AMR in neonates in
seven low-middle income countries [6]. In this study, Gram-negative (GN) pathogens from
neonatal sepsis were isolated and characterized through whole genome sequencing (WGS)
for resistance and virulence genes. The number of virulence genes carried by each isolate
through a virulence score was used. The results obtained suggested that yersiniabactin
and/or aerobactin/salmochelin virulence genes may be involved in a more rapid onset
and mortality. However, the inability to follow up all neonates and additional local factors
likely to contribute to patient’s death hampered the authors’ capacity to attribute mortality
singularly to the presence/absence of genomic traits.

Our results showed a strong positive correlation between the number of resistance
and virulence genes carried by each isolate. Many studies have been conducted on either
AMR or virulence. However, the biological effect and connection between these two factors
are of particular importance [40,41]. Indeed, a negative or positive relationship can be
found among them. Enhanced virulence or AMR frequently has been reported to have
a fitness cost on bacteria but their relationship changes according to different bacterial
species, the resistance and virulence genes involved and the host’s immune system [42,43].
Some antibiotics, such as ceftazidime, cefotaxime and quinolones, have been reported to
enhance the increase of the deletion and transposition of DNA regions that are specific for
VFs [42]. By contrast, a positive correlation has been shown between AMR and virulence
with the use of other antibiotics. In particular, uropathogenic strains of E. coli carrying the
blaCTX-M-15 resistance gene also harbored more colV, colE2-E9, colIa-Ib, hlyA, and csgA
genes as well as the blaOXA-2 beta lactamase was correlated with increased expression of
colM, colB, colE, and crl genes [44]. Prophages are another mechanism that has been shown
to be involved in both virulence and resistance diffusion through the spread of toxins to
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other resistant strains [45]. Porins and biofilm also play an important role in the relationship
between virulence and resistance, with the first acting as a channel controlling the entrance
of both antibiotics and VFs into the pathogens (i.e., the OmpC gene) and the second favoring
antimicrobial treatment tolerance and infection persistence at the same time also increasing
the transfer of resistance and virulence genes among the cells [46]. Lastly, an enhancement
in both resistance and virulence characteristics of the pathogens can occur through mobile
genetic elements like plasmids. These self-replicating extra-chromosomal elements are
capable of transferring among different bacteria while carrying virulence and resistance
genes [47]. This mechanism is independent of any antibiotic pressure.

There are several limitations in the study design, due to both confounding factors and
heterogeneity of our sample. Firstly, the study is not powered to demonstrate a significant
correlation between the presence of single resistance/virulence genes and neonates’ clinical
outcome; this required us to analyze resistome and virulome by grouping genes according
to the class. Moreover, we are well aware of the rapid dynamics of bacterial genetics, and the
selection of a single time point isolate can cause bias and affect the results. At the same time,
considering the possible implication of heteroresistance, the selection of certain colonies
in the first place could have potentially missed relevant isolates. We found a significantly
higher number of virulence genes in E. coli isolates compared with other species; this
could be due to an over representation of E. coli genes in the virulence database (VFDB).
Different pathogens can have different impacts on neonates with sepsis, and pooling
data on multiple strains could alter the results. Lastly, neonates and infants represent a
broadly heterogeneous population, being characterized by different gestational ages, birth
weight, underlying conditions, and risk factors. Despite these limitations, this was the first
study to correlate virulence factors of non-E. coli Enterobacterales with mortality in septic
neonates. Although a number of studies have tried to correlate single virulence genes with
Gram-negative sepsis outcome, virtually none of them have investigated the role of the
entire virulome in causing mortality. Considering the huge number of virulence genes
involved and the limited sample size, we presented a potential way to use the entire body of
information gained from the WGS by grouping genes as the number of classes of virulence
genes involved. Having access to a very complete dataset including patient-level treatment,
outcome data, and isolates available for a comprehensive genetic characterization, we
believe that our data provide new and relevant information on the molecular picture of
GN pathogens causing neonatal BSIs.

4. Materials and Methods
4.1. Study Design and Data Source

A case series of neonates with clinical sepsis and microbiologically confirmed GN-
BSIs was constructed from three separate studies: the NeonIN [30], the NeoMero clinical
trial [31], and the CLAHRC [32]. The NeonIN is a multinational network which prospec-
tively collect data on neonatal infections from neonatal units. The detailed data procedures
have been previously described [48]. NeoMero was a European-based randomized con-
trolled trial to compare the efficacy of meropenem with standard of care (ampicillin +
gentamicin or cefotaxime + gentamicin) in the treatment of late onset neonatal sepsis.
CLAHRC is a United Kingdom-based prospective cohort study to collect data for patients
with GN-BSIs in three hospitals in South London which aims to characterize clinical man-
agement of patients with GN-BSIs in all ages and identify potential risk factors associated
with 28-day treatment outcomes.

4.2. Selection Criteria, Available Data and Definitions

Patients with a microbiologically-confirmed diagnosis of GN-BSIs due to Enterobac-
terales were selected from the above studies among European Neonatal Intensive Care
Units between 2010–2015. Inclusion criteria were (I) age between 0–90 days, (II) Enterobac-
terales blood isolate available for the sequencing, (III) patient-level clinical and treatment
data, and (IV) 28-day clinical outcome data.
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Data available for the analysis included demographic, risk factors, clinical character-
istics, antibiotic treatment, susceptibility results, resistome and virulome of the isolated
bacteria, and 28-day treatment outcome.

The date of the blood culture was considered as the day of the sepsis onset. The
MDR of the isolates was defined according to Magiorakos A.-P. et al. as acquired non-
susceptibility to at least one agent in three or more antimicrobial categories [49]. The first
48-h antibiotic treatment was defined as concordant or discordant based on the inclusion
of at least an active drug against the blood isolate. The evaluated outcome was defined as
28-day case-fatality (patient alive/dead).

4.3. Microbiological Methods

Bacterial isolates from blood were cultured from frozen stocks (−80 ◦C) on blood
agar plates. Species were identified by MALDI-TOF mass spectrometry (Bruker, Karlsruhe,
Germany). Antibiotic susceptibility profiles were obtained according to the European
Committee on Antimicrobial Susceptibility Testing (EUCAST) 2019 Clinical Breakpoints
with disk diffusion tests for the following antibiotics: amikacin, ampicillin, amoxicillin-
clavulanate, ceftriaxone, ceftazidime, aztreonam, ciprofloxacin, gentamicin, meropenem,
piperacillin-tazobactam, and trimethoprim-sulphametoxazole. To facilitate the analyses,
isolates that were defined as having increased exposure were classified as non-susceptible.
The isolates included in the study were subjected to WGS using the Illumina MiSeq platform
(Illumina, San Diego, CA, USA), with paired-end runs of 2 × 300 bp, after Nextera XT
library preparation. The obtained reads were assembled using SPAdes [50]. For each
genome, we determined the ST using an in-house script (available upon request) and
the Multilocus sequence typing (MLST) schemes and gene alleles sequences available on
PubMLST (pubmlst.org). The isolates were further characterized at the genomic level with
the identification of resistant and virulence genes using ABRicate (Seemann T, Abricate,
Github https://github.com/tseemann/abricate, accessed on: 11 November 2019) and the
following databases: The Comprehensive Antibiotic Resistance Database (CARD) [51] and
Resfinder [52] for the resistance genes and VFDB [53] for the virulence genes.

4.4. Statistical Analysis

Qualitative variables were summarized by absolute frequencies and percentages,
and quantitative variables by median and IQR. A descriptive analysis was conducted
with the potential association between variables and outcome of interest evaluated by
chi-squared or Fisher’s exact test as more appropriate for qualitative variables, and Mann–
Whitney or t-test as appropriate for quantitative variables. A Spearman’s rank correlation
was calculated to evaluate the correlation between the number of resistance genes and
virulence genes carried by each isolate. We performed a survival analysis to investigate
the 28-day mortality predictors using the Cox regression model (primary endpoint), after
evaluated the proportional hazard (PH) assumption. In case of non-PH assumption, the
weighted Cox regression model was performed [54]. A bivariate analysis (univariate) was
carried out and the variables for which the p-value was <0.10 in univariate analysis were
included in the multivariate model. All variables entered as covariates were evaluated at
the baseline. As secondary endpoint, a survival analysis was conducted using the Kaplan-
Meier curves to assess the probability of death at 28 days. To facilitate the analysis, the
resistome and virulome data obtained in sequencing were categorized as number of classes
of virulence and resistance genes carried by each isolate. Because of the huge heterogeneity
of treatment regimens among the included patients, antibiotics were coded according to
the WHO ATC/DDD Index 2020 at the 4th level [55]. p values <0.05 were considered as
statistically significant.

All statistical analyses were performed using R Statistical Software (version 4.0.2) [56].
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4.5. Ethics

The source studies were approved by the Ethical Committees of the participating in-
stitutions, and all enrolled patients’ legal guardians provided informed consent. Given the
retrospective nature of the present study, ethical approval for this analysis was not necessary.

5. Conclusions

To conclude, this pilot study demonstrated the feasibility of investigating the as-
sociation between neonatal sepsis mortality and the causative Enterobacterales isolates
virulome. The limited sample size of our cohort did not allow us to determine the role of
single virulence genes in neonatal GN-BSIs but grouping genes as the number of classes
involved allowed us to investigate the impact of the entire virulome in neonatal sepsis
outcome. This knowledge may be useful for predicting clinical outcomes, detecting virulent
strains, and helping with vaccine development. Expanding research on anti-virulence
molecules together with the development of new antibiotics could be crucial to improving
the management of these fragile patients. Further research would be advisable to eluci-
date the correlation with the timing of sepsis onset to personalize the clinical approach.
These findings need further exploration in larger global studies, ideally including host
immunopathological response, in order to develop a tailor-made therapeutic strategy.
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Abstract: A new approach to diabetic foot infections (DFIs) has been investigated, using a nisin-biogel
combining the antimicrobial peptide (AMP) nisin with the natural polysaccharide guar-gum. Since
in in vivo conditions bacteria may be exposed to decreased antimicrobial concentrations, known as
subinhibitory concentrations (sub-MICs), effects of nisin-biogel sub-MIC values corresponding to
1/2, 1/4 and 1/8 of nisin’s minimum inhibitory concentration (MIC) on virulence expression by six
Staphylococcus aureus DFI isolates was evaluated by determining bacteria growth rate; expression of
genes encoding for staphylococcal protein A (spA), coagulase (coa), clumping factor A (clfA), autolysin
(atl), intracellular adhesin A (icaA), intracellular adhesin D (icaD), and the accessory gene regulator I
(agrI); biofilm formation; Coa production; and SpA release. Nisin-biogel sub-MICs decreased bacterial
growth in a strain- and dose-dependent manner, decreased agrI, atl and clfA expression, and increased
spA, coa, icaA and icaD expression. Biofilm formation increased in the presence of nisin-biogel at
1/4 and 1/8 MIC, whereas 1/2 MIC had no effect. Finally, nisin-biogel at sub-MICs did not affect
coagulase production, but decreased SpA production in a dose-dependent manner. Results highlight
the importance of optimizing nisin-biogel doses before proceeding to in vivo trials, to reduce the risk
of virulence factor’s up-regulation due to the presence of inappropriate antimicrobial concentrations.

Keywords: diabetic foot infections; Staphylococcus aureus; subinhibitory concentrations; virulence-
related genes; biofilm

1. Introduction

Diabetes mellitus (DM) is a lifelong metabolic disorder that affects approximately
537 million people worldwide [1]. The development of diabetic foot ulcers (DFUs) is
a serious complication associated with the DM triad of neuropathy, vasculopathy and
immunopathy [2]. The severe loss of skin protective barriers creates a chance for tissue
colonization by opportunistic microorganisms, including Staphylococcus aureus. Diabetic
foot infections (DFIs) usually become chronic and result in increased patient morbidity and
mortality, the most common DM complication requiring hospitalization and often resulting
in lower-extremity amputations [3].

S. aureus is a Gram-positive bacterium that expresses several regulatory and virulence
factors, which contributes to its success as a human opportunistic pathogen [4]. In the
first step of a staphylococcal infection, the adhesion phase, the production of several
cell surface-associated factors occurs, including clumping factor A (ClfA), staphylococcal
protein A (SpA), and coagulase (Coa) that facilitate tissue attachment and evasion of
the host immune system [4,5]. Staphylococcal major autolysin (Atl) is also relevant for
staphylococcal attachment to surfaces, also participating in bacterial cell wall degradation,
lysis mediated biofilm development and secretion of cytoplasmic proteins [6–8].
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The ability to form biofilms is considered a major staphylococcal pathogenic feature [9].
Biofilms are characterized by the growth of adherent bacterial populations inside a self-
produced matrix of extracellular polymeric substances, conferring this sessile mode of
life survival advantages, including enhanced antimicrobial resistance. The intercellular
adhesion (ica) locus, icaADBC, is associated with cell-to-cell adhesion, being responsible
for the biosynthesis of the biofilm exopolysaccharide intercellular adhesion (PIA) [10–13].
The coordination between S. aureus adhesion and detachment is regulated by Quorum
Sensing (QS). The accessory gene regulator (agr) of S. aureus is a QS global transcriptional
regulator, controlling virulence factors and biofilm expression in a time and population
density-dependent manner [10,14,15].

Another key factor for the success of S. aureus as a human pathogen is the ability to
rapidly develop or acquire multiple antibiotic resistance determinants. Nowadays, the
development and spread of pathogenic bacteria that are resistant to conventional antibi-
otics is a major public health concern, which makes it urgent to discover, develop, and
implement new effective therapeutic strategies [16–20]. Antimicrobial peptides (AMPs)
have been proposed as promising therapeutic candidates to inhibit bacterial growth which
can be used synergistically with antibiotics [17]. One of the most studied AMPs is nisin,
a lantibiotic produced by Lactococcus lactis which interacts with the bacterial cell wall
precursor lipid II, inhibiting cell wall synthesis, and uses lipid II as a docking molecule for
subsequent pore formation [21]. Nisin was first commercialized as a food preservative,
being recognized as safe by the Food and Agriculture Organization/World Health Organi-
zation (FAO/WHO) [17,22,23]. In recent years, it started to be investigated in veterinary
and pharmaceutical fields, including for the management of bacterial infections, as this
polypeptide presents antimicrobial activity against a broad spectrum of Gram-positive
bacteria [17]. Staphylococcus species have a remarkable susceptibility to nisin, which repre-
sent an advantage for nisin application towards skin infections, including DFIs, and the
treatment of multiple drug resistant systemic infections [17,22].

As AMPs can be inactivated or degraded before achieving their target, different
methods for AMPs delivery have been widely investigated, aiming at increasing their
clinically efficacy. Natural polysaccharides have been considered promising drug delivery
systems mainly due to their non-toxicity, sustainability, biodegradability, biocompatibility,
abundance, availability, and cost-effectiveness [24]. Guar gum is a natural, uncharged,
and water-soluble polysaccharide that has been largely used for targeted drug delivery,
promoting a controlled drug release and availability [25,26]. Considering all the promising
features of nisin and guar gum, a guar gum gel-based delivery system for nisin, nisin-biogel,
has been developed by our research team as an alternative or complementary strategy
to conventional antibiotics used in DFIs treatment [27]. Previous studies have shown
that the nisin-biogel had inhibitory capacity towards S. aureus DFI isolates either in their
planktonic and biofilm forms [27], could be applied in combination with conventional
antibiotics and antiseptics to improve their efficacy [28,29], maintained its activity when
stored at temperatures below 22 ◦C for 24 months [30], exhibited no significant levels
of cytotoxicity on human keratinocyte cells [30] and was able to diffuse and keep its
antimicrobial activity in a DFU collagen three-dimensional (3D) model established to
mimic the DFU environment [29]. However, before proceeding to in vivo trials, the effect
of drug therapeutic doses on virulence determinants expression by S. aureus must be
addressed, as it may affect infection pathogenesis. Minimum inhibitory concentration
(MIC) is defined as the lowest concentration of an antimicrobial that inhibits the growth of
most of the target bacterial population, under controlled in vitro conditions [31]. However,
in DFIs patients there is a poor diffusion of the antimicrobials that results from DM patient’s
compromised blood circulation and low perfusion due to angiopathy [31,32]. As such,
in in vivo infections, bacteria may be exposed to a reduced effective concentration of
antimicrobials, referred to as subinhibitory concentrations (sub-MICs), which can lead to
a wide variety of physiological and morphological effects on bacteria and, consequently,
affect infection pathogenesis [31,33]. Besides promoting bacterial resistance, sub-MICs of
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antimicrobials can modulate the virulence of S. aureus, by influencing gene expression,
biofilm production and the QS system, which may impact the outcome of staphylococcal
infections [31,33–36]. As such, the present study evaluated the effects of nisin-biogel sub-
MICs on S. aureus DFI isolates growth rate, virulence-related genes expression, namely
of agrI, spA, clfA, coa, atl, icaA and icaD, ability to form biofilm, Coa production and SpA
release, aiming at confirming its suitability for in vivo administration.

2. Results
2.1. Effect of Nisin-Biogel Sub-MICs on S. aureus DFI Isolates Growth Rate

The effect of nisin-biogel sub-MICs on S. aureus DFI isolates A 5.2, A 6.3, B 1.1, B 14.2,
Z 1.1, and Z 5.2 growth rate is represented in Figure 1. Both in the presence or absence
of nisin-biogel at sub-MICs, all S. aureus clinical isolates growth curves presented the
typical sigmoidal pattern with the three phases of bacterial growth curves—the lag phase,
the exponential phase, and the stationary phase. Nevertheless, different clinical isolates
showed different growth rates, with isolate A 6.3 having the highest growth rate, and isolate
A 5.2 having the lowest one. Nisin-biogel at sub-MICs slowed bacterial growth, delaying
the beginning of the exponential growth phase. Nisin-biogel concentration equivalent
to 1/8 MIC was the one that promoted the lower change in bacterial growth, while the
1/2 MIC was the concentration that promoted a higher change on the bacterial growth. For
some S. aureus clinical isolates, including isolates Z 5.2, A 6.3, B 1.1 and Z 1.1, there was
an increase in bacterial growth in the stationary phase in the presence of nisin-biogel at
sub-MICs.

Antibiotics 2021, 10, x FOR PEER REVIEW 3 of 18 
 

concentrations (sub-MICs), which can lead to a wide variety of physiological and 
morphological effects on bacteria and, consequently, affect infection pathogenesis [31,33]. 
Besides promoting bacterial resistance, sub-MICs of antimicrobials can modulate the 
virulence of S. aureus, by influencing gene expression, biofilm production and the QS 
system, which may impact the outcome of staphylococcal infections [31,33–36]. As such, 
the present study evaluated the effects of nisin-biogel sub-MICs on S. aureus DFI isolates 
growth rate, virulence-related genes expression, namely of agrI, spA, clfA, coa, atl, icaA and 
icaD, ability to form biofilm, Coa production and SpA release, aiming at confirming its 
suitability for in vivo administration.  

2. Results 
2.1. Effect of Nisin-Biogel Sub-MICs on S. aureus DFI Isolates Growth Rate  

The effect of nisin-biogel sub-MICs on S. aureus DFI isolates A 5.2, A 6.3, B 1.1, B 14.2, 
Z 1.1, and Z 5.2 growth rate is represented in Figure 1. Both in the presence or absence of 
nisin-biogel at sub-MICs, all S. aureus clinical isolates growth curves presented the typical 
sigmoidal pattern with the three phases of bacterial growth curves—the lag phase, the 
exponential phase, and the stationary phase. Nevertheless, different clinical isolates 
showed different growth rates, with isolate A 6.3 having the highest growth rate, and 
isolate A 5.2 having the lowest one. Nisin-biogel at sub-MICs slowed bacterial growth, 
delaying the beginning of the exponential growth phase. Nisin-biogel concentration 
equivalent to 1/8 MIC was the one that promoted the lower change in bacterial growth, 
while the 1/2 MIC was the concentration that promoted a higher change on the bacterial 
growth. For some S. aureus clinical isolates, including isolates Z 5.2, A 6.3, B 1.1 and Z 1.1, 
there was an increase in bacterial growth in the stationary phase in the presence of nisin-
biogel at sub-MICs.  

  
(a) (b) 

  
(c) (d) 

Figure 1. Cont.

21



Antibiotics 2021, 10, 1501Antibiotics 2021, 10, x FOR PEER REVIEW 4 of 18 
 

  
(e) (f) 

 

Figure 1. Growth curves obtained for S. aureus clinical isolates during 24 h at 37 °C with shaking (150 rpm) in the absence 
or in the presence of different sub-MICs of nisin-biogel. Results are presented as mean values of three independent assays, 
reflecting bacterial growth for each S. aureus clinical isolate under the different conditions tested. (a): Strain ID A 5.2, 
isolated from a DFI aspirate (agrI +; spA +; atl +; clfA +; coa +; icaA +; icaD +; Biofilm production +; MSSA). (b): Strain ID A 
6.3, isolated from a DFI aspirate (agrI +; spA +; atl +; clfA +; coa +; icaA +; icaD +; Biofilm production +; MSSA). (c): Strain ID 
B 1.1, isolated from a DFI biopsy (agrI +; spA +; atl +; clfA +; coa +; icaA +; icaD +; Biofilm production +; MRSA). (d): Strain 
ID B 14.2, isolated from a DFI biopsy (agrI +; spA +; atl +; clfA +; coa +; icaA +; icaD +; Biofilm production +; MRSA). (e): Strain 
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ID A 6.3, isolated from a DFI aspirate (agrI +; spA +; atl +; clfA +; coa +; icaA +; icaD +; Biofilm production +; MSSA).
(c): Strain ID B 1.1, isolated from a DFI biopsy (agrI +; spA +; atl +; clfA +; coa +; icaA +; icaD +; Biofilm production +; MRSA).
(d): Strain ID B 14.2, isolated from a DFI biopsy (agrI +; spA +; atl +; clfA +; coa +; icaA +; icaD +; Biofilm production +; MRSA).
(e): Strain ID Z 1.1, isolated from a DFI swab (agrI +; spA +; atl +; clfA +; coa +; icaA +; icaD +; Biofilm production +; MRSA).
(f): Strain ID Z 5.2, isolated from a DFI swab (agrI +; spA +; atl +; clfA +; coa +; icaA +; icaD +; Biofilm production +; MSSA).
MIC: minimum inhibitory concentration. NB: nisin-biogel. OD600: optical density at 600 nm.

2.2. S. aureus DFI Isolates Gene Expression Kinetics

S. aureus clinical isolates virulence genes expression kinetics was accessed using RT-
qPCR assays. Figure 2a,b show that for agrI and atl, the highest expression levels were
reached at 6 hours’ incubation, while for spA and clfA it was at 4 h. For coa, maximum
expression levels were reached at 3 h. Although the optical expression of the different genes
occurred at different periods of bacterial growth, all revealed a considerable expression at
4 h’ incubation, which allowed to select this time point as the more adequate for further
evaluation of the effects of nisin-biogel sub-MICs on agrI, spA, clfA, atl and coa expression.
Genes icaA and icaD reach their maximum expression levels at 48 h (Figure 3), which
allowed to select this time point to icaA and icaD expression assays.

2.3. Effect of Nisin-Biogel at Sub-MICs on Gene Expression by S. aureus DFI Isolates

The effect of nisin-biogel and clindamycin at sub-MICs on virulence genes expression
by S. aureus DFI isolates was investigated using RT-qPCR assays. As shown in Figure 4 and
Table S1 (available as Supplementary Data), the effects depended on the virulence factor, on
the S. aureus clinical isolate, and on the subinhibitory concentration under study. Overall,
nisin-biogel and clindamycin at sub-MICs values significantly decreased the expression of
agrI, with nisin-biogel at 1/2 MIC being the one that reduced the expression of agrI the most,
and 1/8 MIC the one that least reduce agrI expression (Figure 4a). Nisin-biogel at sub-MICs
increased the expression of spA, while clindamycin at 1/2 MIC significantly decreased the
expression of this gene (Figure 4b). For atl, nisin-biogel at sub-MICs significantly decreased
its expression, with 1/2 MIC being the one that least decreased atl expression. Unlike
nisin-biogel at sub-MICs, clindamycin at 1/2 MIC increased the expression of this gene
(Figure 4c). Nisin-biogel at sub-MICs significantly decreased clfA expression, with 1/2 MIC
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being responsible for the highest increase in the expression of this gene. On the other
hand, clindamycin at 1/2 MIC significantly increased clfA expression (Figure 4d). For coa,
both nisin-biogel and clindamycin at sub-MICs increased gene expression and, regarding
nisin-biogel, 1/2 MIC was the one that increased coa expression the most (Figure 4e). For
icaA, nisin-biogel at 1/4 and 1/8 MIC slightly increased the expression of this gene, while
at 1/2 MIC slightly decreased icaA expression. Clindamycin at 1/2 MIC decreased icaA
expression (Figure 4f). Finally, for icaD, nisin-biogel sub-MICs slightly increased gene
expression, while clindamycin at 1/2 MIC decreased its expression (Figure 4g).
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Figure 2. agrI, spA, clfA, atl and coa expression kinetics by S. aureus during a five hour growth period. Results are expressed
as ‘gene under study/gyrB’ fold changes at 2, 3, 4, 5 and 6 h. Values are presented as means values ± SD (isolates A 5.2 and
Z 5.2). (b) corresponds to an amplification of part of (a), so the y axis has different scales in the two figures. agrI: accessory
gene regulator I; spA: gene encoding staphylococcal protein A; atl: gene encoding autolysin; clfA: gene encoding clumping
factor A; coa: gene encoding coagulase; gyrB: gene encoding gyrase B.
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2.4. Effect of Nisin-Biogel Sub-MICs on the Ability of S. aureus DFI Isolates to Form Biofilm

Biofilm formation by S. aureus DFI isolates in the presence of nisin-biogel and clin-
damycin at sub-MICs was determined using a microtiter assay. Results shown in Table S2
(available as Supplementary Data) demonstrate that different S. aureus clinical isolates have
different responses to nisin-biogel and clindamycin at sub-MICs. In Figure 5 it is possible
to observe that, overall, nisin-biogel at 1/4 and clindamycin at 1/2 MIC exhibit a trend to
increase the ability of S. aureus isolates to form biofilm, and, in the presence of nisin-biogel
at 1/8 MIC, biofilm formation significantly increases. Oppositely, nisin-biogel at 1/2 MIC
had no effect in the ability of S. aureus clinical isolates to form biofilm.
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different experiments). Asterisks indicate statistically significant differences between treatments and
control. NB: nisin-biogel; CLI: clindamycin; MIC: minimum inhibitory concentration. OD570: optical
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2.5. Effect of Nisin-Biogel Sub-MICs on Coa Production by S. aureus DFI Isolates

Coagulase test was used to monitor coagulase production by S. aureus clinical isolates
in presence and absence of nisin-biogel and clindamycin at sub-MICs. Results were
considered valid if the control plasma showed no signs of clotting in all assays.

Different clinical isolates showed different coagulase production ability over 4 h and
after 24 h of incubation in the presence or absence of nisin-biogel and clindamycin at sub-
MICs, as shown in Tables S3 and S4 (available as Supplementary Data). Besides depending
on the S. aureus clinical isolate, the effects of antimicrobials sub-MICs on coagulation
varied according to the bacterial growth period. During the first 4 h, in which results were
monitored on an hourly basis, clotting in the absence of nisin-biogel was higher than or
equal to the one obtained in the presence of nisin-biogel at sub-MICs. After 24 h incubation,
most clinical isolates showed the same degree of clotting in the presence or absence of
nisin-biogel. Regarding the effect of clindamycin at 1/2 MIC, for isolates A 5.2, A 6.3, and
Z 5.2 there was no signs of coagulation in the presence of the antibiotic, whereas for isolates
B 1.1, B 14.2 and Z 1.1, clotting degree was equal or higher than the one obtained in the
absence of clindamycin at 1/2 MIC.

2.6. Effect of Nisin-Biogel Sub-MICs on SpA Release by S. aureus DFI Isolates

The effect of nisin-biogel and clindamycin at sub-MICs on SpA release by S. aureus DFI
isolates was investigated using Protein A ELISA Kit. Results shown in Table S5 (available
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as Supplementary Data) demonstrate that different S. aureus clinical isolates have different
responses regarding SpA release in the presence of antimicrobials sub-MICs. Figure 6
shows the overall effects of nisin-biogel and clindamycin at sub-MICs on the release of SpA
by S. aureus DFI isolates. Nisin-biogel at 1/2 significantly decreased the release of SpA,
and the other conditions under study exhibited a trend to decrease SpA release by S. aureus
clinical isolates.

Antibiotics 2021, 10, x FOR PEER REVIEW 8 of 18 
 

whereas for isolates B 1.1, B 14.2 and Z 1.1, clotting degree was equal or higher than the 
one obtained in the absence of clindamycin at 1/2 MIC.  

2.6. Effect of Nisin-Biogel Sub-MICs on SpA Release by S. aureus DFI Isolates  
The effect of nisin-biogel and clindamycin at sub-MICs on SpA release by S. aureus 

DFI isolates was investigated using Protein A ELISA Kit. Results shown in Table S5 
(available as Supplementary Data) demonstrate that different S. aureus clinical isolates 
have different responses regarding SpA release in the presence of antimicrobials sub-
MICs. Figure 6 shows the overall effects of nisin-biogel and clindamycin at sub-MICs on 
the release of SpA by S. aureus DFI isolates. Nisin-biogel at 1/2 significantly decreased the 
release of SpA, and the other conditions under study exhibited a trend to decrease SpA 
release by S. aureus clinical isolates.  

 

Figure 6. Effects of nisin-biogel at 1/2 MIC, 1/4 MIC and 1/8 MIC and clindamycin at 1/2 MIC on 
SpA production by S. aureus DFI isolates. Results are the ratios of the amount of SpA (pg/mL) in the 
bacterial supernatants incubated with nisin-biogel and clindamycin to the mean amount of SpA 
(pg/mL) incubated without antimicrobials and are expressed as supernatants. Values are presented 
as mean values ± SD. Asterisks indicate statistically significant differences between treatments and 
control (* = p < 0.05). NB: nisin-biogel; CLI: clindamycin; MIC: minimum inhibitory concentration. 
SpA: staphylococcal protein A. 

3. Discussion 
Diabetes mellitus (DM) is one of the most disseminated chronic diseases worldwide. 

The last International Diabetes Federation (IDF) Atlas states that, in 2021, 537 million 
adults aged over 20 years were living with diabetes worldwide. In Portugal, there were 
over 990 million cases of diabetes registered this year, with the cost associated to each 
diabetic patient being estimated to be approximately 2.990 euros 
(https://diabetesatlas.org/data/en/country/159/pt.html, accessed on 27 November 2021), 
proving that diabetes represents a significant health burden in our country [37]. 

A frequent and most devastating consequence of diabetes is the development of 
diabetic foot ulcers (DFU), which in about 50% of the cases become infected, developing 
to diabetic foot infections (DFI) [38]. Besides the conventional therapeutic protocols 
available for DFI treatment (e.g., debridement, wound healing agents, surgery and 
antibiotic therapy), several advanced therapeutics are also available, including 
bacteriophage therapy, negative-pressure wound therapy, hyperbaric oxygen therapy, 
stem cell therapy and off-loading [38]. Antimicrobial peptides are also a promising 
approach for DFI treatment; however, as observed for conventional antibiotics, 
angiopathy and low perfusion associated with DFU pathogenesis may prevent 
antimicrobials to reach the infected DFUs at effective concentration, leading to the 
presence of sub-MICs at the site of infection, which may impair treatment success [31,32]. 

The presence of antimicrobials sub-MICs can have several effects on bacteria, 
including the inhibition of bacterial growth [39,40] and therefore on infection progression 

* 

Figure 6. Effects of nisin-biogel at 1/2 MIC, 1/4 MIC and 1/8 MIC and clindamycin at 1/2 MIC on
SpA production by S. aureus DFI isolates. Results are the ratios of the amount of SpA (pg/mL) in
the bacterial supernatants incubated with nisin-biogel and clindamycin to the mean amount of SpA
(pg/mL) incubated without antimicrobials and are expressed as supernatants. Values are presented
as mean values ± SD. Asterisks indicate statistically significant differences between treatments and
control (* = p < 0.05). NB: nisin-biogel; CLI: clindamycin; MIC: minimum inhibitory concentration.
SpA: staphylococcal protein A.

3. Discussion

Diabetes mellitus (DM) is one of the most disseminated chronic diseases worldwide.
The last International Diabetes Federation (IDF) Atlas states that, in 2021, 537 million adults
aged over 20 years were living with diabetes worldwide. In Portugal, there were over
990 million cases of diabetes registered this year, with the cost associated to each diabetic
patient being estimated to be approximately 2.990 euros (https://diabetesatlas.org/data/
en/country/159/pt.html, accessed on 27 November 2021), proving that diabetes represents
a significant health burden in our country [37].

A frequent and most devastating consequence of diabetes is the development of
diabetic foot ulcers (DFU), which in about 50% of the cases become infected, developing to
diabetic foot infections (DFI) [38]. Besides the conventional therapeutic protocols available
for DFI treatment (e.g., debridement, wound healing agents, surgery and antibiotic therapy),
several advanced therapeutics are also available, including bacteriophage therapy, negative-
pressure wound therapy, hyperbaric oxygen therapy, stem cell therapy and off-loading [38].
Antimicrobial peptides are also a promising approach for DFI treatment; however, as
observed for conventional antibiotics, angiopathy and low perfusion associated with
DFU pathogenesis may prevent antimicrobials to reach the infected DFUs at effective
concentration, leading to the presence of sub-MICs at the site of infection, which may
impair treatment success [31,32].

The presence of antimicrobials sub-MICs can have several effects on bacteria, including
the inhibition of bacterial growth [39,40] and therefore on infection progression [35,39]. As
such, the effects of nisin-biogel at sub-MICs on bacterial growth were assessed. Previously,
Field et al. [17] showed that nisin at sublethal concentrations slightly increased the lag
period of S. aureus growth curve, which supports the results from this study, as the nisin-
biogel sub-MICs values tested caused a reduction on S. aureus DFI isolates growth by
increasing the lag phase. This reduction occurred in a dose-dependent manner, with the
nisin-biogel at 1/2 MIC being the concentration that decreased bacterial growth the most,
whereas 1/8 MIC was the one that least affected bacterial growth. In the stationary growth
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phase, the S. aureus clinical isolates Z 5.2, A 6.3, B 1.1 and Z 1.1 seem capable of adapting to
the presence of nisin-biogel at sub-MICs, presenting an increase in growth rate.

S. aureus expresses a multitude of virulence factors in a coordinated manner, and many
of them are under the control of the agr quorum sensing system. The agr gene positively
controls the expression of many exotoxins, mainly produced after the end of the exponen-
tial growth phase, allowing bacteria to spread from the colonization sites to deeper tissues,
and negatively controls the transcription of some cell wall-associated proteins, mainly
synthesized during exponential growth [41]. According to our results, agrI expression
levels by the S. aureus isolates tested only started to be relevant after 4 h, a period during
which bacterial adherence to the host tissues already occurred in vivo. At this time point,
the cell-surface proteins start to be down-regulated, whereas the virulence genes associ-
ated with bacterial dissemination and biofilm formation start to be up-regulated [4,42,43].
Peng et al. [44] showed that agr activity is required for post-exponential phase expression
of various secreted proteins, which supports the fact that in the present study agr mRNA
expression has its peak at 6 h.

SpA is a microbial surface protein that plays an important role in interfering with
host defenses, inhibiting antibody-mediated phagocytosis. Staphylococcal extracellular
protein, Coa, also contributes for the persistence of S. aureus in the host cell, by stimulating
clotting formation in plasma, inhibiting host clearance mechanisms [45,46]. Both proteins
are mainly expressed in the early stage of S. aureus growth, i.e., before 3–4 h. A study
by Vandenesch et al. [47] suggested that spA mRNA is synthetized for a brief period in
the beginning of the exponential phase and then is switched off. Moreover, according to
Lebeau et al. [48], coa mRNA is mainly expressed at the early stages of S. aureus growth.
Results from this study also showied that coa and spA mRNA are mostly expressed at the
early exponential growth phase.

ClfA is also a staphylococcal surface protein that binds to Fg, allowing bacteria
to colonize traumatized tissue and, later, form biofilms [49]. clfA is mainly expressed
after 4 h of bacterial growth, i.e., at the late exponential growth phase. Results by
Josefsson et al. [50] show that clfA expression is higher at 6 h and remains high until 24 h of
S. aureus growth, which is not entirely in line with what we obtained in the present study,
suggesting that different S. aureus strains may have different clfA mRNA expression kinetics.
Atl protein has a multitude of functions, including attachment, bacterial cell wall degrada-
tion, biofilm development and bacteriolytic activity [51]. In the present study, atl expression
increased with S. aureus growth period, within a time frame of 6 h, probably due to the
increased growth rate over this time period. These results are in accordance with those by
Oshida et al. [52] that also reported an increase in atl expression during the exponential
growth phase.

One of the most relevant staphylococcal virulence factors is biofilm production, confer-
ring bacteria a wide range of adaptive advantages that contribute to bacteria survival and
persistence in the host [32]. Thus, icaA and icaD, involved in icaADBC-dependent biofilm
formation, are mainly expressed latter during S. aureus growth. According to Atshan et al.,
2013, icaA and icaD are up-regulated at 24 h of S. aureus growth and not at 48 h as observed
in the present study, which suggests that ica mRNA expression kinetics may differ between
S. aureus strains [53]. Furthermore, Patel et al. [54] evaluated gene expression during
Staphylococcus epidermidis biofilm formation and, in accordance with the present study,
the expression levels of icaA and icaD at 48 h were the highest ones. Although this study
focused on S. aureus, S. epidermidis also produces biofilm in an icaADBC-dependent manner,
allowing to suggest that the time frame required for the expression of icaA and icaD may
be identical in both species.

Several studies have shown that the use of antimicrobials at sub-MICs modulates
virulence gene expression and, consequently, influences bacterial pathogenicity [21,39].
Determining the effects of antimicrobials sub-MICs on virulence genes expression may
provide important information for the rational use of antimicrobials in clinical practice [39].
One of the antibiotics currently applied as a DFIs alternative treatment is clindamycin, used
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in this study as a control to compare the effects of nisin-biogel at sub-MICs on S. aureus
gene expression [21,55].

Subinhibitory levels of nisin-biogel decreased the expression of the regulatory gene
agrI in a dose-dependent manner, which could lead to changes in the virulence modulation
and positively affect infection treatment [10,14,15]. Regarding spA and coa, nisin-biogel at
sub-MICs exhibited a trend to increase the expression of these genes, which can negatively
affect infection treatment, as both SpA and Coa contribute for bacterial evasion from the
host immune system [4,5]. Nisin-biogel at sub-MICs significantly decrease the expression
of atl and clfA, possibly reducing S. aureus pathogenic potential. These results are in
accordance with those by Zhao et al. [56], which stated that the exposure of S. aureus for 1 h
to a nisin concentration equivalent to 1/2 MIC lead to a down-regulation of atl and clfA.

Concerning icaA and icaD, involved in biofilm formation, the nisin-biogel at subin-
hibitory concentrations slightly increased their expression, which can contribute for an
increase in biofilm formation, hindering infection treatment. Moreover, the lower the con-
centration of nisin-biogel, a higher increase of icaA and icaD mRNA levels was observed,
which reinforces the importance of defining the optimum dosage of antimicrobials to be
applied to the treatment of bacterial infections.

The effects of subinhibitory concentrations on bacterial biofilm formation were also
investigated. Biofilms play a major role in the pathogenesis of S. aureus, and are present in
60 to 100% of chronic wounds, including DFUs [57]. Several studies have shown that sub-
MICs of some antimicrobials can affect bacterial biofilm formation in vitro, which may have
clinical importance [58,59]. Angelopoulou et al. [60] observed that nisin at 1/2, 1/4 and
1/8 MIC significantly increased biofilm formation by S. aureus, with the concentration of
1/8 MIC also being the one that most influenced biofilm formation, as observed in this
study. When exposed to nisin-biogel at 1/4 and 1/8 MIC values, the ability of S. aureus
clinical isolates to form biofilm increased in a dose-dependent manner, while 1/2 MIC had
no effect on biofilm formation. Moreover, the lower the concentration of nisin-biogel, the
higher the increase in biofilm formation, which is mostly consistent with the effect on the
expression of icaA and icaD. Moreover, as stated by other authors, the increase of biofilm
formation may be due to the fact that sublethal concentrations of antimicrobials are cell
stressors, which can enhance the production of biofilm matrix polymers [59,61]. However,
Andre et al. [58] reported that subinhibitory concentrations of nisin promoted a reduction
in biofilm formation, which suggests that different strains may present different responses
regarding biofilm formation in the presence of sub-MICs of this antimicrobial peptide.

Alterations in the virulence determinants mRNA levels in the presence of subin-
hibitory levels of antimicrobials do not always result in changes in protein synthesis or
functional activity [62,63]. According to our results, the increase in quantification of spA
and coa mRNA in the presence of nisin-biogel at sub-MICs are not directly associated with
an increase in SpA production or Coa activity, respectively. In fact, there was an unexpected
significant increase of coa expression in the presence of subinhibitory levels of nisin-biogel.
When accessing coagulase production, results were different, as most of the clinical isolates
showed a similar coagulase activity in the presence of nisin-biogel at sub-MICs. Thus, our
findings suggest that coa expression increase that occurs in the presence of nisin-biogel
at sub-MICs may be associated with an increase in mRNA stabilization, as previously
suggested by Blickwede et al. [64] regarding clindamycin influence on coa stability. On
another end, SpA protein levels exhibited a trend to decrease in the presence of nisin-biogel
at sub-MICs, which is partly not consistent with what happened to SpA mRNA levels.
Actually, in the presence of nisin-biogel at sub-MICs levels, S. aureus DFI isolates increased
SpA mRNA levels, which seems to suggest that the inhibition of virulence expression by
nisin-biogel is primarily due to the blockage of protein translation at the ribosome, rather
than the inhibition of virulence genes transcription.
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4. Materials and Methods
4.1. Bacterial Strains

S. aureus isolates used in the present study were previously obtained from patients
with clinically infected DFUs using biopsies (isolates with a B in their identification code),
swabs (isolates with a Z in their identification code) or aspirates (isolates with an A in their
identification code), according to the current clinical guidelines [65]. The isolates were
virulence and antimicrobial resistance profiles were previsouly analyzed by Polymerase
Chain Reaction (PCR), including their biofilm-forming ability, and their clonal profile was
previously determined by Pulse Field Gel Electrophoresis (PFGE) and Multilocus Sequence
Type (MLST) [66]. S. aureus isolates A 5.2, A 6.3, B 1.1, B 14.2, Z 1.1 and Z 5.2 were selected
for this study due to their virulence traits, which includes the presence of genes encoding
for staphylococcal protein A (spA), autolysin (atl), clumping factor A (clfA), coagulase
(coa), intracellular adhesin A (icaA), intracellular adhesin D (icaD) and the accessory regu-
lator gene I (agrI), and to their capacity to produce biofilms. Moreover, isolates B 14.2, B
1.1 and Z 1.1 are methicillin-resistant S. aureus (MRSA), whereas isolates A 5.2, A 6.3 and Z
5.2 are methicillin-susceptible S. aureus (MSSA) [38,66]. The MICs of nisin-biogel and clin-
damycin for the S. aureus clinical isolates were previously determined, being, in average, of
22.5 µg/mL and 0.033 µg/mL, respectively [27,67].

4.2. Antimicrobial Solutions

A stock solution of nisin (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). This solution was sterilized by filtration through a 0.22 µm
cellulose acetate membrane filter (Millipore, Burlington, MA, USA) and stored at 4 ◦C [27].

Brain Heart Infusion (BHI) or Trypticase Soy Broth (TSB) with guar-gum gel at
0.75% (w/v) were prepared by dissolving 3.75 g of guar-gum (Sigma-Aldrich, St. Louis,
MO, USA) and 18.5 g of BHI powder (VWR Chemicals, Leuven, Belgium) or 15 g of TSB
powder (VWR Chemicals, Leuven, Belgium), respectively, in 500 mL of sterile distilled
water, and heat sterilized by autoclave [27].

Clindamycin is an alternative antibiotic currently used in clinical practice associated
with mild DFIs and was used in the present study at 1/2 MIC as a control for comparing the
effects of nisin-biogel at sub-MICs on S. aureus DFI isolates virulence factors expression [28].
A stock solution of clindamycin was obtained by dissolving 6.6 mg of clindamycin powder
(Sigma-Aldrich, St. Louis, MO, USA) in 10 mL of sterile water and filtered using a 0.22 µm
cellulose acetate membrane filter. This stock solution was kept frozen at −80 ◦C and diluted
with sterile water to the final concentration of 0.0165 µg/mL when required.

4.3. Effects of Nisin-Biogel Sub-MICs on S. aureus DFI Isolates Growth Rate

S. aureus DFI isolates were inoculated in a non-selective BHI agar medium (VWR
Chemicals, Leuven, Belgium) at 37 ◦C for 24 h. After incubation, bacterial suspensions of
108 CFU/mL were prepared directly from plate cultures using a 0.5 McFarland standard in
NaCl (Merck, Damstrants, Germany), and the bacterial suspensions were diluted in fresh
BHI broth or in fresh BHI broth containing guar gum at 0.75% (w/v) to a final concentration
of 107 CFU/mL. Afterwards, nisin was added to the fresh BHI broth with guar gum to
obtain bacterial cultures with nisin-biogel at 1/2, 1/4 and 1/8 MIC values. Then, the wells
of a 96-well flat-bottomed polystyrene microtiter plates (Thermo Scientific, Waltham, MA,
USA) were inoculated with 200 µL of the negative controls (fresh BHI broth and fresh BHI
broth with guar gum at 7.5 mg/mL) and with 200 µL of the different bacterial suspensions
previously prepared, namely in fresh BHI broth, BHI broth with guar gum plus 1/2 MIC of
the nisin-biogel ((nisin) = 11.25 µg/mL; (guar gum) = 7.5 mg/mL), BHI broth with guar
gum plus 1/4 MIC of the nisin-biogel ((nisin) = 5.625 µg/mL; (guar gum) = 7.5 mg/mL)
and BHI broth with guar gum plus 1/8 MIC of the nisin-biogel ((nisin) = 2.8175 µg/mL;
(guar gum) = 7.5 mg/mL).
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Each different growth condition was evaluated in triplicate wells on three independent
assays. During the 24 h of incubation at 37 ◦C with shaking (150 rpm), optical density at
600 nm (OD600) for each well were obtained automatically every hour, using the FLUOstar
OPTIMA (BMG LABTECH, Ortenberg, Germany) microplate reader. For each isolate,
OD600 was calculated by subtracting the average OD600 of the three blank wells (fresh BHI
broth or fresh BHI broth with guar gum at 7.5 mg/mL) from the average of OD600 of the
three replicates of the sample under evaluation. Final result corresponds to the average
results of each independent assay replicates.

4.4. S. aureus DFI Isolates Gene Expression Kinetics

Isolates A 5.2 and Z 5.2 were inoculated in a non-selective BHI agar medium at
37 ◦C for 24 h. After incubation, bacterial suspensions of 108 CFU/mL were prepared as
described. Bacterial suspensions were diluted in fresh BHI broth to a final concentration of
107 CFU/mL and grown at 37 ◦C with gyratory shaking (180 rpm). For quantification of agrI,
spA, coa, clfA and atl expression, aliquots were collected after 2, 3, 4, 5 and 6 h of incubation
for subsequent stabilization of total RNA with RNAprotect® Bacteria Reagent (Qiagen,
Hilden, Germany), enzymatic lysis of bacteria with Buffer TE containing lysostaphin
(Sigma-Aldrich, St. Louis, MO, USA), RNA extraction using the Qiagen RNeasy Mini Kit
(Qiagen, Hilden, Germany), and cDNA synthesis with random primers using a Promega
Go ScriptTM Reverse Transcription System (Promega, Madison, WI, USA), according to
manufacturer’s instructions. Gene expression was analyzed by RT-qPCR [68], using the
specific primers shown in Table S6 (available as Supplementary Data). RT-qPCR was
performed in a 7300 Real Time PCR System (Applied Biosystems, Waltham, MA, USA)
using the following conditions: an initial uracil-N-glycosylase gene (UNG) activation at
50 ◦C for 2 min, followed by an initial DNA polymerase activation at 95 ◦C for 10 min,
and 35 cycles consisting in melting at 95 ◦C for 15 s and annealing/extending at 60 ◦C
for 1 min. A set of dissociation steps was also performed, using the following conditions:
95 ◦C for 15 s, 60 ◦C for 1 min, 95 ◦C for 15 s, and 60 ◦C for 15 s. For icaA and icaD genes,
aliquots were collected after 8, 24, 32, 48 and 56 h of incubation for subsequent stabilization
of total RNA, enzymatic lysis of bacteria, RNA extraction, cDNA synthesis and analyses
by RT-qPCR. The relative standard curve method was used to quantify gene transcription,
using gyrase B (gyrB) gene for normalization. An average ± standard deviation of the fold
change obtained for the isolates A 5.2 and Z 5.2 was considered for the determination of
gene expression kinetics and, consequently, the best growth time for further investigate the
effects of nisin-biogel at sub-MICs on virulence-related genes expression.

4.5. Effects of Nisin-Biogel Sub-MICs on Gene Expression by S. aureus DFI Isolates

Isolates A 5.2, A 6.3, B 1.1, B 14.2, Z 1.1 and Z 5.2 were inoculated in a non-selective BHI agar
medium at 37 ◦C for 24 h. After incubation, bacterial suspensions of 108 CFU/mL were prepared
as described. For each isolate, 5 different bacterial suspensions were prepared: in BHI broth,
BHI broth plus clindamycin at 1/2 MIC ((clindamycin) = 0.0165 µg/mL), BHI broth with guar-
gum at 7.5 mg/mL plus 1/2 MIC of the nisin-biogel ((nisin) = 11.25 µg/mL), BHI broth with
guar-gum at 7.5 mg/mL plus 1/4 MIC of the nisin-biogel ((nisin) = 5.625 µg/mL) and in BHI
broth with guar-gum at 7.5 mg/mL plus 1/8 MIC of the nisin-biogel ((nisin) = 2.8175 µg/mL).
All these suspensions were incubated at 37 ◦C for 4 h to agrI, spa, atl, coa and clfa genes
expression studies, and for 48 h to icaA and icaD genes expression studies, with gyratory
shaking (180 rpm).

After incubation, stabilization of total RNA, enzymatic lysis of bacteria, RNA extrac-
tion and cDNA synthesis were performed, and the resulting cDNA was used as a template
for RT-qPCR using the specific primers shown in Table S1 (available as Supplementary
Data), and the relative standard curve method was used to quantify transcription. There-
fore, to determine the effects of nisin-biogel and clindamycin sub-MICs on virulence-related
genes expression, the expression levels of the genes under investigation were expressed as
fold change of the spa/gyrB, agrI/gyrB, coa/gyrB, clfa/gyrB, icaA/gyrB, icaD/gyrB and atl/gyrB
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ratios in the presence of antimicrobials (nisin-biogel or clindamycin) relative to the spa/gyrB,
agrI/gyrB, coa/gyrB, clfa/gyrB, icaA/gyrB, icaD/gyrB and atl/gyrB ratios, respectively, of the
growth control (no antimicrobial present). For each isolate and each incubation condition,
two different and independent assays were performed.

4.6. Effect of Nisin-Biogel Sub-MICs on the Ability of S. aureus DFI Isolates to Form Biofilm

To test the influence of nisin-biogel sub-MICs on biofilm formation, a modified ver-
sion of the protocol described by Santos et al. [27] was performed. Isolates A 5.2, A 6.3,
B 1.1, B 14.2, Z 1.1 and Z 5.2 were inoculated in a non-selective BHI agar medium at 37 ◦C
for 24 h. Then, three to five colonies were collected using a sterile loop, resuspended in
5 mL of TSB and incubated for 18 h at 37 ◦C. After incubation, the turbidity of bacterial
suspension was adjusted to 0.5 McFarland standard (108 CFU/mL), and 1:100 dilutions were
made in TSB with 0.25% glucose, TSB with 0.25% glucose plus 1/2 MIC of clindamycin
((clindamycin) = 0.0165 µg/mL), TSB with guar-gum at 7.5 mg/mL and 0.25% glucose plus
1/2 MIC of nisin-biogel ((nisin) = 11.25 µg/mL), TSB with guar-gum at 7.5 mg/mL and 0.25%
glucose plus 1/4 MIC of nisin-biogel ((nisin) = 5.625 µg/mL) and TSB with guar-gum at
7.5 mg/mL and 0.25% glucose plus 1/8 MIC of nisin-biogel ((nisin) = 2.8175 µg/mL).

Bacterial suspensions were transferred to a sterile 96-well polystyrene plate
(200 µL/well) and incubated at 37 ◦C for 48 h. After incubation, the content of each
well was removed, and the wells were carefully washed three times with 180 µL of PBS,
pH 7.0. Then, wells were filled with 200 µL of PBS, pH 7.0, and the microtiter plate was
incubated in an ultrasound bath (Grant MXB14), at 50 Hz for 15 min, in order to disperse
the biofilm-based bacteria from the microtiter plate surface. Finally, the OD of the suspen-
sion from each well was measured at 570 nm using the FLUOstar OPTIMA microplate
reader. Results were calculated by subtracting the average OD570 of the three replicas of the
negative controls (TSB broth or TSB broth with guar gum at 7.5 mg/mL) from the average
of OD570 of the three wells of each sample. Final result corresponds to the average of the
three independent assays.

4.7. Effect of Nisin-Biogel Sub-MICs on Coa Production by S. aureus DFI Isolates

Isolates A 5.2, A 6.3, B 1.1, B 14.2, Z 1.1 and Z 5.2 were inoculated in a non-selective
BHI agar medium at 37 ◦C for 24 h. After, isolates were incubated in BHI broth, BHI broth
plus clindamycin at 1/2 MIC ((clindamycin) = 0.0165 µg/mL), BHI broth with guar-gum at
7.5 mg/mL plus nisin-biogel at 1/2 MIC ((nisin) = 11.25 µg/mL), BHI broth with guar-gum
at 7.5 mg/mL plus nisin-biogel at 1/4 MIC ((nisin) = 5.625 µg/mL) and BHI broth with
guar-gum at 7.5 mg/mL plus nisin-biogel at 1/8 MIC ((nisin) = 2.8175 µg/mL) for 24 h
or for 4 h at 37 ◦C. Coagulase test was performed by adding 0.1 mL of each culture to
0.3 mL of rabbit plasma previously rehydrated with sterile water. After gentle mixing,
suspensions were incubated at 37 ◦C and examined every hour for 4 h, and after 24 h.
Results were interpreted according to the scale proposed by Sperber & Tatini, 1975, where
negative means no evidence of fibrin formation, positive 1+ means small unorganized
clots, positive 2+ means small organized clot, positive 3+ means large organized clot, and
positive 4+ means that the entire content of tube coagulates and is not displaced when tube
is inverted [69]. As negative controls, 0.1 mL of BHI broth or 0.1 mL of BHI broth with
guar-gum at 7.5 mg/mL were added to 0.3 mL of rabbit plasma and incubated without
bacteria in the same conditions.

4.8. Effect of Nisin-Biogel Sub-MICs on SpA Release by S. aureus DFI Isolates

Isolates A 5.2, A 6.3, B 1.1, B 14.2, Z 1.1 and Z 5.2 were inoculated in a non-selective
BHI agar medium at 37 ◦C for 24 h. After, isolates were incubated in BHI broth for
4 h, i.e., isolates were grown to the exponential phase at 37 ◦C. Then, the cultures were
incubated in the presence of nisin-biogel at 1/2 MIC ((nisin) = 11.25 µg/mL), 1/4 MIC
((nisin) = 5.625 µg/mL) and 1/8 MIC ((nisin) = 2.8175 µg/mL), and clindamycin at 1/2 MIC
((clindamycin) = 0.0165 µg/mL) for 18 h at 37 ◦C with shaking. After incubation, bacte-
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rial suspensions were centrifuged at 1500× g rpm for 10 min at 4 ◦C, and supernatant
were used to determine SpA level using the SpA ELISA Kit (Abcam, Cambridge, UK), as
recommended by the manufacturer. Samples and standards were added to the 96-well
plate, the assay was performed and absorvance values at 450 nm determined, as these
values are directly proportional to the level of protein A in the sample. The results corre-
spond to the ratios of the amount of SpA (pg/mL) in the bacterial supernatants incubated
with clindamycin or nisin-biogel and the mean amount of SpA (pg/mL) in the bacterial
supernatants incubated without antimicrobials and are expressed as percentages.

4.9. Statistical Analysis

Statistical analysis was carried out using Microsoft Excel 2016®. Quantitative variables
are expressed as mean values ± standard deviation. Comparisons between treatments and
control were performed using two-tailed Student’s t-tests. A confidence interval of 95%
was considered, and p-values < 0.05 indicate statistical significance.

5. Conclusions

S. aureus produces a wide variety of virulence factors, such as adherence and coloniza-
tion molecules, exotoxins, and enzymes, and forms biofilms, which contribute to its ability
to colonize host tissues and cause disease, making it difficult to control staphylococcal
infections. The effect of antimicrobial agents on these virulence factors’ expression has
become a major focal point in the study of new antimicrobial alternatives. The present
results demonstrated that nisin-biogel at subinhibitory levels affects the growth of S. aureus
in a strain-dependent and dose-dependent manner, as well as the production of several
virulence factors, including coagulase, protein A, and biofilm. The expression of some
virulence-related genes, such as agrI, atl and clfA, were found to be repressed by nisin-biogel
at sub-MICs, whereas the transcription levels of spA, coa, icaA and icaD were increased.
Results highlight the importance of accessing the effects of nisin-biogel sub-MICs at dif-
ferent levels, providing an in vitro basis to understand what happens in vivo throughout
the treatment of a DFI, and emphasizes how critical it is to establish the correct dosage of
antimicrobials to be applied in clinical practice.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antibiotics10121501/s1, Table S1: Primers used in RT-qPCR protocols using 7300 Real Time
PCR System for accessing virulence gene expression; Table S2: Effects of nisin-biogel at 1/2 MIC,
1/4 MIC and 1/8 MIC and clindamycin at 1/2 MIC on agrI, spA, atl, clfA, coa, icaA and icaD mRNA
expression for the isolates A 5.2, A 6.3, B 1.1, B 14.2, Z 1.1 and Z 5.2. Results are expressed as n-fold
differences in ‘gene under study/gyrB’ ratio in the presence of the different conditions described
above relative to ‘gene under study/gyrB’ ration in the growth control (no antimicrobial). Values
are present as mean values ± SD (two repeated different experiments), except for the clfa/gyrB fold
change for the isolate Z 5.2, since only one assay was performed. Asterisks indicate statistically
significant differences between treatments and between treatments and control for each clinical isolate
(* = p < 0.05; ** = p < 0.01; *** = p < 0.001, compared with the results of the corresponding control);
Table S3: Effects of nisin-biogel at 1/2 MIC, 1/4 MIC and 1/8 MIC and clindamycin at 1/2 MIC on
biofilm formation by the isolates A 5.2, A 6.3, B 1.1, B 14.2, Z 1.1 and Z 5.2. Values are present as mean
values ± SD (three repeated different experiments). * = p < 0.05; ** = p < 0.01; *** = p < 0.001, compared
with the results of the corresponding control; Table S4: Effects of nisin-biogel at 1/2 MIC, 1/4 MIC
and 1/8 MIC and clindamycin at 1/2 MIC on coagulase production by the isolates A 5.2, A 6.3, B
1.1, B 14.2, Z 1.1 and Z 5.2 after 24 h of growth under the different conditions tested. Coagulation
ability was measured every hour for 4 h of incubation, and after 24 h of incubation. -: no evidence of
fibrin formation; 1+: small unorganized clots; 2+: small organized clots; 3+: large organized clots;
4+: entire content of tube coagulates and is not displaced when tube is inverted; Table S5: Effects of
nisin-biogel at 1/2 MIC, 1/4 MIC and 1/8 MIC and clindamycin at 1/2 MIC on coagulase production
by the isolates A 5.2, A 6.3, B 1.1, B 14.2, Z 1.1 and Z 5.2 after 4 h of growth under the different
conditions tested. Coagulation ability was measured every hour for 4 h of incubation, and after 24 h
of incubation. -: no evidence of fibrin formation; 1+: small unorganized clots; 2+: small organized
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clots; 3+: large organized clots; 4+: entire content of tube coagulates and is not displaced when tube
is inverted; Table S6: Effects of nisin-biogel at 1/2 MIC, 1/4 MIC and 1/8 MIC and clindamycin at
1/2 MIC on protein A release by S. aureus DFI isolates A 5.2, A 6.3, B 1.1, B 14.2, Z 1.1 and Z 5.2 after
18 h of growth under the different conditions tested. The results are the racios of the amount of SpA
(pg/mL) in the bacterial supernatants incubated with nisin-biogel or clindamycin to the amount of SpA
(pg/mL) in the bacterial supernatants incubated without antimicrobials and are expressed as percentages.
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Abstract: This work aimed to characterize a 29-kb blaKPC-2-carrying plasmid, pR31-KPC, from a
multidrug resistant strain of Pseudomonas aeruginosa isolated from the sputum of an elderly patient
with multiple chronic conditions in China. The backbone of pR31-KPC is closely related to four other
blaKPC-2-carrying plasmids, YLH6_p3, p1011-KPC2, p14057A, and pP23-KPC, none of which have
been assigned to any of the known incompatibility groups. Two accessory modules, the IS26-blaKPC-2-
IS26 unit and IS26-∆Tn6376-IS26 region, separated by a 5.9-kb backbone region, were identified in
pR31-KPC, which was also shown to carry the unique resistance marker blaKPC-2. A comparative
study of the above five plasmids showed that p1011-KPC2 may be the most complete plasmid of this
group to be reported, while pR31-KPC is the smallest plasmid having lost most of its conjugative
region. Regions between the iterons and orf207 in the backbone may be hot spots for the acquisition
of exogenous resistance entities. The accessory regions of these plasmids have all undergone several
biological events when compared with Tn6296. The further transfer of blaKPC-2 in these plasmids may
be initiated by either the Tn3 family or IS26-associated transposition or homologous recombination.
The data presented here will contribute to a deeper understanding of blaKPC-2 carrying plasmids
in Pseudomonas.

Keywords: Pseudomonas aeruginosa; carbapenem resistance; KPC-2; plasmid

1. Introduction

Pseudomonas aeruginosa is ubiquitous and is a well-known opportunistic pathogen in
hospitalized, immunocompromised patients. P. aeruginosa is capable of infecting all types
of systems and tissues, causing various diseases, such as bacteremia, septicemia, septi-
copyemia, pneumonia, bronchitis, diarrhea, keratitis, and skin and wound infections [1,2].
Multidrug resistant (MDR) P. aeruginosa has been categorized as a serious health threat
by the Centers for Disease Control and Prevention since 2019 (https://www.cdc.gov/
drugresistance/biggest_threats.html), and the development of resistance to carbapenem
will further exacerbate the situation [3].

Resistance to carbapenemase in P. aeruginosa is generally due to a combination of
mechanisms, including porin (OprD) deficiency, overexpression of efflux pumps, intrin-
sic chromosomally encoded AmpC-lactamase, and/or carbapenemase production [4].
Carbapanemase-encoding genes are highly transferable as they always reside on mobile
genetic elements (MGEs) such as plasmids, gene cassettes of integrons, transposons, and
genomic islands [5]. To date, the MGE-related carbapenemase families that have been
reported in P. aeruginosa include class A (KPC-2 [6] and GES [7]), class B (IMP [8], VIM [9],
SPM [10], NDM [11], AIM [12], SIM [13], FIM [14], HMB [15], and CAM [16]), and class D
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(OXA-40-like [17], OXA-48-like [18], and OXA-198-like [19]). P. aeruginosa is the predomi-
nant host for class B enzymes, while class A and D enzymes are less commonly reported in
this species [20].

The KPC-2-producing P. aeruginosa isolates were first reported in 2006 in a strain from
Colombia [6] and have recently been reported in strains from North America [21], South
America (Trinidad and Tobago [22], South Florida [23], and Puerto Rico [24]), China [25],
Brazil [26], and Germany [27]. The blaKPC-2 gene can be either plasmid-borne or on the
chromosome of the host. Using the keywords “pseudomonas”, “KPC”, “plasmid”, and
“complete” to search the GenBank database (last accessed on 14 May 2021), a total of six
fully sequenced and published blaKPC-2-carrying plasmids from P. aeruginosa were obtained:
Two IncP-6 plasmids, pCOL-1 (accession number KC609323; from Colombia) [28] and
p10265-KPC (accession number KU578314; from China) [29]; one IncU plasmid, pPA-2
(accession number KC609322; from Colombia) [28]; plasmid pBH6 (accession number
CP029714; from Brazil) [30]; and p1011-KPC2 and p14057A (accession numbers MH734334,
KY296095, and CP065418; all from China) [31,32], which all belong to the same unknown
incompatibility group.

In this work, we characterized the blaKPC-2-carrying P. aeruginosa plasmid pR31-KPC
and compared its sequence with those of the sequenced plasmids in the database to gain a
deeper understanding of the evolutionary history of this group of plasmids. Tn6774 was
the novel transposon designated in this study.

2. Results and Discussion
2.1. Case Report

On 31 August 2015, a 79-year-old man was admitted to a local hospital in Yixing
City with a cough and expectoration that had persisted for half a year, which showed
progressive aggravation for 20 h. The patient was subsequently diagnosed with pneumonia,
hypertension, sequela of cerebral apoplexy, and post tracheotomy. The patient received
a series of symptomatic treatments, such as aspiration of sputum to relieve the cough,
oxygen inhalation to improve circulation, and intravenous administration of meropenem
and tigecycline to reduce inflammation. P. aeruginosa R31 was isolated from a sputum
specimen during hospitalization. On the eighteenth day of hospitalization, his symptoms
worsened and he displayed shortness of breath, decreased blood pressure, decreased urine
output, and symptoms of multiple organ dysfunction.

2.2. General Features of P. aeruginosa R31

Strain R31 was highly resistant to all of the β-lactams tested, including penicillins
(piperacillin, piperacillin/tazobactam), cephalosporins (ceftazidime, cefepime), carbapen-
ems (imipenem, meropenem), and monobactam (aztreonam). Moreover, it showed resis-
tance to some fluoroquinolones (ciprofloxacin, levofloxacin), but was still susceptible to
aminoglycosides (gentamicin, amikacin, and tobramycin) and colistin (Table 1).

Table 1. Minimum inhibitory concentration (MIC) values of P. aeruginosa R31 determined by the
microdilution method.

MIC Values MIC Breakpoints µg/mL

µg/mL R or S S I R

Piperacillin >1024 R ≤16 32–64 ≥128
Piperacillin/tazobactam >1024/4 R ≤16/4 32/4–64/4 ≥128/4

Ceftazidime 128 R ≤8 16 ≥32
Cefepime >512 R ≤8 16 ≥32
Imipenem >128 R ≤2 4 ≥8

Meropenem >128 R ≤2 4 ≥8
Aztreonam >512 R ≤8 16 ≥32
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Table 1. Cont.

MIC Values MIC Breakpoints µg/mL

µg/mL R or S S I R

Gentamicin 4 S ≤4 8 ≥16
Amikacin <8 S ≤16 32 ≥64

Tobramycin <2 S ≤4 8 ≥16
Ciprofloxacin 8 R ≤0.5 1 ≥2
Levofloxacin 32 R ≤1 2 ≥4

Colistin 1 S ≤2 - ≥4

The R31 strain returned a positive result in the Carba NP test, and out of all the
carbapenemase genes tested, only blaKPC-2 was detected. Repeated conjugation experiments
failed to transfer the blaKPC-2 marker from R31 to P. aeruginosa PAO1 (induced rifampin
resistance) or Escherichia coli EC600 (rifampin resistance).

2.3. Overview of pR31-KPC

The R31 isolate harbors only one extrachromosomal closed circular DNA sequence,
designated as pR31-KPC, which was determined to be 29,402 bp in length and contain a
mean G+C content of 57.5% and 44 predicted open reading frames (ORFs) (Figure S1). The
backbone of pR31-KPC has a modular structure, with the insertion of two accessory mod-
ules: The IS26-blaKPC-2-IS26 unit and IS26-∆Tn6376-IS26 region. The accessory modules
were defined as acquired DNA regions associated with and bordered by mobile elements.

2.4. The Backbone of pR31-KPC

The backbone of pR31-KPC is 16.9-kb in length and contains the following elements:
The RepA and its iterons (repeat region for the RepA binding site), which are responsible
for plasmid replication initiation. The iterons are 137 bp in size, within which 12-bp sites
are located, relatively conserved, and repeated six times; parA for plasmid partition; higBA,
which encodes the toxin-antitoxin system for post-segregational killing; and a traMLI con-
jugation system remnant. The identified RepA protein of pR31-KPC showed a 100% amino
acid similarity to the homologs in the four other blaKPC-2-carrying Pseudomonas plas-
mids of the same incompatibility group, which are available in public sequence databases,
namely p1011-KPC2, p14057A, YLH6_P3 (accession number MK882885), and pP23-KPC
(accession number CP065418).

The backbone of pR31-KPC showed 83–100% coverage and 100% identity to the above-
mentioned plasmids (Supplementary Table S1). A linear comparison of the backbones
of these five plasmids revealed the following: (1) The regions between the iterons and
orf207 are hot spots for the acquisition of resistance genes, and all of the blaKPC-2 genes
reside in these regions; (2) p1011-KPC2 is the most complete plasmid of this incompatibility
group, with a complete conjugative region and a relatively intact maintenance region, while
pR31-KPC is the smallest plasmid of this group (Figure 1). Although most of its conjugative
region is missing and is unable to conjugate experimentally, pR31-KPC and thus, blaKPC-2
can remain in its host.
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regions are colored in red. Shading denotes homology (nucleotide identity ≥ 90%) of the plasmid backbone regions, but not
the accessory modules. RepA and orf207 represent the names of the labeled genes, respectively. The GenBank accession
numbers of p1011-KPC2, p14057A, YLH6_P3, pP23-KPC, and pR31-KPC are MH734334, KY296095, MK882885, CP065418,
and CP061851, respectively.

2.5. The Accessory Regions of pR31-KPC

The accessory regions of pR31-KPC comprise two IS26-based regions, the IS26-blaKPC-2-
IS26 unit and IS26-∆Tn6376-IS26 region, separated by a backbone region of 5988 bp
(Figure 2a).
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positions within the corresponding plasmids. The GenBank accession numbers of Tn1721, Tn3, Tn6296, and Tn1403 are
X61367, HM749966, FJ628167, and AF313472, respectively.
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Tn6296 is widely considered to be one of the most important vehicles for blaKPC-2 gene
transferring. Tn6296 was originally identified in MDR plasmid pKP048 from Klebsiella
pneumoniae. In addition, it was generated from the insertion of the core blaKPC-2 genetic
platform (Tn6376–blaKPC-2–∆ISKpn6–korC–orf6–klcA–∆repB) into Tn1722, resulting in
truncation of mcp (Figure 2a).

In pR31-KPC, the aforementioned core blaKPC-2 genetic platform is intact, but has been
split into two parts, each of which is bordered by two IS26 elements (either in the same or
opposite directions), generating the IS26-blaKPC-2-IS26 unit and IS26-∆Tn6376-IS26 region,
which have the potential to move (Figure 2a). Both of the regions lack the typical 5 bp
target site duplications, suggesting that the acquisition of these entities may have occurred
via the IS26-mediated homologous recombination.

In p1011-KPC2, two copies of IS26 were found at the boundaries of the core blaKPC-2
genetic platform in opposite directions, translocating the core platform and truncating
tnpATn6376 into a 2455 bp fragment. Regarding the integrity of Tn6296, the left/right
inverted repeats and direct repeats were not impaired, generating the novel transposon
Tn6774 (Figure 2b). The further spread of blaKPC-2 may occur by either the Tn6774 transposi-
tion via a TnpA/TnpRTn6774-mediated ‘cut and paste’ process or IS26-mediated transposition.

In p14057A, Tn6296 was truncated by the Tn1403 core tni module and IS6100 at either
ends, generating the ∆Tn1403-∆Tn6296-IS6100 region (Figure 2b). This entity may have
been generated by a recombination of Tn6296 and a Tn1403-like transposon at the res site.
Tn1403, initially found in Pseudomonas, is an important resistance gene dissemination vehi-
cle, with the derivatives Tn6060, Tn6061, Tn6217, Tn6249, and Tn6286 having been reported
in [33–37]. Belonging to the Tn21 subfamily of the Tn3 family, the Tn1403 and Tn1403-like
transposons are able to transfer their passengers by the one-end transposition [38].

In YLH6_P3 and pP23-KPC, six copies of IS26 (four intact and two truncated) and
four copies of IS26 (three intact and one truncated) were found in the blaKPC-2 region,
respectively, forming mosaic structures, with adjacent IS26 regions overlapping each other.
In YLH6_P3, two copies of blaKPC-2 were found. This structure was likely generated by
the duplication of IS26-blaKPC-2-IS26 found in pP23-KPC or vice versa. Linkage to IS26
indicates the potential for further dissemination of blaKPC-2 (Figure 2c).

2.6. Genomic Characterization of P. aeruginosa Genomes

A total of 209 genomes were downloaded (including that of R31) from the GenBank
database. The resistance genes carried by each genome are listed in Table S2. All of the
genomes, except for seven, have the chromosome-origin blaPAO-1 gene. The seven genomes
without the gene were excluded for further whole genome phylogeny studies, due to the
probable misidentification at the genus or species level. Phylogeny studies of the remaining
202 genomes revealed the following: (1) These clones can be divided into three clusters
(clusters I, II, and III), and cluster III can be further divided into IIIa and IIIb. R31 belongs
to cluster IIIa. (2) The carriage rates of carbapenemase genes for clusters I, II, IIIa, and IIIb
were 33.3% (3/9), 36.45% (35/96), 23% (8/26), and 2.8% (2/71), respectively. Compared
with clusters I, II, and IIIa, cluster IIIb clones have the lowest carriage rate of carbapenemase
genes. (3) Worldwide, the sequence types (STs) of sequenced P. aeruginosa genomes are
highly diverse.

The 202 genomes included a total of 69 known STs and 36 unknown STs. Forty-eight
isolates with 23 different kinds of carbapenemase genotypes included 17 known STs and
nine unknowns STs. A specific relationship between the STs and carbapenemase genotypes
was not obvious (Figure S2).

3. Materials and Methods
3.1. Ethics Statement

The specimens were acquired with consent from the patient. The use of human
specimens and all of the related experimental protocols was reviewed and approved by
the ethics committee of the National Institute for Communicable Disease Control and
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Prevention (ICDC), Beijing, China, in accordance with the medical research regulations of
the Ministry of Health, China. Research involving biohazardous materials and all of the
related procedures were approved by the Biosafety Committee of the ICDC. This study
was conducted in China.

3.2. Identification of Bacterial Strains

Bacterial species were identified with the VITEK-2 Compact system using the GNI
card (bioMerieux, France) and further confirmed by sequencing of the 16S rDNA amplicon,
which is generated by primer pairs 27f (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492r
(5′-ACGGCTACCTTGTTACGACTT-3′).

3.3. Determination of Minimum Inhibitory Concentration (MIC)

Antimicrobial susceptibility testing was performed by a broth microdilution method
with customized microtiter plates containing vacuum dried antibiotics (BD Bioscience,
San Jose, CA, USA). The MIC values were interpreted according to the Clinical and Labora-
tory Standards Institute (CLSI) guidelines 2019.

3.4. Detection of Carbapenemase Activity and Screening of Responsible Genes

The Carba NP test recommended by CLSI was performed for the detection of the
carbapenemase production. The major plasmid-borne carbapenemase genes were amplified
by the polymerase chain reaction (PCR) and sequenced on an ABI 3730 DNA Analyzer
(Applied Biosystems, Foster City, CA, USA).

3.5. Conjugation Experiments

Conjugation experiments were carried out by a filter mating method with P. aeruginosa
R31 as the donor strain and P. aeruginosa PAO1 (induced rifampin resistance) or E. coli
EC600 (rifampin resistance) serving as the recipient strain. Briefly, the donor and recipient
strains were grown in 3 mL of brain heart infusion (BHI) broth overnight at 37 ◦C. For each
conjugation, 50 µL of donor strain culture was mixed with 500 µL of recipient strain culture
(v:v = 1:10) and 4.5 mL of fresh BHI broth. In addition, 100 µL of the mixture was applied
onto a cellulose filter membrane (pore size, 0.22 µm) already placed on a BHI agar plate.
After incubation at 37 ◦C for 16–18 h, the filter membrane was taken out and vortexed
in 1 mL of BHI broth. The vortex mixtures were plated on BHI agar plates containing
100 mg/L ceftazidime and 50 mg/L rifampin for the selection of the P. aeruginosa PAO1
transconjugants or on BHI agar plates containing 100 mg/L ceftazidime and 100 mg/L
sodium azide for the selection of the E. coli EC600 transconjugants.

3.6. Determination of R31 Genome Sequences

Genomic DNA was isolated from the R31 isolate using a Wizard Genomic DNA
Purification Kit (Promega, Madison, WI, USA), and sequenced using a whole-genome
shotgun strategy on an Ion Torrent Personal Genome Machine system (Life Technologies).
A Pacific Biosciences RSII DNA sequencing system (Menlo Park, CA, USA) was used as the
platform to sequence the complete genome. The contigs were assembled using Hgap 2.0.

3.7. Sequence Annotation and Comparison

Sequence annotation and prediction of open reading frames (ORF) and pseudogenes
of plasmid pR31-KPC were performed using RAST 2.0 [39] and further annotated by
BLASTP/BLASTN [40] searches against the UniProtKB/Swiss-Prot [41] and RefSeq [42]
databases. Annotation of resistance genes, mobile elements, and other features was con-
ducted using online databases, such as CARD [43], ResFinder [44], ISfinder [45], ISsaga [46],
INTEGRALL [47], and the Tn Number Registry [48]. Multiple and pairwise sequence com-
parisons were performed using MUSCLE 3.8.31 [49] and BLASTN, respectively. Gene
organization diagrams were drawn in Inkscape 0.48.1 (http://inkscape.org, accessed on
1 January 2019)
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3.8. Whole Genome Phylogeny and Genetic Background Analysis

The available whole genome sequences of P. aeruginosa from the National Center for
Biotechnology Information (NCBI) were downloaded (last accessed on 24 October 2019).
Resistance genes of the Pseudomonas genomes were analyzed by ResFinder. The sequence
types (ST) of these P. aeruginosa genomes were obtained using the webtool PubMLST
(https://pubmlst.org/organisms/pseudomonas-aeruginosa). Analyses of the downloaded
genomes (including R31) were further processed using kSNP3 v3.1 [50]. Core single-
nucleotide polymorphism (SNP) matrices were generated, and maximum-likelihood phy-
logenies were constructed. Phylogenetic trees were drawn using the Interactive Tree of Life
(iTOL) programs [51].

3.9. Nucleotide Sequence Accession Number

The complete sequences of the chromosome of R31 and plasmid pR31-KPC were sub-
mitted to GenBank database, under accession numbers CP061850 and CP061851, respectively.

4. Conclusions

Carbapenems are still first-line agents for the treatment of P. aeruginosa infections.
The occurrence and dissemination of blaKPC-2 and/or other carbapenemase gene-carrying
P. aeruginosa strains have important clinical and epidemiological implications. Four other
fully sequenced plasmids of the same incompatibility group as pR31-KPC have been
reported in China, which suggest that it may be an important vehicle in the dissemination
of blaKPC-2 in Pseudomonas.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/antibiotics10101234/s1. Figure S1: Schematic maps of p1011-KPC2, p14057A, YLH6_P3,
pP23-KPC, and pR31-KPC. Figure S2: Evolutionary relationships of 202 P. aeruginosa genomes in the
GenBank database. Table S1: Pairwise comparison of blaKPC-2-carrying plasmids from P. aeruginosa
using BLASTN. Table S2: Beta-lactamase and carbapenemase genes carried by P. aeruginosa genomes
based on ResFinder results.
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Abstract: Acinetobacter baumannii is a dangerous bacterial pathogen possessing the ability to persist
on various surfaces, especially in clinical settings, and to rapidly acquire the resistance to a broad
spectrum of antibiotics. Thus, the epidemiological surveillance of A. baumannii within a particular
hospital, region, and across the world is an important healthcare task that currently usually includes
performing whole-genome sequencing (WGS) of representative isolates. During the past years,
the dissemination of A. baumannii across the world was mainly driven by the strains belonging
to two major groups called the global clones or international clones (ICs) of high risk (IC1 and
IC2). However, currently nine ICs are already considered. Although some clones were previously
thought to spread in particular regions of the world, in recent years this is usually not the case. In
this study, we determined five ICs, as well as three isolates not belonging to the major ICs, in one
multidisciplinary medical center within the period 2017–2019. We performed WGS using both short-
and long-read sequencing technologies of nine representative clinical A. baumannii isolates, which
allowed us to determine the antibiotic resistance and virulence genomic determinants, reveal the
CRISPR/Cas systems, and obtain the plasmid structures. The phenotypic and genotypic antibiotic
resistance profiles are compared, and the possible ways of isolate and resistance spreading are
discussed. We believe that the data obtained will provide a better understanding of the spreading
and resistance acquisition of the ICs of A. baumannii and further stress the necessity for continuous
genomic epidemiology surveillance of this problem-causing bacterial species.

Keywords: Acinetobacter baumannii; antibiotic resistance; virulence; whole-genome sequencing;
international high-risk clones; genomic epidemiology

1. Introduction

Monitoring the spread of particular lineages of pathogenic bacteria and the associ-
ated antimicrobial resistance determinants within a particular hospital, country, or across
the world represents a very important task for national and international public health
institutions. Currently, such surveillance is becoming more and more dependent on next-
generation sequencing (NGS) of bacterial genomes and the corresponding bioinformatics
analysis pipelines [1–3]. Such investigations have already formed a new field called ‘ge-
nomic epidemiology’, in which methods allow to obtain huge amounts of epidemiologically
and medically relevant information in a cost-, time-, and resource-efficient way [4–6].

During recent years, the antibiotic resistance within different species of nosocomial
and community-acquired bacterial pathogens has increased to dangerous levels [7–9]. This
problem cannot be solved without comprehensive investigations of resistance transmission
mechanisms and global epidemiological surveillance.
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Currently, one of the most problematic pathogens is Acinetobacter baumannii, account-
ing for about 2% of all healthcare-associated infections in USA and Europe [10] and up to
4% in Asia [11]. A. baumannii is a member of the ESKAPE group of bacterial pathogens,
also including Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Pseudomonas
aeruginosa, and Enterobacter spp., which are major causes of antibiotic-resistant infections
worldwide [12]. It is a Gram-negative coccobacillus that is mainly responsible for causing
pneumonia and wound infections associated with elevated morbidity and mortality in
clinical settings [13]. The notable characteristics of A. baumannii include the ability to
rapidly acquire multidrug-, extensive drug-, and even pandrug-resistance phenotypes [14],
as well as to easily survive and transfer in the hospital environment, such as attaching to
various biotic and abiotic surfaces [15]. A. baumannii evolution during the past five decades
was mainly driven by two globally disseminated clones, GC1 and GC2 (also called IC1 and
IC2, IC standing for ‘international clone’) [16]. However, six additional clonal lineages are
currently generally accepted [17], and IC9 is on its way [18].

In Russia, A. baumannii constitutes up to 16.8% of healthcare-associated bacterial infec-
tions and exhibits a high rate of carbapenem resistance (about 77%), with the predominating
clones being IC1, IC2, and IC6 [19].

Although many reports consider different clones or lineages of A. baumannii species to
be associated with particular parts or regions of the world [13,20–22], the dramatically fast
distribution of SARS-CoV-2 in 2020 has demonstrated that our knowledge regarding the
spread of different pathogens is still limited.

Here we present the results of genomic epidemiology monitoring of A. baumannii in a
multidisciplinary medical center in Moscow, Russia, during the period 2017–2019. Amaz-
ingly, we have revealed the isolates belonging to 5 out of 9 international clonal lineages
(ICL), as well as additional isolates not clustering to any known ICL within our samples. We
selected nine representative isolates for this manuscript and performed whole-genome se-
quencing for them using second- and third-generation (long-read) sequencing technologies.
Comprehensive analyses of phenotypic and genotypic antimicrobial resistance, virulence
factors, plasmids, and CRISPR arrays for the selected isolates are provided.

We believe that our data will facilitate a better understanding of A. baumannii spread
across the world and the possible ways of acquiring antimicrobial resistance by this dan-
gerous pathogen.

2. Results
2.1. Isolate Metadata and Typing

The metadata for the isolates and the results of their typing using the Pasteur MLST
scheme, K-, and OCL-loci are presented in Table 1.

Table 1. The origin and typing of the clinical A. baumannii isolates studied.

Sample id Patient
Code

Isolation
Date

Clinical
Department Locus MLST OCL-Type KL-Type IC

CriePir33 P1 03.05.2017 Traumatology Wound ST78 OCL1 KL3 IC6 (CC78)
CriePir87 P2 04.07.2017 Surgery Soft tissue abscess ST2 OCL1 KL33 IC2 (CC2)
CriePir168 P3 03.12.2017 ICU Urine ST1 OCL1 KL17 IC1 (CC1)
CriePir254 P4 24.08.2018 Surgery Bile ST370 OCL1 KL25 CC252
CriePir298 P5 10.09.2019 CNS Rehabilitation Urine ST25 OCL6 KL116 IC7 (CC25)
CriePir306 P6 05.08.2019 ICU BAL ST15 OCL7 KL9 IC4 (CC15)
CriePir307 P7 29.06.2019 ICU BAL ST1487 * OCL2 KL45 CC152
CriePir308 P6 22.08.2019 ICU CVC ST2 OCL7 KL9 IC2 (CC2)
CriePir309 P8 31.08.2019 CNS Rehabilitation Urine ST911 OCL6 KL14 CC132

ICU—intensive care unit; CVC—central venous catheter; BAL—bronchoalveolar lavage; *—novel ST identified by us.

In this study, we aimed to capture the widest possible diversity of A. baumannii clones
while keeping the number of isolates lower for the sake of presentation clarity. We selected
nine isolates, six of which represented known international clones of high risk and three
isolates represented singletons that could not be attributed to any ICs. Well-established
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‘old’ international clones 1 and 2 [13] are presented by their general sequence types. Two
isolates representing IC2 had different K- and OCL-types, so they were both included in
the study to further increase the isolate diversity.

IC4 and IC6 were also represented by their major STs [17]. It is interesting that the
isolates representing two different clones, CriePir306 (IC4) and CriePir308 (IC2), were
isolated from the same patient, but from different sites. However, they had the same K-
and OCL-types, which is rather surprising.

CriePir307 possessed a novel sequence type that was not clustered with existing
international clones by either cgMLST or MLST loci. Although it possessed the blaOXA-64
gene that is known to be the characteristic of IC7 [23], it was quite different from other
IC7 isolates by cgMLST profile (see Table S1 and Figure S1). Thus, it was assigned to the
most frequent Pasteur ST profile clustering in the same clonal complex (CC152). CriePir298,
which belonged to IC7, possessed a general MLST sequence type for this clone—ST25 [17].
However, it had a rather rare capsular type—KL116 [24].

CriePir254 and CriePir309 also did not belong to the known international clonal
lineages, but could be attributed to CC252 and CC132, respectively.

The minimum spanning tree for the isolates is presented in Figure 1. It is not sur-
prising that the isolates are located very far from each other in terms of their cgMLST
profiles since the aim of this study was to capture the maximal possible diversity. Only the
isolates CriePir87 and CriePir308 belonging to IC2 were comparatively close to each other
(198 allele differences).
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We also built a cgMLST tree for our isolates and the whole set of RefSeq isolates
(accessed on 20 March 2021), trying to infer the possible spreading information. A subset of
this tree, including the closest matches from RefSeq to our isolates in terms of the number
of cgMLST allele differences, is provided in the Figure S1.

As we can see from this tree, the isolates with unusual profiles, such as CriePir254
(rare ST, no IC) and CriePir307 (novel ST, no IC), do not have close relatives in terms of the
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number of allele differences. Moderately close neighbors were revealed for CriePir168 (IC1,
GCA_000830055.1, Australia, distance = 187), CriePir308 (IC2, GCA_000314655.1, USA,
distance = 50), CriePir306 (IC4, GCF_003583665.1, Spain, distance = 147), and CriePir33
(IC6, GCF_003948375.1, USA, distance = 87). However, this information does not allow
inferring the spreading routes of the isolates, and more genomic data is required to achieve
this goal.

Complete cgMLST profiles for all our isolates and their closest matches from RefSeq
are presented in Table S1.

2.2. Antimicrobial Resistance

Phenotypic characterization and the genotypic resistance determinants of the isolates
studied are presented in Figure 2.
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As we can see from Figure 2, the isolates form three groups containing three members
each: multidrug-resistant (CriePir33, CriePir87, and CriePir298), which exhibit resistance
to all antibiotics from the panel; non-resistant (CriePir254, CriePir307, and CriePir309,
possessing only intrinsic oxacillinase genes); and intermediate (CriePir168, CriePir306,
and CriePir308), having resistance only to some of the antibiotics tested. Five isolates
were carbapenem-resistant, and the likely mechanism of such a resistance is expression of
blaOXA-23 (CriePir87 and CriePir298) and blaOXA-72 (CriePir33, CriePir168, and CriePir308)
carbapenemase genes. In addition, the blaOXA-23-carrying isolates also encoded PER-7
extended spectrum β-lactamase (ESBL), which was reported to demonstrate high activity
against broad-spectrum cephalosporins in A. baumannii [25].

The resistant isolates also included genes and gene clusters providing resistance to
aminoglycosides (for example, armA), sulfamethoxazole (sul1 and sul2), chloramphenicol
(cmlA1), and tetracycline (tet(B)). However, the latter two antimicrobials were not included
in the panel.

Interestingly, CriePir33 possessed the blaCARB-16 gene representing a rather rarely oc-
curring blaCARB-5-like class A beta-lactamase gene, which was first revealed in Acinetobacter
pittii [26]. The enzyme encoded by blaCARB-16 differs only by one amino acid substitution
from blaCARB-5.

In general, the isolates demonstrated very good compliance between the phenotypic
and genotypic characteristics of their antimicrobial resistance. The group of susceptible
isolates included only intrinsic blaADC and blaOXA-51-like oxacillinases, as well as the
ant(3)-IIa gene, while the isolates that exhibited the multidrug-resistant phenotype pos-
sessed the largest number of acquired resistance genes (8 for CriePir33, 13 for CriePir87,
and 11 for CriePir298, respectively).
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2.3. Virulence Genes

The distribution of the virulence genes in the isolates studied is shown in Figure 3.
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quorum sensing system; adeFGH—efflux pump; bap—biofilm-associated protein; blp1,blp2—bap-
like proteins; barAB—siderophore efflux system of the ABC superfamily; basABCDFGHIJ—proteins
involved in biosynthesis of acinetobactin; bauABCDEF—receptor for ferric-acinetobactin complexes;
bfmRS—two-component signal transduction system; csuA/BABCDE—Csu pili; entE—enterobactin
biosynthesis; ompA—outer membrane protein; pgaABCD—biofilm formation locus; plc, plcD—
phospholipase genes.

The virulence gene sets of all isolates were quite similar. They mainly included the
factors involved in biofilm formation (adeFGH, csu, and pga clusters) as well as the bau and
bas clusters involved in the iron acquisition system and acinetobactin functioning.

CriePir306 and CriePir308 included all 39 factors revealed, while the other isolates
lacked from one to four virulence genes each. Interestingly, we have not revealed any
virulence plasmids, and all virulence genes were located on chromosomes.

The list of NCBI accession numbers for the virulence genes revealed is shown in
Table S2.

2.4. Plasmids

The isolates had from one to six plasmids each (Table S3). However, these plasmids
usually did not carry the resistance genes, except for CriePir298, which possessed the
plasmid containing all resistance determinants, excluding blaOXA-23 and the intrinsic genes,
as well as CriePir33, CriePir168, and CriePir308, the latter two of which carried two copies
of blaOXA-72 of plasmid origin. Interestingly, the plasmids of CriePir168 (length = 10,878 bp)
and CriePir308 (length = 10,879 bp) had essentially the same sequences except for several
deletions that might result from long-read assembly algorithm imperfections. These two
isolates belonged to different clonal lineages (ST1 and ST2, respectively) and were isolated
with an interval of 2 years. However, both of them were found in the same clinical
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department (ICU), and thus the persistence of the blaOXA-72-carrying plasmid within this
unit could be suggested. Another interesting fact was that these plasmids had 99.7%
identity with the pAB120 plasmid (Genbank accession CP031446.1) of the MDR-UNC A.
baumannii isolate (ST2), which caused a fatal case of necrotizing fasciitis in a USA hospital
in 2019 [27].

CriePir298 included three plasmids, the smallest of which (length = 2343) had exactly
the same sequence as pA85-1a (Genbank accession CP021784.1) from the A85 A. baumannii
strain isolated in Australia in 2003. This plasmid was also found in several other isolates of
IC1 [28], but its functional properties were not described. However, CriePir298 belonged to
IC7. A brief description of the plasmids is provided in Table 2.

Table 2. Plasmid characteristics of the isolates studied.

Sample Id Number of
Plasmids Plasmid Sizes Virulence/Resistance

Determinants in Plasmids Related Plasmids from Other Isolates

CriePir33 1 17,765 blaOXA-72 pIBAC_oxa58_20C15, KY202458.1
CriePir87 1 11,194 - pUnnamed1, CP035673.1

CriePir168 3 1217–10,878 blaOXA-72 pAB120, CP031446.1
CriePir254 2 10,427–90,326 - pGFJ6, CP016902.1

CriePir298 3 2343–183,139
mph(E), msr(E), armA, sul1, sul2,

blaPER-7, ARR-3, aph(6)-Id,
aph(3′ ′)-Ib, aac(3)-IIa, tet(B)

pA85-1a, CP021784.1

CriePir306 4 2845–80,829 - pA1296_1, CP018333.1
CriePir307 6 2278–114,430 - pABAY15001_6E, MK386684.1
CriePir308 1 10,879 blaOXA-72 pAB120, CP031446.1
CriePir309 2 11,195–94,551 - pTS134338, CP042210.1

2.5. CRISPR Arrays and CRISPR/Cas Systems

CRISPR arrays were revealed in seven out of nine isolates (except CriePir87 and
CriePir308). However, at least five repeats with an evidence level = 4 were found only in
four isolates (CriePir168, CriePir298, CriePir307, and CriePir309), and all of them except
the latter possessed a full CAS-Type IF system. Interestingly, these CAS systems had
different subtypes, namely, IF-1 for CriePir168 and CriePir298, and IF-2 for CriePir307.
Detailed analysis of the differences between these two subtypes lies beyond the scope of
this manuscript.

Interestingly, although CriePir309 had a highly confident CRISPR array with 17 repeats,
it was also the only isolate carrying an anti-CRISPR element, which could prevent the
development of a functional CRISPR/Cas system.

Most repeats and all cas genes were located on the chromosomes. CriePir168 had one
array on the short plasmid (length = 2372), and CriePir308 had one of seven arrays on
another plasmid (length = 14,128). However, both of these repeats had a low evidence level.

Detailed characteristics of the CRISPR elements, including the chromosome positions,
repeat sequences, and accession numbers for the cas genes revealed, are provided in
Table S4.

3. Discussion

In this manuscript, we presented the genomic epidemiology investigation of a diverse
A. baumannii population within a multidisciplinary medical center in Moscow, Russia,
for the period 2017–2019. We carefully selected the isolates representing the unusual
international clone variability, as well as additional isolates belonging to singleton clones,
and performed their long-read sequencing in order to obtain highly accurate chromosome
sequences and delineate plasmids. Hybrid short- and long-read assemblies allowed us to
improve the prediction of virulence and the resistance genomic determinants, as well as to
retrieve additional information required for application of genomic epidemiology tools
such as cgMLST analysis.
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In order to perform the epidemiological surveillance and track the spreading of
pathogenic bacteria within a particular healthcare facility, some geographical region, or
across the world, a reliable typing scheme based on molecular or genomic characteristics
of the isolates is required. Many typing schemes are already provided for pathogenic
bacteria, including A. baumannii. Exemplary schemes/profiles comprise the ones based
on the nucleotide frequency matrices for genomic sequences [29], CRISPR sequences [30],
multilocus sequence typing (MLST) [31,32] based on seven housekeeping genes, MLST/KL
loci [33], and core genome MLST (cgMLST) based on 2390 genes [34]. The latter was
recently successfully applied for an outbreak investigation [35]. In addition, intrinsic
carbapenemase blaOXA-51-like gene variants were also proposed as a tool for A. baumannii
identification and typing [36].

However, one of the most commonly used concepts for molecular epidemiology in-
vestigations is epidemic clonal lineages, or simply ‘international clones’, which represent
genetically distinct populations of A. baumannii successfully spreading in different geo-
graphic locations [37]. Eight international clones were defined earlier [17], and the ninth
was introduced recently [18]. The first three clones (IC1–IC3) are distributed worldwide,
with IC1 and IC2 also known as global clones (GC), while the rest were sometimes defined
as regional, or even endemic clones [13,20–22].

In contrast to this, we revealed an isolate belonging to IC7 in our hospital, although
this clone was recently reported to be prevalent in South America and not in Europe [22].
Although our initial set of isolates contained less than 50 sequenced samples, we managed
to reveal five different ICs and three singleton isolates not attributed to known clonal
lineages. One of these isolates belonged to IC7: CriePir298 possessed the founder sequence
type ST25, the members of which were revealed in Bolivia [22]. It is interesting that the
ST1487 possessed by CriePir307 is rather different from ST25 in its allelic profile, and
they do not cluster according to the eBURST analysis; at the same time, these two isolates
share the same intrinsic OXA-51 variant, namely, OXA-64, and thus likely belong to the
same lineage IC7 [23]. However, a large number of MLST and cgMLST allele differences
did not allow to assign CriePir307 to IC7, and it was closer to the members of CC152.
Another intriguing fact is that the resistance characteristics of CriePir298 and CriePir307
are completely different—the former was resistant to all antibiotics from the panel, while
the latter was susceptible to all antibiotics tested. However, genomic analysis revealed that
most resistance genes of CriePir298 were located on the resistance plasmid, which was very
similar to pMC1.1 (Genbank accession MK531536.1) revealed in Bolivia in the investigation
mentioned above [22].

Historic global clones were represented in our set by IC1 (CriePir168) and IC2 (CriePir87
and CriePir308). IC4, possessing the blaOXA-51 intrinsic gene, was revealed in CriePir306
(ST15). This clone was previously found in South America [38], but it is also present in
Europe [39]. IC6, which was once considered to be a Russian endemic [20] and constituted
about 25% of clinical isolates in Russia in 2015–2016 [19], was presented by CriePir33, a
carbapenem-resistant isolate carrying, among others, blaCARB-16 and blaOXA-72 resistance
determinants. This complies with the observation that IC6 isolates from Russia usually
obtain carbapenem resistance by acquiring class D carbapenemase genes and not by
other mechanisms such as intrinsic gene mutations [19]. Unfortunately, the cgMLST
comparison with the reference isolates did not reveal any clues regarding the routes of their
spreading across the world due to the ubiquitous presence of widespread ICs in various
geographical regions.

Finally, two isolates, CriePir254 and CriePir309, could not be attributed to known in-
ternational clones. CriePir309, carrying blaOXA-120 intrinsic beta-lactamase, can be assigned
to the known complex CC132, although it is also rather close to CC33 [40], while CriePir254
is close to CC252. CriePir309 has a very rare ST911; currently, no full genomic sequences
for the isolates of this sequence type are available in Genbank, and there is no information,
except a definition, for this ST in the PubMLST database (https://pubmlst.org, accessed in
23 April 2021). This isolate was obtained from the only patient involved in the study living
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outside the Moscow region, and it possessed various interesting properties. For example,
it did not carry resistance genes except intrinsic variants of the blaADC and blaOXA-51-like
genes, and it was the only isolate having anti-CRISPR proteins encoded (AcrIF11). At the
same time, it carried several virulence gene clusters (adeFGH, basABCDFGHIJ, csuABCD,
but not bap), which made it more similar to the strains causing community-acquired infec-
tions. CriePir254 and CriePir307 were similar to CriePir309 in this sense, since they also
did not have resistance determinants. Thus, we can conclude that the isolates from our
dataset that appeared to be rather distant from the known international high-risk clones
were in fact less dangerous in terms of their antibiotic resistance.

In summary, our results confirm that in the era of globalization and rapid pathogen
spread across the world, the concept of endemic clones becomes obsolete. For example, we
revealed IC7 in Russia, and IC6, which was previously attributed to Europe, was recently
found in Brazil [41]. In addition, a recent publication of the spatio-temporal distribution
of A. baumannii in Germany showed that the isolates belonging to IC1, 2, 4, 6, and 7
were revealed during 2000–2018 [39], which corresponds to our dataset. However, the
remarkable feature of our study is the discovery of such an IC variety within one hospital
during a limited period of time, and for the patients living in the Moscow region and
without a history of international travelling shortly before their hospital admission. This
finding will allow developing updated prevention strategies and epidemiological measures
to limit further high-risk clone spreading.

While epidemiological data is vitally important for studying the spread of any pathogenic
bacteria, the information regarding the presence of antibiotic resistance and virulence factors
in the isolates studied, as well as the possible mechanisms of their transfer, is no less important
for developing the prevention measures. Sequencing on MinION and hybrid short-long
read assembly allowed us to identify the locations of genes encoding oxacillinases and
other resistance genes. The blaOXA-23 genes of two isolates (CriePir87 and CriePir298)
were located on the chromosome, while blaOXA-72 for each of the three isolates (CriePir33,
CriePir168, and CriePir308) were revealed on plasmids. Such a distribution complies well
with previous studies [36,42].

In general, the antibiotic resistance genes of our isolates were not located on plasmids,
except for CriePir298 and the three isolates mentioned in the previous paragraph. However,
plasmid investigation can contribute not only to antimicrobial resistance studies but also to
tracing the spread of the pathogens across the world, although the plasmid complement
is not a reliable measure of relatedness [28]. For example, in our isolates we revealed the
plasmids identical to the ones of clinical isolates from the USA and Australia. However,
these isolates belonged to different clonal lineages than ours, so the possible ways of
plasmid transferring between them cannot be easily reconstructed.

In contrast, we have not revealed any virulence plasmids in our isolates, and all the
virulence genes were located on the chromosomes.

Virulence factors were represented in all of the isolates by the members of csu and pga
clusters involved in biofilm formation [43,44], as well as the members of bau and bas clusters
taking part in the iron acquisition system and acinetobactin transport and biosynthesis,
respectively [45,46]. In addition, all isolates included the genes of the adeFGH efflux pump,
the overexpression of which was also found to be associated with biofilm formation [47].
These genes are rather common for clinical A. baumannii isolates and, together with the
other genes revealed (e.g., bap for CriePir87 and CriePir306), provide the environmental
persistence for them [14]. In addition, all isolates contained the ompA gene, encoding
a major component of outer membrane vesicles, which was considered to be a crucial
virulence factor of A. baumannii [48]. Interestingly, the bap gene was revealed only in the
isolates lacking the CRISPR/Cas system; this could be the result of preventing horizontal
gene transfer by this system.

The sets of virulence factors were similar for all isolates, except for abaR, which was
not revealed in the fully susceptible isolates (CriePir254, CriePir307, and CriePir309) and
CriePir87, and abaI, which was not found in CriePir168, CriePir307, and CriePir309. These
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genes are involved in quorum sensing and may contribute to motility and host–pathogen
interaction [45]. The presence of abaI/abaR was positively correlated with bacterial resis-
tance rates [49], and thus their absence in susceptible isolates complies with this finding.
However, additional investigations are needed to elucidate the possible mechanisms since
such a correlation was not perfect for our isolates.

Finally, we can conclude that obtaining extensive data on the spreading of particular
strains, high-risk clones, antimicrobial resistance, and virulence factors across a particular
hospital, country, and region greatly facilitates developing the epidemiological measures for
preventing an exponential increase in MDR A. baumannii strains, as well as other pathogenic
bacterial species. Unfortunately, these measures are not sufficient for fighting the resistant
bacteria in clinical settings. Possible holistic approaches to cope with this problem could
include antibiotic stewardship [50], developing novel antibiotics [51], using bacteriophages,
and other antibacterial moieties, such as antibodies, synthetic membrane-active agents, or
antimicrobial peptides [52–55].

4. Materials and Methods
4.1. Determination of Antibiotic Susceptibility

Species identification for all isolates was performed by time-of-flight mass spec-
trometry (MALDI-TOF MS) using the VITEK MS system (bioMerieux, Marcy-l’Étoile,
France), and the susceptibility to antimicrobials was determined by the disc diffusion
method using the Mueller–Hinton medium (bioMerieux, Marcy-l’Étoile, France) and
disks with antibiotics (BioRad, Marnes-la-Coquette, France), and by the Minimum In-
hibitory Concentration (MIC) method on a VITEK 2 Compact 30 analyzer (bioMerieux,
Marcy-l’Étoile, France). The antibiotics panel included the following drugs: amikacin,
gentamicin, tobramycin, imipenem, meropenem, levofloxacin, ciprofloxacin, and trimetho-
prim/sulfomethoxazole. These antimicrobial compounds reflected those agents used for
human therapy in the Russian Federation. We used the EUCAST clinical breakpoints,
version 11.0 (https://www.eucast.org/clinical_breakpoints/, accessed on 20 December
2020), to interpret the results obtained.

4.2. DNA Isolation, Sequencing, and Genome Assembly

Nine samples were obtained from eight patients (5 males and 3 females) in various
sources and hospital departments (Table 1) of a multidisciplinary federal medical center
in Moscow, Russia, during the period 2017–2019. The age of the patients involved in this
study ranged from 27 to 62 years with a median equal to 56.

The total number of isolates involved in the initial screening was 145, and 49 of them
were sequenced. Earlier we have investigated the properties of the CRISPR/Cas arrays
and systems for some of these isolates and a set of reference isolates from RefSeq [56]. Then
we carefully selected nine isolates from the initial set, which represented the diversity of
the A. baumannii international clones revealed in the hospital, and performed long-read
sequencing for them. Our aim was not to capture the diversity of all strains found in the
hospital during the study period, but rather to investigate the spread of international high-
risk clones and to check the hypothesis of their endemicity for a particular region or country.
Long-read sequencing allowed us to obtain the precise genome and plasmid structures, as
well as to verify the locations of antibiotic resistance and virulence determinants, and to
obtain complete cgMLST profiles for the selected representative isolates.

Genomic DNA was isolated with the DNeasy Blood and Tissue kit (Qiagen, Hilden,
Germany). A Nextera™ DNA Sample Prep Kit (Illumina®, San Diego, CA, USA) was used
for paired-end library preparation, and whole-genome sequencing (WGS) of the isolates
on Illumina® Miseq and Hiseq platforms (Illumina®, San Diego, CA, USA).

Additional WGS was performed using the Oxford Nanopore MinION sequencing
system (Oxford Nanopore Technologies, Oxford, UK). The same genomic DNA was used
to prepare the MinION library with the Rapid Barcoding Sequencing kit SQK-RBK004 (Ox-
ford Nanopore Technologies, Oxford, UK). The amount of initial DNA used for barcoding
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kit was 400 ng for each sample. The libraries were prepared according to the manufac-
turer’s protocols, and were sequenced on R9 SpotON flow cell by initiating the standard
24 h sequencing protocol using the MinKNOW software (Oxford Nanopore Technologies,
Oxford, UK).

Base calling of the raw MinION data was performed using Guppy Basecalling Software
version 4.4.1 (Oxford Nanopore Technologies, Oxford, UK), and demultiplexing was made
using Guppy barcoding software version 4.4.1 (Oxford Nanopore Technologies, Oxford,
UK). Hybrid assemblies were obtained using short- and long-reads by Unicycler version
0.4.9-beta [57].

Genome assemblies were uploaded to NCBI Genbank under the following accession
numbers: JAEPWJ000000000 (CriePir33), JAEPWI000000000 (CriePir87), JAEPWG000000000
(CriePir168), JAHHIS000000000 (CriePir254), JAEPWB000000000 (CriePir298), JAEPVY0000000
00 (CriePir306), JAEPVX000000000 (CriePir307), JAEPVW000000000 (CriePir308), and JAEPVV
000000000 (CriePir309).

4.3. Data Processing

The genomes assembled were processed using a custom software pipeline described
earlier [33]. We used the Resfinder 4.0 database for antimicrobial gene identification
(https://cge.cbs.dtu.dk/services/ResFinder/, accessed on 20 April 2021). VFDB [58] was
used to search for the virulence factors http://www.mgc.ac.cn/VFs/main.htm (accessed
on 20 April 2021).

Isolate typing was first performed by MLST using the Pasteur scheme. It was chosen
for typing since, according to the Oxford scheme, five isolates possessed undetectable
sequence types (STs) with a duplicated gdhB locus. Additional classification was made by
using capsule synthesis loci (K-loci) [59] and lipooligosaccharide outer core loci (OCL) [60].
Detection of cgMLST profiles was performed using MentaList software (https://github.
com/WGS-TB/MentaLiST, version 0.2.4, accessed on 10 June 2021), and the minimum
spanning tree was build using PHYLOViz online (http://online.phyloviz.net, accessed on
10 June 2021).

CRISPRCasFinder [61] was used to identify the presence of CRISPR/Cas systems
and spacers in the genomes studied. Anti-CRISPR elements were searched in AcrBank
http://cefg.uestc.cn/anti-CRISPRdb (accessed on 20 April 2021).

5. Conclusions

In this study, we performed third-generation sequencing-based genomic epidemiology
surveillance of clinical A. baumannii isolates from a multidisciplinary medical center in
Moscow, Russia, obtained during 2017–2019. Surprisingly, we revealed that our isolates
included 5 of the 9 commonly defined international clones of this important nosocomial
pathogen. In addition, three isolates possessed singleton sequence types not clustered with
the known lineages, including ST911, for which whole-genome data are not available yet.
We presented a detailed analysis of the phenotypic antimicrobial resistance and genomic
resistance determinants for all the isolates studies, as well as additional data for virulence
factors, plasmids, and CRISPR arrays. We believe that these data will facilitate a better
understanding of the clonal spreading and resistance acquisition of A. baumannii and
further highlight the necessity of continuous genomic epidemiology surveillance for this
problematic pathogen.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antibiotics10081009/s1, Table S1. cgMLST profiles for clinical A. baumannii isolates included in
the study, Table S2. Accession numbers for the virulence genes revealed in the isolates studied, Table
S3. Plasmid description for the isolates studied, Table S4. Description and statistics for the CRISPR
arrays revealed in clinical A. baumannii isolates included in the study, Figure S1. cgMLST tree for the
isolates under study and their closest matches from RefSeq database.
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Abstract: This study aims to determine the prevalence of STEC in she-camels suffering from mastitis
in semi-arid regions by using traditional culture methods and then confirming it with Serological
and molecular techniques in milk samples, camel feces, as well as human stool samples for human
contacts. In addition, an antibiotic susceptibility profile for these isolates was investigation. Mastitic
milk samples were taken after California Mastitis Test (CMT) procedure, and fecal samples were
taken from she-camels and human stool samples, then cultured using traditional methods to isolate
Escherichia coli. These isolates were initially classified serologically, then an mPCR (Multiplex PCR)
was used to determine virulence genes. Finally, both camel and human isolates were tested for
antibiotic susceptibility. Out of a total of 180 she-camels, 34 (18.9%) were mastitic (8.3% clinical and
10.6% sub-clinical mastitis), where it was higher in camels bred with other animals. The total presence
of E. coli was 21.9, 13.9, and 33.7% in milk, camel feces, and human stool, respectively, whereas the
occurrence of STEC from the total E. coli isolates were 36, 16, and 31.4% for milk, camel feces, and
stool, respectively. Among the camel isolates, stx1 was the most frequently detected virulence gene,
while hlyA was not detected. The most detected virulence gene in human isolates was stx2 (45.5%),
followed by stx1. Camel STEC showed resistance to Oxytetracycline only, while human STEC showed
multiple drug resistance to Amoxicillin, Gentamycin, and Clindamycin with 81.8, 72.7, and 63.6%,
respectively. Breeding camels in semi-arid areas separately from other animals may reduce the risk
of infection with some bacteria, including E. coli; in contrast, mixed breeding with other animals
contributes a significant risk factor for STEC emergence in camels.

Keywords: antibiotic resistance; camel; Escherichia coli; domestic; milk; mastitis
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1. Introduction

Camels are characterized by their remarkable ability to adapt to the extreme desert
ecosystem and their high resistance to many pathogenic microorganisms (MOs) compared
to other domesticated animals in the same area [1]. Dromedary camels contribute strongly
to human survival in the Middle East, and North and East Africa regions. The main reason
for raising camels is to produce milk, as camels produce more milk for a longer period
when compared to other dairy animals. However, its role in human transportation and
as an essential source of meat cannot be ignored [2–4]. Camel milk is one of the main and
important components in the human diet in these regions because it has a high nutritious
value such as a high proportion of vitamin C, antibacterial substance, lactoferrin as well
as some minerals, and minimum sugar and cholesterol content in comparison to cow
milk [5,6].

Few published scientific studies are dealing with the causative agents of camel dis-
eases, including mastitis [7], which is one of the most important diseases that affect dairy
animals, that results in severe economic losses, including a decrease in milk yield, and the
cost of treatment in addition to the public health risks [8–10]. Mastitis is an uncommon
disease in camels compared to cows, but its incidence often increases with several things,
including teat deformities, hand milking, and herd management [6]. On the other hand,
Bessalah et al. [11] pointed to camel diarrhea as the main cause of economic loss associated
with poor growth, medication costs, and animal death. Mastitis has extreme zoonotic
and economic importance since it causes multiple hazardous effects on human health and
animal production. Moreover, in these regions, the daily consumption of camel milk mainly
occurs in the raw form [12,13].

Shiga Toxigenic Escherichia coli (STEC) is a significant foodborne zoonotic pathogen re-
sponsible for mild to severe diarrhea, hemorrhagic colitis, and hemolytic uremic syndrome.
STEC virulence factors are derived from Shiga toxin genes (stx1 and stx2), which are the
chief factors accountable for the clinical signs, intimin (eae), and hemolysin (hlyA) [14,15].
Hand-to-mouth transfer, considered as direct contact with farm animals, is the dominant
mode of STEC transmission to human. Ruminants, mainly cattle, are considered the
primary source of STEC infection for humans [16,17]; some authors exclude the role of
camels [18,19]. Diagnostic methods using molecular techniques are faster and more accu-
rate than traditional culturing methods for determining the different bacterial species [20].

The excessive and misuse of antibiotics in humans, animals, and plants was con-
sidered one of the main contributors to increasing the incidence of multidrug-resistant
bacteria [21–23]. In the past, some authors asserted that there were no multiple drug-
resistant bacteria among the causes of mastitis [24,25]. However, recently, bacteria such as
E. coli have been discovered that are resistant to many antibiotics, which may be transmitted
from milk-producing cows to humans [26,27]. Little information is presented about an-
timicrobial resistance among pathogenic MOs in camel [28]. Even if the resistance rates to
antibiotics are relatively low, it can be dangerous due to the possibility of the transmission
and spread of resistance genes between strains [29]. The nomadic nature of this region and
the reliance on medicinal plants as natural antibacterial agents may have been an influential
factor in the discovery of low levels of multi-antibiotic resistance [6,30–32]. This may have
a positive impact on both veterinary and public health [33]. Consequently, this work aimed
to study the role of STEC in mastitis and diarrhea in she-camels and its incidence among
human beings in the same area. Additionally, antibiotic susceptibility tests for the isolates
were performed.

2. Results

The data presented in Table 1 revealed that the general occurrence of camel mastitis
was 18.9% (8.3% clinical and 10.6% subclinical mastitis). Moreover, the results presented in
Table 2 showed that the prevalence of clinical and subclinical mastitis among she-camels
reared separately with no contact with other animal species was 4.1 and 5.6%, respectively,
while the rates of infection in camels raised with other animal species increased, reaching
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11.1 and 13.9%, respectively. There was a statistically significant difference between the
two breeding systems, either in separate or mixed breeding.

Table 1. Occurrence of clinical and subclinical mastitis in she-camel.

Milk
180 she-camels

Total (34/180) = 18.9%

Clinical mastitis 15 (8.3%)

Subclinical 19 (10.6%)

720 milk samples per quarter level
(180 animals ∗ 4 quarters)

Clinical mastitis 43 (5.9%)

subclinical 71 (9.9%)

Fecal Samples 180
Diarrhea 9 (5%)

Normal 171 (95%)

Table 2. Occurrence of E. coli in mastitic she-camel’s milk in relation to camel breeding system (mixed
with other species).

Types of
Mastitis

Separate (no 72) Mixed Breeding (no 108)
Chi-Square Value p-Value

No. % No. %

Clinical
mastitis 3 4.1 12 11.1

6.58 0.04Subclinical
mastitis 4 5.6 15 13.9

Total 7 9.7 27 25
p-value is significant at <0.05.

The results presented in Table 3 showed that E. coli was isolated using conventional
culture methods from 25.6 and 19.7% of the examined clinically and sub-clinically mastitic
camel’s milk. Concerning the isolation of E. coli from the fecal samples, our results showed
that E. coli was isolated from 44.4 and 12.3% of the examined fecal samples collected from
diarrheic camels and apparently healthy she-camels, correspondingly, as shown in Table 3.

Table 3. Isolation of E. coli from milk samples/quarter and fecal samples of the examined she-camels.

Camel Samples E. coli Conventional Isolation STEC (PCR)/Total Cases STEC (PCR)/E. coli Isolates

No. % No. % No. %

Clinical mastitis/quarter n = 43 11 25.6 3 6.9 3 27.3

Subclinical/quarter n= 71 14 19.7 6 8.5 6 42.9

Total/quarter n = 114 25 21.9 9 7.9 9 36

Diarrhea n = 9 4 44.4 1 11.1 1 25

Normal feces n = 171 21 12.3 3 1.8 3 14.3

Total n = 180 25 13.9 4 2.2 4 16

Regarding human stool samples (Table 4), our results showed that E. coli was isolated
from 23.2 and 37.2% of the examined stool samples collected from contact and non-contact
individuals, respectively, with no statistically significant difference (p > 0.05). Among
these isolates, STEC represented 16.7 and 34.5%, respectively. Concerning the seasonal
prevalence of STEC, our results presented in Table 5 revealed a higher prevalence of STEC
in a cold climate than in hot climates.
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Table 4. Isolation of E. coli from human stool samples.

Human Samples E. coli Conventional Isolation STEC (PCR)/Total Cases STEC (PCR)/E. coli Isolates

No. % No. % No. %

Contact n = 26 6 23.2 1 3.8 1 16.7
Non-contact n = 78 29 37.2 10 12.8 10 34.5

Total n = 104 35 33.7 11 10.6 11 31.4
Chi-square value 1.73 1.66 1.66

p-value 0.19 0.18 0.18

Table 5. Occurrence of STEC in relation to the hot and cold season.

Hot Climate Cold Climate

Clinical mastitis 0 3

subclinical 1 5

Diarrhea 0 1

Normal feces 0 0

Human isolates 1 10

Table 6 showed that six different STEC serotypes were recovered from camel samples,
including O26, O45, O103, O111, O121, and O145 in percentages of 6, 2, 2, 6, 4, and 6%,
respectively, whereas O26, O45, O103, and O145 serotypes were recovered from human
stool samples in percentages of 11.4, 8.6, 5.7, and 5.7%, respectively.

Table 6. Serotyping of E. coli isolates.

Species
Serotypes of STEC

O26 (%) O45 (%) O103 (%) O121 (%) O145 (%) O111 (%)

Camel isolates n= 13 3 (6) 1 (2) 1 (2) 2 (4) 3 (6) 3 (6)
Human isolates n = 11 4 (11.4) 3 (8.6) 2 (5.7) 0 2 (5.7) 0

Total n = 24 7 4 3 2 5 3

Table 7 showed that 13 (26%) and 11 (31.4%) of the examined E. coli isolates recovered
from camel and human samples, respectively, were positive for at least one of the examined
genes for STEC. Among the tested camel isolates, the most prevalent virulence factors were
stx1, Eae, and stx2 by rates of 46.2, 30.7, and 23.1%, respectively.

Table 7. Occurrence of virulence factors in relation to isolates.

Species
Virulence Genes

stx1 stx2 stx1 & stx2 eae hlyA stx1 + eae stx2 + eae stx1 & stx2 + eae

STEC Camel
isolates (13)

No. 6 3 4 4 0 3 1 0

% 46.2 23.1 30.7 30.7 0 23.1 7.7 0

STEC human
isolates (11)

No. 4 5 1 5 3 1 2 1

% 36 45.5 9 45.5 27.3 9 18.1 9

In the present study, 13 and 11 of the STEC isolates recovered from camel and human
samples, respectively, were screened for their antimicrobial susceptibility, as shown in
Table 8. The current study results showed that the camel STEC isolates were sensitive to the
most tested antibiotics, except for Oxytetracycline, to which the isolates showed resistance
with 53.8%, while the human isolates of STEC showed the highest resistance to Amoxicillin,
Gentamycin, and Clindamycin with ratios of 81.8, 72.7, and 63.6, respectively.
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Table 8. Antibiotic sensitivity test for STEC isolates against different antibiotics using CLSI breakpoint [34].

Antibacterial Agent
No. of Resistance among Camel Isolates No. of Resistance among Human Isolates

No. R (%) I (%) S (%) No. R (%) I (%) S (%)

Streptomycin

13

1(7.7) 2(15.4) 10(77)

11

5 (45.5) 5(45.5) 1(9)
Gentamycin 1(7.7) 4(30.8) 8(61.5) 8 (72.7) 1(9) 2(18.2)
Clindamycin 0(0) 1(7.7) 12(92.3) 7 (63.6) 2(18.2) 2(18.2)
Amoxicillin 0(0) 2(15.4) 11(84.6) 9 (81.8) 1(9) 1(9)
Ampicillin 1(7.7) 3(23.1) 9(69.2) 4 (36.4) 1(9) 6(54.5)

Oxytetracycline 7(53.8) 4(30.8) 2(15.4) 2 (18.2) 4(36.4) 5(45.5)
Ciprofloxacin 1(7.7) 3(23.1) 9(69.2) 7 (63.6) 1(9) 3(27.3)

R = resistant; I = intermediate; S = susceptible.

3. Discussion

There is a dearth of information on STEC epidemiology in humans, food, and animals
in Sub-Saharan Africa, and the current knowledge of STEC sources needs to be further
improved [17]. Similarly, there is limited information on the occurrence and the character-
istics of STEC in African camels. Therefore, the current study was undertaken to estimate
STEC incidence in the mastitic milk and fecal samples of dromedary camels and in-contact
human stool. In addition, the isolates were further characterized for the presence of some
virulence encoding genes and antibiogram sensitivity patterns.

In the present study, a total of 180 she-camels were investigated for the presence of
clinical and sub-clinical mastitis; the results revealed that the general occurrence of camel
mastitis was 18.9% (8.3% clinical and 10.6% subclinical mastitis). However, the general
occurrence on the udder quarters level was 6.9%. These results were nearly similar to Jilo
et al. [6], who stated that subclinical mastitis was more prevalent than clinical mastitis.
Higher results, 26.3%, were reported by Balemi et al. [35]. Moreover, the results showed
that clinical and subclinical mastitis prevalence among she-camels reared separately with
no contact with other animal species was 4.1 and 5.6%, respectively, while the infection
rates in camels reared with other animals increased, reaching 11.1 and 13.9%, respectively.
There was a statistically significant difference between the two breeding systems, either
in separate or mixed breeding. Similar findings were validated by Clement et al. [23] due
to the possibility of STEC cross-transmission between cattle and camels. Furthermore,
the hygienic conditions of the camels’ housing and milking conditions were pursued by
the owners.

E. coli is a Gram-negative rod, representing an important component of the microbiota
of mammals and birds. However, several strains of E. coli, mainly diarrheagenic E. coli, are
pathogenic to human and animals and cause several gastrointestinal disorders, including
diarrhea [36]. Despite the seriousness of diarrheagenic E. coli, especially STEC, the studies
conducted in Egypt were limited to cattle and sheep [37–39], compared with those con-
ducted on camels. Therefore, the milk samples collected from clinically and sub-clinically
mastitic she-camels and feces were further examined for the presence of E. coli. The results
showed that E. coli was isolated using conventional culture methods from 25.6 and 19.7% of
the examined clinically and sub-clinically mastitic camel’s milk. These findings are lower
than those previously obtained by Abo Hashem et al. [40], who reported that E. coli was
the most predominant isolated bacteria from she-camel’s milk with isolation rates of 35.4
and 27% from apparently healthy and mastitic she-camel’s milk, respectively. Concerning
the isolation of E. coli from the fecal samples, our results showed that E. coli was isolated
from 44.4 and 12.3% of the examined fecal samples collected from diarrheic camels and
apparently healthy she-camels, correspondingly, as shown in Table 3. Similar detection
rates of E. coli from she-camels were observed by Al Humam [41], who detected isolates in
26% of cases. Contrariwise, these findings were lower when compared with those formerly
reported by El-Hewairy et al. [42] and Al-Ajmi et al. [43]. Conversely, our findings are
higher than those reported by Shahein et al. [7], where E. coli was isolated from 17.1% of
the examined fecal samples collected from diarrheic camels. Several studies were under-
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taken to assess the prevalence of E. coli in fecal samples collected from diarrheic camels
in Qatar [44], United Arab Emirates [43], Kenya [45], and Nigeria at 3.8% [46]. However,
El-Sayed et al. [18] failed to detect any STEC from camel feces. These differences in findings
could be attributed to the area of samples collections and the hygienic conditions of the
housing and the milking procedures.

Regarding the human stool samples (Table 4), our results showed that E. coli was
isolated from 23.2 and 37.2% of the examined stool samples collected from contact and
non-contact individuals, respectively. Among these isolates, STEC represented 16.7 and
34.5%, respectively, with no statistically significant difference. These findings are similar to
those reported by EL-Alfy et al. [47], where E. coli was isolated from 31.4% of the examined
diarrheic human stools. On the contrary, Ramadan et al. [48] stated that E. coli was isolated
from 58.6 and 71.4% of the examined diarrheic and healthy individuals’ fecal samples,
respectively.

Concerning the seasonal prevalence of STEC, our results revealed a higher prevalence
of STEC in a cold climate than in hot climates. A similar result was reported by Persson
et al. [49], who declared that the prevalence of STEC was more prevalent in the wet season.
These findings are inconsistent with those of Monaghan et al. [50] and Moses et al. [51],
who reported an increased prevalence of STEC in the summer–early autumn among the
camel population. These differences could be attributed to the management process and
the isolation techniques used in different laboratories. However, further investigations are
required to declare the effect of seasons on the prevalence of STEC.

Our results showed that six different STEC serotypes were recovered from camel
samples, including O26, O45, O103, O111, O121, and O145 in percentages of 6, 2, 2, 6, 4 and
6%, respectively, whereas the O26, O45, O103, and O145 serotypes were recovered from
human stool samples in percentages of 11.4, 8.6, 5.7, and 5.7%, respectively. These results
are nearly comparable to those obtained by Shahein et al. [7], who isolated several E. coli
serotypes from fecal samples of camel neonates, including O26, O103, O111, and O45 in a
percentage of 33.3, 25, 25, and 16.7%, respectively, and Bakhtiari et al. [52], who concluded
that the most recovered STEC serotypes from human isolates were O26, O45, O103, O111,
O121, and O145.

STEC represents a significant health problem worldwide as it is accountable for an
estimated 2,801,000 acute illnesses yearly [17]. STEC causes many infections in humans,
including gastrointestinal illnesses including non-bloody or bloody diarrhea, hemorrhagic
colitis, and hemolytic uremic syndrome [53], which has been infrequently identified in
camels. The transmission of STEC usually occurs through contaminated foods, water, and
person-to-person spread [54,55].

Our results showed that 13 (26%) and 11 (31.4%) of the examined E. coli isolates
recovered from camel and human samples, respectively, were positive for at least one of the
examined genes for STEC. Among the tested camel isolates, the most prevalent virulence
factors were stx1, eae, and stx2 by rates of 46.2, 30.7, and 23.1%, respectively. These results
were similar to the finding of Ranjbar et al. [56] and Rashid et al. [57], who stated that
stx1 was the most common virulence gene of STEC, and Mashak [58], who stated that the
presence of this large combination of virulence factors increases the pathogenicity of the
isolates. In contrast, none of the tested camel isolates were found to have the hlyA encoding
gene. Despite this, Adamu et al. [46] found that virulence genes were present in substantial
amounts in camel STEC and that stx1 and stx2 were present in 43.5% of the tested isolates.
In addition, the hlyA gene was present in 69.6% of the isolates. On the other side, stx2 was
shown to be the most frequently detected in human isolates (45.5%), which is consistent
with the findings of Miara et al. [31], Hakim et al. [39], and Adamu et al. [46].

The extensive use of antibiotics in treating infectious diseases and as feed additives
has resulted in the emergence of multi-drug-resistant bacteria [59–62]. The emergence
of multi-drug-resistant STEC is one of the concerns of health and food safety authorities
worldwide [63,64], as the resistance genes can be reproduced and transmitted not only to
other bacteria but also to other hosts, including humans. Previous reports showed that
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antibiograms are considered more reliable for detecting antibiotic resistance than genotypic
resistance gene detection [65]. In the present study, 13 and 11 STEC isolates were recovered
from camel and human samples, which were screened for antimicrobial susceptibility.
The current study results showed that the camel STEC isolates were sensitive to the most
tested antibiotics, except Oxytetracycline, to which the isolates showed resistance with
53.8%, while the human isolates of STEC showed the highest resistance to Amoxicillin,
Gentamycin, and Clindamycin, with ratios of 81.8, 72.7, and 63.6, respectively. The closest
results to this study for the resistant strains of several human isolates were reported by
Momtaz et al. [66], who determined that the isolates were more resistant to Oxytetracycline
86%, and Ranjbar et al. [67], Gentamycin, Ciprofloxacin, and aminoglycosides. Higher
results for antibiotic resistance were observed by Ababu et al. [68], who noted that the
resistance of the isolates for both Oxytetracycline and Gentamycin was 100%. On the other
hand, Al-Ajmi et al. [43] stated that 100% of STEC isolates were susceptible to Ciprofloxacin
and 84% for Amoxicillin. The relatively little discovery of multiple drug-resistant human
isolates to many antibiotics in this study may be due to the dependence of people in this
region on traditional methods, which may have a prominent effect on maintaining human
health [32,33].

Small proportions of the resistance of camel isolates to many antibiotics may be due to
the nature of their breeding in these semi-arid desert areas and the lack of excessive use of
antibiotics, whether in treatment or as growth stimulants, except for Oxytetracycline [58,66].
A high resistance to Oxytetracycline among camel isolates in our study was discovered,
possibly because of the extensive use of these broad-spectrum antibiotics by paramed-
ical personnel and camel holders. None of the isolates were resistant to Clindamycin,
which is not surprising because there is no trade medicine for veterinary use that contains
Clindamycin for large animal treatment as an active ingredient in Egypt.

4. Materials and Methods
4.1. Study Area and Animals

This study was conducted in Wadi El-Natroun, which is a semi-arid area in El-Behira
governorate, Egypt, located in the Western desert, which is located 23 m (75 ft) below
sea level and 38 m (125 ft) below the Nile River level. This study was conducted on
180 she-camels and humans in contact with these animals in the same area.

4.2. Sampling

Milk samples: Between 2020 and 2021, 720 milk samples were collected from 180 she-
camels (4 udder quarters per animal). The camels were randomly selected, as they are
bred sporadically in this semi-arid nomadic region and feed mainly on the grasses that
grow in it. A part of each milk sample was tested using the California mastitis test (CMT),
and the other portion of milk samples were placed directly in the icebox and sent to
the laboratory with minimum delay. The CMT test is used to determine whether or not
mastitis is present. Differentiation between subclinical and clinical mastitis was based on
the apparent symptoms of mastitis (e.g., swelling and redness of the udder in addition to
milk clotting).

Fecal samples: A total of 180 fecal samples were collected from the examined she-
camels using rectal swabs in order to reduce potential environmental contamination, then
placed directly in an icebox and sent to the laboratory as soon as possible.

Stool samples: A total of 104 stool samples were collected from people living in the
same breeding areas as these camels. All the people in this work live in the same study
area, some of them are in direct contact with the tested camels, and they carry out various
care operations such as milking, providing them with food, and cleaning, and their number
is 26. Others live in the same breeding areas only, but they are not in direct contact with
the camels, and their number is 78. Then, the samples were placed directly in an icebox
and sent to the laboratory with minimum delay. CMT was performed according to the
procedure of Hoque et al. [69].
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4.3. Isolation and Identification of E. coli

Of the tested milk samples, 25 mL was added to 225 mL of buffered peptone water.
Additionally, the fecal and stool swabs were immersed in Macconkey broth. The samples
were incubated aerobically at 37 ◦C/24 h. After that, the samples were streaked aerobically
on Macconkey agar media at 37 ◦C/24 h; the suspected colonies were picked up and
re-streaked on EMB at 37 ◦C/24 h for further processing purification. The presumptive
green sheen metallic colonies were biochemically tested according to Quinn et al. [70]. The
suspected lactose fermenter colonies were first picked up from Macconkey agar media then
re-cultured on EMB for further purification. Finally, a pure separate colony was picked up
for further investigation and identification.

4.4. Serotyping

Serological identification of E. coli isolates was performed according to Kok et al. [71].

4.5. Procedures for Determination of O-Antigen Group

Two separate drops of saline were put on a glass slide, and a portion of the colony from
the suspected culture was emulsified with the saline solution to give a smooth, reasonably
dense suspension. To one suspension, control, one loopful of saline was added and mixed.
One loopful of the undiluted antiserum was added to the other suspension and tilted back
and forward for one minute. Agglutination was observed using indirect lighting over a
dark background. When a colony gave a strongly positive agglutination with one of the
pools of polyvalent serum, a different portion of it was inoculated onto a nutrient agar
slant and incubated at 37◦C for 24 h to grow as a culture for testing with monovalent sera.
A heavy suspension of bacteria from each slope culture was prepared in saline, and slide
agglutination tests were performed with the diagnostic sera to identify the O-antigen.

4.6. PCR Template Preparation

One or two colonies of each confirmed STEC isolate were thoroughly mixed in 1 mL
of distilled water then boiled for 10 min. The boiled suspension was centrifuged at
1200 rpm/3 min, then 1 µL of supernatant was used as a DNA template.

PCR procedure was carried out in a total volume of 20 µL. Each 20-milliliter PCR
reaction mixture contained 10 mL of the 2X Fast Cycling PCR master mix (Qiagen Fast
Cycling PCR Kit, Qiagen, Valencia, CA, USA); 4 mL of the primer master mix (stx1, stx2,
eae, and hlyA) (Table 9); 5 mL of DNase, RNase-free water; and 1 ml of template DNA
(200 e900 ng/mL). The reaction was performed in an Applied Biosystems 2720 thermal
cycler under the following conditions.

Table 9. Primers used were supplied from Metabion (Germany).

Target Gene Primer Sequence (5′–3′) Fragment Size (bp)

[72]

stx1
F: ATAAATCGCCATTCGTTGACTAC
R: AGAACGCCCACTGAGATCATC 180

stx2
F: GGCACTGTCTGAAACTGCTCC
R: TCGCCAGTTATCTGACATTCTG 255

eae F: GACCCGGCACAAGCATAAGC
R: CCACCTGCAGCAACAAGAGG 384

hlyA F: GCATCACAAGCGTACGTTCC
R: AATGAGCCAAGCTGGTTAAGCT 534

Samples were subjected to 35 PCR cycles, each consisting of 1 min of denaturation at
95 ◦C; 2 min of annealing at 65 ◦C for the first 10 cycles, decrementing to 60 ◦C by cycle 15;
and 1.5 min of elongation at 72 ◦C, incrementing to 2.5 min from cycles 25 to 35. Amplified
DNA fragments were resolved using gel electrophoresis.
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4.7. Antibiotic Susceptibility

STEC isolates were tested against the different antibiotics according to the CLSI break-
point [34]. We limited the design of the experiment to the group of antibiotics used in the
place of the study, knowing that the Bedouin nature makes them more inclined to use medic-
inal herbs in treatment. The tested antibiotics were Streptomycin (10 µg/disk), Gentamycin
(10 µg/disk), Clindamycin (2 µg/disk), Amoxicillin (30 µg), Ampicillin (10 µg/disk),
Oxytetracycline (30 µg), and Ciprofloxacin (5 µg/disk) (Table 10).

Table 10. Interpretation criteria.

Antimicrobial Agent Disk Content Zone Diameter
Interpretive Criteria (Nearest Whole mm)

Clindamycin 2 µg S I R

Ampicillin 10 µg ≥19 16–18 ≤15

Gentamycin 10 µg ≥17 14–16 ≤13

Streptomycin 10 µg ≥15 13–14 ≤12

Tetracycline 30 µg ≥15 12–14 ≤11

Ciprofloxacin 5 µg ≥15 12–14 ≤11

Amoxycillin 30 µg ≥31 21–30 ≤20
R = resistant; I = intermediate; S = susceptible.

4.8. Statistical Analysis

The chi-square test was employed to compare differences between different values. A
p-value of <0.05 was considered to indicate statistically significant differences.
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Abstract: The purpose of this study was to analyse the prevalence and genetic characteristics
of ESBL and acquired-AmpC (qAmpC)-producing Escherichia coli isolates from healthy and sick
dogs in Portugal. Three hundred and sixty-one faecal samples from sick and healthy dogs were
seeded on MacConkey agar supplemented with cefotaxime (2 µg/mL) for cefotaxime-resistant
(CTXR) E. coli recovery. Antimicrobial susceptibility testing for 15 antibiotics was performed and
the ESBL-phenotype of the E. coli isolates was screened. Detection of antimicrobial resistance and
virulence genes, and molecular typing of the isolates (phylogroups, multilocus-sequence-typing,
and specific-ST131) were performed by PCR (and sequencing when required). CTXR E. coli isolates
were obtained in 51/361 faecal samples analysed (14.1%), originating from 36/234 sick dogs and
15/127 healthy dogs. Forty-seven ESBL-producing E. coli isolates were recovered from 32 sick
(13.7%) and 15 healthy animals (11.8%). Different variants of blaCTX-M genes were detected among
45/47 ESBL-producers: blaCTX-M-15 (n = 26), blaCTX-M-1 (n = 10), blaCTX-M-32 (n = 3), blaCTX-M-55

(n = 3), blaCTX-M-14 (n = 2), and blaCTX-M-variant (n = 1); one ESBL-positive isolate co-produced
CTX-M-15 and CMY-2 enzymes. Moreover, two additional CTXR ESBL-negative E. coli isolates were
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CMY-2-producers (qAmpC). Ten different sequence types were identified (ST/phylogenetic-group/β-
lactamase): ST131/B2/CTX-M-15, ST617/A/CTX-M-55, ST3078/B1/CTX-M-32, ST542/A/CTX-M-
14, ST57/D/CTX-M-1, ST12/B2/CTX-M-15, ST6448/B1/CTX-M-15 + CMY-2, ST5766/A/CTX-M-32,
ST115/D/CMY-2 and a new-ST/D/CMY-2. Five variants of CTX-M enzymes (CTX-M-15 and CTX-
M-1 predominant) and eight different clonal complexes were detected from canine ESBL-producing
E. coli isolates. Although at a lower rate, CMY-2 β-lactamase was also found. Dogs remain frequent
carriers of ESBL and/or qAmpC-producing E. coli with a potential zoonotic role.

Keywords: antimicrobial resistance; dogs; Escherichia coli; ESBL; CTX-M-15; CTX-M-1; CTX-M-32;
CTX-M-55; CTX-M-14; qAmpC; CMY-2

1. Introduction

Antimicrobial resistance has become a major challenge for public health worldwide.
The selective pressure, which results from the long-term use of antibiotics, allowed bacterial
species to be resistant to these agents. It has been believed that this resistance is reaching
alarming levels, considering that resistance rates have risen extremely, during the last two
decades [1,2].

Escherichia coli, a Gram-negative bacterium belonging to the Enterobacteriaceae family,
is a common member of the intestinal microbiota of humans and companion animals [3,4].
However, this opportunistic pathogen can cause intestinal and extra-intestinal diseases.
It may contribute, in many cases, to antimicrobial resistance dissemination. Recently, the
World Health Organization [5] published a global priority list of antibiotic-resistant bacteria,
where third-generation cephalosporin- and/or carbapenem-resistant Enterobacteriaceae,
including E. coli, were included in the Priority 1 group. It is important to note that first-
generation cephalosporins and amoxicillin + clavulanic acid are among the most prescribed
drugs for dogs [3,4,6].

During recent years, the emergence and rapid dissemination of Enterobacteriaceae
carrying genes encoding the extended-spectrum-β-lactamases (ESBLs), acquired AmpC
β-lactamases (qAmpC), or carbapenemases are considered of great concern [4,7]. One
of the most important mechanisms is the plasmid-mediated production of extended-
spectrum β-lactamases (ESBLs), which can hydrolyse broad-spectrum cephalosporins
(such as cefotaxime). The horizontal gene transfer (HGT) among bacteria is driven by
plasmids [8,9], which play an important role in the transference of antibiotic-resistance
genes among bacteria, contributing to the spread of multidrug resistance (MDR), and
limiting therapeutic options [10]. ESBLs of the CTX-M-type and the qAmpC CMY-2 are
increasingly being reported in bacteria worldwide, while livestock or companion animals
are potential sources, leading to the spread of β-lactam-resistant bacteria in humans [11,12].

The close proximity between dogs and their owners increases the possibility of trans-
mitting resistant bacteria [13,14]. According to Dupouy et al. [6], dogs could transmit
MDR bacteria due to their close contact with humans, the high consumption of β-lactams
in small animal veterinary practice, and also the frequent occurrence of ESBL/qAmpC-
producing E. coli. The occurrence of ESBL-producing E. coli has been widely reported
in both healthy companion animals [12,15] and diseased ones [1,16–19]. International
high-risk clones of E. coli are frequently detected worldwide, not only in human infections
but also in those of companion animals [2,3,17]. Over the past 5 years, the presence of
ESBL/qAmpC genes in Enterobacteriaceae strains from faeces of dogs in Europe has been
reported in several studies [6,12,13,20], including Portugal [21,22]. However, knowledge
about the clonality of ESBL/qAmpC-producing isolates and the potential zoonotic reser-
voir of human-associated STs is not well documented. Moreover, there is still a lack of
data about their prevalence in sick and healthy dogs, simultaneously. In this study, we
aim at characterizing the prevalence and diversity of ESBL- and qAmpC- producing E. coli
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faecal isolates from healthy and sick dogs in Portugal, as well as determining their genetic
lineages and phylogenetic groups.

2. Materials and Methods
2.1. Animals and Sampling

A total of 361 faecal samples were recovered from 127 healthy and 234 hospitalized
dogs from different cities in Portugal. All samples were collected between April andAugust
2017 (one sample/animal) using standardized procedures [23].

The hospitalized dogs came from 7 different veterinary hospitals or clinic centers;
the healthy dogs came from a local kennel located in Vila Real (n = 31) and from local
houses (n = 96). The seven hospitals/clinic centers were located in different centers of the
Portuguese territory: Bragança (1 hospital, n = 29 dogs), Vila Real (4 hospitals, n = 62),
Aveiro (1 hospital, n = 58), Leiria (1 hospital, n = 17), and Lisbon (1 hospital, n = 68)
(Figure S1). It is important to note that faecal samples from unhealthy dogs were collected
from the ordinary population of animals hospitalized in hospitals or veterinary clinics,
not endangering their health, or causing harm or pain. In the same line, faecal samples
from healthy animals were also recovered by their owners. All of them were analysed with
the owner’s permission or with kennel collaboration. The faecal samples were dispatched
immediately to the Microbiology Laboratory of the University of Trás-os-Montes and
Alto-Douro (UTAD).

2.2. E. coli Isolation

From each faecal sample, a small portion of 2 g was diluted in Brain Heart Infusion
(BHI, Condalab, Spain) and incubated in aerobic conditions for 24 h at 37 ◦C. After that,
samples were seeded on MacConkey agar (Becton, Dickinson and Company Sparks, Le
Pont de Claix, France) supplemented with cefotaxime (2 µg/mL) and incubated for 24 h
at 37 ◦C. Colonies showing E. coli morphology were recovered (one colony per sample)
and identified by a classical biochemical method named IMViC (Indol, Methyl-red, Voges–
Proskauer, and Citrate).

The matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
method (MALDI-TOF MS, MALDI Biotyper®from Bruker Daltonik, Bremen, Germany)
was applied in this study to confirm bacterial species identification. E. coli isolates were
kept at −80 ◦C and were further characterized.

2.3. Susceptibility Testing

Antimicrobial susceptibility testing was performed using the Kirby–Bauer disk dif-
fusion method and according to Clinical and Laboratory Standards Institute guidelines
(2019) [24] for the following 15 antibiotics (µg/disk): ampicillin (10), amoxicillin + clavu-
lanic acid (20), cefotaxime (30), cefoxitin (30), ceftazidime (30), aztreonam (30), imipenem
(10), gentamicin (10), streptomycin (10), ciprofloxacin (5), trimethoprim-sulfamethoxazole
(1.25 ± 23.75), amikacin (30), tobramycin (10), tetracycline (30), and chloramphenicol
(30). In addition, the screening of phenotypic ESBL production was carried out by the
double-disk synergy test using cefotaxime, ceftazidime, and amoxicillin/clavulanic discs
in Mueller Hinton (MH) agar (Condalab, Spain) [24].

2.4. DNA Extraction and Quantification

Genomic DNA from cefotaxime-resistant (CTXR) isolates were extracted using the
boiled method [25]. In order to quantify the nucleic acid concentration and the level of
purity, the absorbance readings were taken at 260 and 280 nm (Spectrophotometer ND-100,
Nanodrop, Thermo Fisher Scientific, Waltham, MA USA).

2.5. Antibiotic Resistance and Virulence Genes Detection

The genetic basis of resistance was investigated using PCR methods and subsequent
sequencing of the obtained amplicons (specific genes). Negative and positive controls
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of the University of La Rioja were used in this work. Moreover, the data regarding PCR
conditions for each primer (Sigma-Aldrich, Madrid, Spain) as well as the size of the
obtained amplicons that were sequenced are illustrated in detail in Table S1.

The presence of blaCTX-M (Groups 1 and 9), blaCMY-2, blaDHA-1, blaTEM, blaSHV, blaVEB,
blaKPC2/3, blaNDM, blaOXA-48, and blaVIM was tested by PCR/sequencing (Table S1) [26–30].
Furthermore, the mcr-1 gene (colistin resistance) [31], tetA/tetB (tetracycline resistance) [32],
stx1,2 genes related to Shiga toxin-producing E. coli (STEC) [33], and int1 gene (integrase of
class 1 integrons) and its variable region (RV int1) were also analysed by PCR/sequencing [30].
Analysis of DNA sequences was performed using the standard databases (nucleotide collec-
tion) in the BLASTN program (2021 version), available at the National Center for Biotechnol-
ogy Information (https://blast.ncbi.nlm.nih.gov/Blast.cgi (accessed on 31 January 2021).

2.6. Multilocus Sequence Typing and Phylogroup Typing of E. coli Isolates

Multilocus sequence typing (MLST), by the analysis of seven housekeeping genes
(fumC, adk, purA, icd, recA, mdh, and gyrB), was carried out for thirteen representative
E. coli isolates (based on the antimicrobial resistance phenotype) according to the protocol
described on PubMLST (Public databases for molecular typing and microbial genome
diversity) website [34]. The allele combination was determined after sequencing of the
seven genes, and the sequence type (ST) and clonal complex (CC) were identified.

Phylogenetic classification of all E. coli isolates was performed according to the pres-
ence of chuA, yjaA, and TSPE4.C2 genes [35].

2.7. Statistical Analyses

All statistical analyses were performed using the JMP Statistics software (v7.0, SAS
Institute). The Pearson’s Chi-square and Fisher’s exact tests were performed to understand
and identify the associations between the origin of strain (healthy or sick dog) and antibiotic
resistance (antibiotic and gene). In this line, we consider two categorical variables: the
sick or healthy animal, and the resistance for each antibiotic/gene. A p-value < 0.05 was
established as indicating statistical significance [36].

3. Results

CTXR E. coli isolates were recovered in 51/361 faecal samples tested (14.1%), originat-
ing from 36/234 sick dogs (15.4%) and 15/127 healthy dogs (11.8%). These CTXR isolates
were detected among 29 male dogs (56.9%) and 22 female dogs (43.1%); most of them
belonged to an undetermined breed (n = 38), followed by the Labrador/Golden Retriever
breed (n = 4), while the remaining dogs belonged to different pure breeds (Tables 1 and 2).

Forty-seven ESBL-producing E. coli isolates were detected among the 51 CTXR isolates,
recovered from 32 sick and 15 healthy dogs (frequencies of 13.7% and 11.8%, respectively).
The phenotypes of antibiotic resistance for these ESBL-producing isolates are shown in
Table 1 and the rates of antibiotic resistance of these isolates depending on their origin
(sick or healthy dogs) are represented in Figure 1. No statistical difference could be
established between the origin of the strain (healthy or sick dog) and the resistance to
different antibiotics (p > 0.05) (Figure 1).

The two remaining ESBL-positive isolates were revealed negative to all ESBL genes
under study. Furthermore, a blaTEM gene was detected in eight blaCTX-M-producing isolates.
On the other hand, six ESBL-positive isolates showed cefoxitin-resistance (FOXR), and the
blaCMY-2 gene was detected in one CTX-M-15-producing isolate obtained from a sick dog;
the others ESBL-positive-FOXR isolates were negative for blaCMY-2 and blaDHA genes by
PCR. Among the ESBL-positive isolates, resistance to tetracycline was mediated by the tetA
(24 isolates) and/or tetB genes (Table 1).
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Table 2. Phenotypic and molecular features of ESBL-negative E. coli isolates recovered from healthy and sick dogs in Portugal.

Isolate
Number Origin a Gender b Age c Breed d Antimicrobial Resistance

Phenotype e
Resistance

Geno-
type

Other Re-
sistance
Genes f

PG g MLST h

X551 HD F 24M Golden
Retriever AMP, CTX CMY-2 ND D New ST *

X567 CV
Vouga F 8A UD AMP, AUG, FOX, CTX,

CAZ, CIP, S, TET
CMY-2,
TEM tet(A) D ST115

X549 HVTM F 6A Leão
Rodesea AMP, AUG, CTX ND ND D NT

C10266 HV
Lisboa F 6A UD

AMP, AUG, FOX, CTX,
CAZ, ATM, NA, CIP, SXT,

S, TET
ND tet(B) A NT

a HD- healthy dogs from their owners; HVTM- Hospital Veterinário de Trás os Montes (Vila Real); Kennel- healthy dogs from kennel (Vila
Real); CV Transm- Clínica Veterinária Transmonvete (Vila Real, Portugal); HV Lisboa- Hospital Veterinário de São Bento (Lisboa); CV Vouga-
Clínica Veterinária do Vouga (Sever do Vouga, Portugal); CV Bragança- Clínica Veterinária de Macedo de Cavaleiros (Bragança, Portugal);
CV VR- Clínica Veterinária dos Quinchosos (Vila Real, Portugal); b F-female; M-male; c A- years; M- months; d UD- undetermined dog
breed; e AMP, ampicillin; AUG, amoxicillin–clavulanic acid; FOX, cefoxitin; CTX, cefotaxime; CAZ, ceftazidime; ATM, aztreonam; NA,
nalidixic acid; CIP, ciprofloxacin; SXT, trimethoprim–sulfamethoxazole; S, streptomycin; TET, tetracycline; IMP, imipenem; ETP, ertapenem.
f ND: not detected; g Phylogroups; h MLST-Multilocus Sequence Typing; NT: not tested. * New ST allelic combination: fumC (26), adk (4),
purA (5), icd (25), gyrB (2), recA (2), and mdh (5).
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methoxazole; TOB, tobramycin; CN, gentamicin; AK, amikacin; S, streptomycin; TET, tetracycline. 
No significant association was detected between antibiotic resistance and type of animal (sick or 
healthy) (p > 0.05). 
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Figure 1. Prevalence of antibiotic-resistance among ESBL-producing E. coli isolates in sick and
healthy dogs. Antibiotics tested: AUG, amoxicillin-clavulanic acid; FOX, cefoxitin; CAZ, ceftazidime;
ATM, aztreonam; CHL, chloramphenicol; CIP, ciprofloxacin; SXT, trimethoprim-sulfamethoxazole;
TOB, tobramycin; CN, gentamicin; AK, amikacin; S, streptomycin; TET, tetracycline. No significant
association was detected between antibiotic resistance and type of animal (sick or healthy) (p > 0.05).

Different variants of blaCTX-M genes were detected among 45 of these 47 ESBL-producing
isolates (95.4%): blaCTX-M-15 (n = 26 isolates), blaCTX-M-1 (n = 10), blaCTX-M-32 (n = 3),
blaCTX-M-55 (n = 3), blaCTX-M-14 (n = 2), and blaCTX-M (n = 1, no variant determined) (Table 1).
Figure 2 shows the distribution of the ESBL variants depending on the origin of the isolates;
no statistical difference could be established between the origin of the strain (healthy or sick
dog) and the ESBL type (p > 0.05) (Figure 2), except for CTX-M-32, in which this relation
was present (it was detected just in healthy dogs).
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Figure 2. Distribution of ESBL-encoding genes from E. coli isolates in sick and healthy dogs. Gene
encoding β-lactamases with p < 0.05 is indicated with (*).

Two of the four CTXR and ESBL-negative isolates were CMY-2-producers (qAmpC
type), and they were recovered from a healthy and a sick dog (one each) (Table 2). We
could not detect the mechanisms of CTXR in the two remaining ESBL-negative isolates.
None of the CTXR E. coli isolates carried the mcr-1 gene (related to colistin resistance).

Moreover, other β-lactamases genes such as blaVEB, blaNDM, blaOXA-48, and blaVIM were
tested by PCR/sequencing but all isolates were revealed to be negative. Furthermore,
the stx1,2 genes related to Shiga toxin-producing E. coli (STEC) were not detected among
our isolates.

The ESBL-positive isolates were ascribed to phylogenetic groups B1 (n = 21 isolates),
A (n = 14), D (n = 7), and B2 (n = 5, two of them CTX-M-15-producers, typed as ST131)
(Table 1). Furthermore, the four ESBL-negative isolates belonged to phylogroups D (n = 3,
including the two CMY-2 producers) and A (n = 1) (Table 2).

MLST analysis, which was performed in thirteen representative E. coli isolates (based
on the antimicrobial-resistance phenotype), revealed ten different lineages (ST/phylogenetic-
group/β-lactamase): ST131/B2/CTX-M-15 (n = 2, from sick dogs, one from Lisbon and
another from Bragança hospitals), ST617/A/CTX-M-55 (n = 1, from a healthy dog),
ST3078/B1/CTX-M-32 (n = 1, from a healthy dog from the kennel), ST57/D/CTX-M-1
(n = 1, from a sick dog from Vouga clinic), ST12/B2/CTX-M-15 (n = 2 sick dogs, one from
Vila Real and another from Lisbon), ST6448/B1/CTX-M-15 (n = 2 sick dogs, one of them
CMY-2 positive and both from Lisbon), ST542/A/CTX-M-14 (n = 1, from a healthy dog),
ST5766/A/CTX-M-32 (n = 1, from a healthy dog), and ST115/D/CMY-2 (n = 1, from a
sick dog from Vouga clinic); moreover, one CMY-2-producing E. coli isolate of phylogroup
D obtained in a healthy dog, presented a new combination of alleles (fumC (26), adk (4),
purA (5), icd (25), gyrB (2), recA (2) and mdh (5)), rendering a new ST (Table 1).

4. Discussion

Regarding the Portuguese situation, the prevalence of ESBL-producing E. coli isolates
in healthy dogs obtained in this work is similar to previous studies performed in dogs and
cats [12,22,23] in the South and the North of Portugal. Worldwide, this prevalence was
lower than the ones obtained with faecal samples of healthy dogs in Germany, Brazil, or
China (24–29%) [15,37,38], but it is similar to the results of previous studies performed in
Tunisia and France (12.7–17%) [11,39]. These differences could be explained by differences
in the epidemiology of ESBL genes among different countries, considering the year in
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which the studies were performed, but we cannot discard methodological effects in the
different studies.

Five types of CTX-M ESBLs were detected, indicating a high diversity of CTX-M genes
(mainly blaCTX-M-15 gene) among the CTXR E. coli isolates; these results are in accordance
with a previous study done in Portugal on healthy dogs [12]. This blaCTX-M-15 gene was also
the most frequently detected in E. coli isolated from dogs in different countries [3,15,40].
The CTX-M-1- and CTX-M-15-encoding genes were also detected among E. coli canine
isolates in Italy [41] and Denmark [13], which are in agreement with our data. The same
variants of CTX-M genes were observed in a recent study conducted on healthy humans in
Spain [42]. Moreover, during the last few years, new variants are becoming more common,
in particular CTX-M-55 [3], especially from companion animals in Asian countries [43].

In the past, the blaCTX-M-15 gene was mainly associated with strains of human origin
while blaCTX-M-1 was the major CTX-M sub-type among livestock and companion animal
isolates in Europe [15,41]. Actually, this close correspondence is no longer so obvious, and
our results confirm these data. A further study should be implemented to determine the
ESBL gene in the two uncharacterized ESBL-producing isolates.

In this study, the CMY-2 gene was the qAmpC β-lactamase type found among two
CTXR-ESBL-negative isolates and one ESBL-producing isolate, and it has been previously
reported among E. coli strains from healthy and sick pets worldwide [20,23,39,44]. The
detection of tetA and/or tetB genes in most of our tetracycline-resistant isolates seem to be
similar to the results obtained by Costa et al. [45] from dogs, in Northern Portugal.

In this work, the most common phylogenetic groups among our isolates were B1 and
A, these being the phylogroups more associated with commensal E. coli both in humans
and in dogs, as well as in other animals [11,13]. On the other hand, isolates belonging to
phylogroup B2 and D are more likely to be recovered from extra-intestinal infections of
companion animals [4]. An interesting study related to 78 dogs that visited a veterinary
hospital in Northern Portugal (either for a normal checkout or in case of disease) revealed
the prevalence of E. coli isolates of groups A (n = 19), D (n = 9), and B1 (n = 7) [46], similar to
our observation. So, the carriage of ESBL/qAmpC producing E. coli of these phylogroups
in the gastrointestinal tract suggests a potential reservoir of MDR ESBL-producing bacteria
in dogs.

Regarding the MLST results, the pandemic virulent E. coli ST131-B2 clone was detected
among two isolates of sick dogs tested in this study. It is important to note that this clone
was widely detected in pets [47,48], including in sick dogs in Portugal [17,49].

On the other hand, we detected one E. coli strain, ST57/D/CTX-M-1, that was recently
detected in Portugal (associated with CMY-2 gene) in a dog with a UTI from a Lisbon
hospital [17]. Similarly, the same lineage was identified in a faecal isolate from a healthy
dog in Mexico, characterized as CMY-2/ST57/D) [50].

The frequency of the ST6448 lineage, which was observed in two sick dogs in this
study, is considered an infrequent clone in humans and companion animals. This lineage
was also found among a vulture faecal sample from Canary Islands [51]. To our knowledge,
there is only one previous report related to the detection of this clone in humans, which
was recently reported in healthy children from Sweden [52].

Additionally, our data indicate the presence of E. coli ST12/B2/CTX-M-15, which
should be considered an agent of high clinical relevance for humans and animals. Fur-
thermore, the ST12 lineage (associated with CMY-2) was identified in healthy dogs from
Spain [6], Brazil [2], and France [11]. Furthermore, this lineage was found among iso-
lates from children with a febrile UTI in France [53] and in healthy humans in Spain [42].
These findings highlight the dissemination of ST12 lineage and its presence in animal and
human’ isolates.

To our knowledge, the ST617 lineage (clonal complex ST10) was identified for the first
time in pets from Portugal in this study. CTX-M-15-producing E. coli isolates of sequence
type ST617/phylogroup A have been reported in sick dogs in France [40] and in hospital-
ized patients in Tunisia [54,55]. Similarly, Rocha-Gracia et al. [50] identified the same lineage
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among a faecal isolate from healthy dogs in Mexico (ST617/A/CTX-M-15). According to a
recent study, Gauthier, et al. [56] found this lineage in four isolates from dogs in France
harbouring carbapenemase genes. Furthermore, this clone was widely disseminated.

The ST542 lineage detected in one of the healthy dogs is not commonly reported;
however, this clone was found in a farmworker from Germany [57] and in a pig in Aus-
tralia [58]. On the other hand, an ST115/CMY-2 isolate (found in a sick dog from the Vouga
clinic) was previously reported among chickens and human patients in Germany [47].

We also detected a ST5766/A/CTX-M-32 isolate in a healthy dog; this clone is unusual,
and it was previously reported in broilers’ osteomyelitis in Brazil [59]. To our knowledge,
this is the first report of the ST5766 clone among pets, and the first detection in Europe. In
this study, we also found an E. coli isolate, ST3078/B1/CTX-M-32, recovered from a healthy
dog from a kennel. To our knowledge, the only unique previous study related to the ST3078
lineage was found in wastewater in Eastern France [60]. This suggests that the environment
likely plays a role in the spread of ESBL-producing E. coli isolates in the community,
associated with a One Health approach (human-animals-environment). Importantly, a new
combination of alleles was found in an isolate of a healthy dog, rendering a new ST.

The use of β-lactams in the clinical practice of veterinary medicine may be considered
one of the reasons for the high incidence of ESBL-producers worldwide. Thus, pets
can be a significant source of ESBL/qAmpC-producing E. coli isolates. Considering the
prevalence of ESBLs (notably the large reservoir in dogs of E. coli isolates with genes
encoding CTX-M-15 and CTX-M-1, or CMY-2 β-lactamases), there is a serious and plausible
risk of future acquisition of these resistant genes by their owners.

5. Conclusions

Antimicrobial resistance can make infections difficult to treat, which represents a
global public health problem, due to the negative consequences for human health. This
study shows that healthy and sick dogs are frequent carriers of faecal ESBL-producing E. coli
strains, harbouring different variants of blaCTX-M genes (mostly blaCTX-M-15 and blaCTX-M-1),
and presenting a high genetic MLST diversity (including the ST131/B2 lineage). Although
at a lower rate, the blaCMY-2 gene was also found. This fact suggests the implication of
mobile genetic elements in the dissemination of this relevant mechanism of resistance. This
underlies the complexity of the antimicrobial resistance of bacteria occurring in dogs and
the possible interspecies transmission between humans, domestic animals, and into the
environment, important knowledge given the One-Health approach.
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Abstract: Small ruminant mastitis is a serious problem, mainly caused by Staphylococcus spp. Different
virulence factors affect mastitis pathogenesis. The aim of this study was to investigate virulence
factors genes for biofilm production and antimicrobial resistance to β-lactams and tetracyclines
in 137 staphylococcal isolates from goats (86) and sheep (51). The presence of coa, nuc, bap, icaA,
icaD, blaZ, mecA, mecC, tetK, and tetM genes was investigated. The nuc gene was detected in all
S. aureus isolates and in some coagulase-negative staphylococci (CNS). None of the S. aureus isolates
carried the bap gene, while 8 out of 18 CNS harbored this gene. The icaA gene was detected in
S. aureus and S. warneri, while icaD only in S. aureus. None of the isolates carrying the bap gene
harbored the ica genes. None of the biofilm-associated genes were detected in 14 isolates (six S. aureus
and eight CNS). An association was found between Staphylococcus species and resistance to some
antibiotics and between antimicrobial resistance and animal species. Nine penicillin-susceptible
isolates exhibited the blaZ gene, questioning the reliability of susceptibility testing. Most S. aureus
isolates were susceptible to tetracycline, and no cefazolin or gentamycin resistance was detected.
These should replace other currently used antimicrobials.

Keywords: mastitis; staphylococci; virulence factors; genes; biofilm; antimicrobial resistance

1. Introduction

Mastitis is the inflammation of the mammary gland, mainly due to intramammary
infection (IMI). In small ruminants, this disease is considered a serious economic issue due
to the mortality of lactating females, cost of treatment, reduced milk yield and quality [1,2],
as well as a public health concern associated with risk of consumer food poisoning [3,4].
Several pathogens can cause mastitis in small ruminants; however, species of staphylococci
are the most frequently isolated microorganisms from goat and sheep milk [2,5–8].

Staphylococcus aureus is one of the main pathogens associated with mastitis in small
ruminants [9]. Incidence of clinical mastitis in sheep due to this bacterium may reach 20%
with a mortality rate between 25% and 50%, and the affected mammary halves in surviving
animals are frequently destroyed. Chronic mastitis may cause a 25 to 30% reduction in
milk yield from the affected udder [10].

Coagulase negative staphylococci (CNS), although not as virulent as S. aureus, often
cause subclinical mastitis in small ruminants [5,11–13]. This type of infection, most times
not detected by the farmer, clearly reduces milk production, also changing milk composi-
tion, indirectly impairing the milk product’s properties [14]. CNS are the most prevalent
pathogens of the mammary gland in goats and sheep with subclinical mastitis, affecting
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60% to 80.7% in goats and 45% to 48% in sheep [1]. Other authors have reported as much
as 70.1% of subclinical mastitis in sheep is caused by CNS [5].

Virulence factors are bacterial molecules that enhance their capacity to establish and
to survive within the host and, thus, contribute to bring damage to the host. Staphylococci
possess a wide array of virulence factors [15].

Coagulase enzyme acts on plasma fibrinogen to form fibrin clots that protect the
microorganisms from phagocytosis and shelter them from other cellular and soluble host
defence mechanisms. This enzyme, encoded by the coa gene, is commonly used to dis-
tinguish coagulase positive staphylococci (CPS), namely S. aureus, S. intermedius, and
S. pseudintermedius, from CNS species [16]. Nevertheless, this gene has been found also in
species known as CNS such as S. epidermidis, S. chromogenes, and S. hominis [17]. The coa
gene has also recently been associated with biofilm production [18].

The staphylococcal nuclease is a thermostable nuclease encoded by the nuc gene [19],
which hydrolyzes DNA and RNA in host cells, causing tissue destruction and spreading
of staphylococci [20], also promoting the escape of microorganisms when retained by
neutrophil extracellular traps (NETs), allowing the bacteria to evade this host defence
mechanism [21,22]. For decades, the nuc gene has been considered the golden standard for
Staphylococcus aureus identification and is still used presently [23–25]. However, the nuc
gene has been detected in staphylococci of animal origin other than S. aureus [26]. Moreover,
the nuc encoded staphylococcal thermonuclease is a biofilm inhibitor that degrades the
environmental DNA (eDNA) associated with biofilm [27,28].

The production of biofilm is considered a major virulence factor that, besides protect-
ing from host defence mechanisms, also shields bacteria against antimicrobial agents [29].
Furthermore, the persistence of biofilm-producing isolates in the dairy environment en-
hances the dispersal of virulence factors though the transfer of genetic material to other
bacteria [30]. Biofilm major components are an exopolysaccharide matrix, proteins, and
eDNA, along with the bacterial cells [31]. The exopolysaccharide, polysaccharide inter-
cellular adhesin (PIA), is also a non-protein adhesin [32] assisting in bacterial adhesion to
different surfaces, comprising the first critical event in the establishment of an infection [33].
Staphylococcal PIA is encoded by the ica operon [34], and biofilm-associated protein (Bap)
is a surface protein connected to the cell wall encoded by the bap gene [35].

Antimicrobial resistance (AMR) is a major problem hampering the treatment of an ever
increasing range of infections caused by bacteria [36]. Staphylococci resistance has been
reported for different antimicrobials used for mastitis control in small ruminants [7,36–38].
Genes often described in Staphylococcus spp. isolated from the milk of small ruminants
are blaZ and mecA, responsible for β-lactam resistance and tetK and tetM, accounting for
tetracycline resistance [39–41]. The presence of resistant bacteria in contaminated food
products may lead to the transfer of resistance genes to the indigenous microbiota in the
human gut [42].

The aim of this study was to identify Staphylococcus species isolated from small ru-
minants’ milk samples and investigate the presence of genes encoding virulence factors
associated with both biofilm (coa, nuc, bap, icaA, and icaD) and antimicrobial resistance to
β-lactams (blaZ, mecA, and mecC) and tetracyclines (tetK and tetM).

2. Results and Discussion
2.1. Bacteriological Results

From the 646 milk samples collected from goats (508) and sheep (138), bacteriological
cultures resulted positive in 191 samples: 131 goat milk and 60 sheep milk. A total of
137 staphylococcal isolates were recovered, of which 86 were isolated from goat and 51
from sheep milk samples.
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2.2. Staphylococci Identification

Excellent (96 to 99% probability) and very good (93 to 95% probability) identifica-
tion was observed for most Staphylococcus. Unidentified isolates and isolates with low
discrimination results were confirmed by 16S rRNA gene sequencing.

Concerning goat milk samples, four S. aureus, one Staphylococcus sp., and 12 different
CNS species were found: S. caprae (25), S. chromogenes (10), S. epidermidis (11), S. simulans
(8), S. warneri (7), S. capitis (4), S. lentus (4), S. hominis (4), S. hyicus (3), S. auricularis (2),
S. haemolyticus (2), and S. equorum (1).

On the other hand, 31 S. aureus and seven different CNS species were recovered from
sheep milk samples: S. chromogenes (9), S. epidermidis (3), S. auricularis (2), S. haemolyticus
(2), S. simulans (2), S. lentus (1), and S. rostri (1). Staphylococcus rostri has only been seldom
isolated from the milk of a sheep with subclinical mastitis [43,44].

In the CNS group, S. caprae was the most found species and was isolated only from
goat’s milk samples. It is a commensal organism that prevails in the skin of the goat
udder [19] This species is most commonly found in cases of goat mastitis [37,45–47], but it
was also isolated from sheep [5,48], buffalo [17], and cow’s milk [49].

In this study, other Staphylococcus species were only isolated from goats: S. warneri,
S. capitis, S. hominis, S hyicus, and S. equorum. This was probably because the sheep sampling
was smaller, since all these species have been isolated before from sheep milk by several
other authors [44].

2.3. Biofilm Production

Of the 137 Staphylococcus isolates analyzed, 103 were biofilm producers (75%). Biofilm-
forming isolates belong to the following species: S. aureus (29/35), S. caprae (22/25),
S. chromogenes (12/19), S. epidermidis (11/14), S. warneri (7/7), S. simulans (6/10), S. auricularis
(4/4), S. capitis (3/4), S. lentus (3/5), S. haemolyticus (2/4), S. hominis (2/4), S. equorum (1/1),
and Staphylococcus sp. (1/1). All S. epidermidis goat isolates were found to produce biofilm
in the present study, in accordance with the findings of others authors that reported
S. epidermidis as the most commonly found species in biofilm-associated human infec-
tions [50]. However, none of the sheep S. epidermidis isolates were biofilm producers. In
fact, other studies had already reported only 8% of biofilm-producing isolates among sheep
mastitis S. epidermidis [51].

2.4. Genes Associated to Biofilm

We investigated the presence of coa and nuc genes in all 137 staphylococcal isolates,
mainly for identification purposes and due to historical reasons. In fact, the ability of a strain
to produce coagulase, encoded by the coa gene, is the basis of the primary classification of
staphylococci in coagulase-positive or coagulase-negative [16].

All S. aureus isolates (35) harbored the coa gene, as well as isolate B200E1, not identified
to the species level. Based on this result, this isolate was probable also S. aureus. Therefore,
the 101 Staphylococcus isolates not carrying the coa gene were confirmed as CNS. Further-
more, in the present study, different amplicons of the coa gene with band sizes ranging
from 400 to 900 bp were detected (Figure 1), as already reported by others [52–55]. In fact,
the coa gene also has a discriminatory power between isolates because of the heterogeneity
of its 3’ variable region containing 81-bp tandem short sequence repeats (SSR) [56–58].
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The nuc gene was detected in 67 out of 137 isolates (48.9%), of which only 35 were
S. aureus. The other nuc positive isolates included: S. chromogenes (8), S. warneri (4),
S. auricularis (3), S. caprae (3), S. hyicus (3), S. lentus (3), S. epidermidis (2), S. simulans (2),
S. capitis (1), S. haemolyticus (1), S. hominis (1), and Staphylococcus sp. (1). Furthermore, an
association was found between the Staphylococcus species and the presence of the nuc gene
(χ2 = 70.968, df = 14, p < 0.001). In fact, all S. aureus harbor the nuc gene, while most CNS
(70/101) do not. However, the nuc gene was also detected in more than 50% of the isolates
in some CNS species: S. warneri (4/7), S. lentus (3/5), S. auricularis (3/4), and S. hyicus (3/3).

The presence of the nuc gene was used in the past to identify S. aureus [23,25]. The
nuc gene is present in most S. aureus isolates; however, some isolates not carrying this gene
have been described [59,60]. Moreover, the nuc gene has also been detected in other species
of Staphylococcus, both CPS and CNS [61,62].

For the detection of the biofilm production genes, bap, icaA, and icaD, the 44 nuc-
positive biofilm-producing isolates were selected. nuc-positive biofilm-producing staphylo-
cocci and biofilm-associated genes are shown in Table 1.

Table 1. nuc-positive biofilm-producing staphylococcal isolates and biofilm-associated genes.

Isolate Origin Animal Bacterial
Species coa nuc bap icaA icaD

1D PT goat S. aureus + + − + +
13D1 PT goat S. warneri − + − − −
17D1 PT goat S. aureus + + − − +
44D PT goat S. aureus + + − + +

47D2 PT goat S. chromogenes − + + − −
50E1 PT goat S. aureus + + − + +
54E1 PT goat S. warneri − + + − −
54E2 PT goat S. warneri − + − + −
55D1 PT goat S. capitis − + − − −
60D2 PT goat S. chromogenes − + + − −
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Table 1. Cont.

Isolate Origin Animal Bacterial
Species coa nuc bap icaA icaD

65D PT goat S. caprae − + − − −
70D PT sheep S. aureus + + − − +
71E PT sheep S. aureus + + − − −
72D PT sheep S. aureus + + − − +
72E PT sheep S. aureus + + − − +
83D PT sheep S. aureus + + − − −
B51E BR goat S. chromogenes − + − − −
B64 BR goat S. chromogenes − + − − −

B76E BR goat S. chromogenes − + + − −
B101 BR goat S. warneri − + − + −

B159D BR goat S. chromogenes − + + − −
B159E BR goat S. chromogenes − + + − −
B190D BR goat S. auricularis − + − − −

B209D2 BR goat S. simulans − + + − −
B209E BR goat S. simulans − + − − −

B219D3 BR sheep S. auricularis − + − − −
B219D5 BR sheep S. aureus + + − − −
B223D BR sheep S. aureus + + − − −
B250D BR sheep S. auricularis − + + − −

CQ152E1 PT sheep S. aureus + + − + +
CQ185D1 PT sheep S. aureus + + − + +
CQ196E PT sheep S. aureus + + − − +
CQ201E PT sheep S. aureus + + − − +
CQ268D1 PT sheep S. aureus + + − − +
CQ270E1 PT sheep S. aureus + + − − −
CQ285D PT sheep S. aureus + + − − +
CQ286D PT sheep S. aureus + + − − +
CQ290D1 PT sheep S. aureus + + − − +
CQ290D2 PT sheep S. aureus + + − − +
CQ296D PT sheep S. aureus + + − − +
CQ335E PT sheep S. aureus + + − − −
CQ336E2 PT sheep S. aureus + + − − +
CQ349D PT sheep S. aureus + + − − −
CQ354D PT sheep S. aureus + + − − +

PT-Portugal; BR-Brazil.

The bap gene was amplified in eight isolates: S. chromogenes (5), S. auricularis (1),
S. simulans (1), and S. warneri (1). None of the S. aureus nuc-positive biofilm-producing
isolates carries the bap gene. In fact, the bap gene has been reported mainly in S. aureus
strains isolated from cattle [24,63,64]. However, Martins et al. [65] have detected the bap
gene in four sheep milk S. aureus isolates. In our study, 8 out of 18 CNS nuc-positive biofilm-
producing isolates harbored the bap gene. The bap gene encodes a cell wall associated
protein named Bap (for biofilm associated protein), which enhances biofilm formation as it
mediates bacterial primary attachment to abiotic surfaces and intercellular adherence [35].
Other studies have reported the presence of the bap gene in several CNS isolates [66].

The presence of the icaA gene was detected in seven isolates: S. aureus (5) and S. warneri
(2). On the other hand, the icaD gene was present in 19 S. aureus isolates. Furthermore, five
S. aureus isolates carried both icaA and icaD genes simultaneously. Xu, Tan, Zhang, Xia, and
Sun [59] detected the icaD gene in 20 out of 28 S. aureus bovine mastitis isolates, while it
was not detected in any of the 76 CNS analyzed. The same authors reported the absence of
the icaA gene in all analyzed staphylococcal isolates [59].

No isolate carrying the bap gene harbored the ica operon genes, as reported before by
other authors [67]. However, Marques et al. [68] found one single bovine mastitis S. aureus
isolate (out of 20) that simultaneously carried bap, icaA, and icaD.
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None of the three biofilm-associated genes were detected in 14 of the nuc-positive
biofilm-producing isolates: S. aureus (6) and CNS (8). Other authors have also reported
the absence of bap, icaA, and icaD genes in biofilm-producing S. aureus [24,69,70]. Despite
no association being found between the presence of the nuc gene and biofilm production,
most biofilm-producing isolates harbored the nuc gene (53.4%), while it was only detected
in about 35% of the non-producers. Nevertheless, Kiedrowski, Kavanaugh, Malone, Mootz,
Voyich, Smeltzer, Bayles, and Horswill [28] described an inverse correlation between Nuc
thermonuclease activity and biofilm formation and confirmed the important role for eDNA
in the S. aureus biofilm matrix.

Apparently, CNS produce biofilm mainly via Bap, as already suggested by Zuniga
et al. [71], who found the bap gene to be more frequently present in CNS when compared
to CPS.

Meanwhile, most S. aureus seem to form biofilm through PIA since they harbor the
icaA and icaD genes. Other authors have reported that a low prevalence of the bap gene in
S. aureus indicates that the ica operon-dependent mechanism may be the main responsible
for the adhesion and biofilm formation in this species [68]. Notwithstanding, it has been
reported that biofilm synthesis in S. aureus can also be encoded by the bap gene [72].

Other biofilm formation mechanisms in staphylococci not harboring the classical
biofilm-production genes, bap, icaA, and icaD, need to be explored. Furthermore, some of
the isolates not carrying bap, icaA, and icaD also did not harbor the coa gene, which has
been reported as associated with biofilm formation [18]. However, the nuc gene might be
an important factor to consider since all 44 isolates were biofilm producers and harbored
the nuc gene, although Nuc has been referred to as a biofilm inhibitor [27,28].

2.5. Antimicrobial Resistance

Out of 137 staphylococcal isolates analyzed for antimicrobial susceptibility, 15 were
multidrug resistant, 36 were non-susceptible to two antimicrobial categories, and 61 to one
antimicrobial category, according to the classification proposed by Magiorakos et al. [73].
Moreover, no antimicrobial resistances were detected in 24 staphylococcal isolates.

Staphylococci isolated from milk from small ruminants with mastitis are known for
their multiresistance [74]. In this work, the multidrug resistant (MDR) isolates belonged
to the following species: S. aureus (8), S. lentus (3), S. chromogenes (2), S. caprae (1), and
S. warneri (1). Contrarily, Taponen and Pyorala [75] reported that multiresistance was more
common in CNS than in S. aureus from bovine mastitis.

Susceptibility patterns of CPS and CNS isolates are shown in Figure 2. For most
antimicrobials tested, a higher percentage of resistant isolates was observed among CNS
when compared to CPS. Vasileiou et al. [76] also reported more resistant CNS isolates
than S. aureus. However, mastitis caused by CNS responds much better to antimicrobial
treatment than S. aureus mastitis [75].

Staphylococcal isolates were mainly non-susceptible to streptomycin (50/137), peni-
cillin (38/137), ampicillin (34/137), lincomycin (33/137), oxacillin (22/137), cloxacillin
(21/137), and tetracycline (17/137), as previously reported [77] (Figure 2). Moreover, most
CPS isolates were non-susceptible to streptomycin and lincomycin. On the other hand,
CNS isolates were mostly non-susceptible to the β-lactams and tetracyclines.

In addition, an association was found between Staphylococcus species and antimicrobial
resistance to penicillin (χ2 = 45.981, df = 14, p < 0.001), ampicillin (χ2 = 48.327, df = 14,
p < 0.001), streptomycin (χ2 = 137.705, df = 28, p < 0.001), lincomycin (χ2 = 156.536, df = 28,
p < 0.001), cephalexin (χ2 = 57.219, df = 28, p < 0.05), and tetracycline (χ2 = 51.626, df = 28,
p < 0.05). Regarding the results shown by the correspondence analysis, most S. caprae and
S. capitis isolates were resistant to penicillin and ampicillin, while all other staphylococci
were mostly susceptible to these antimicrobials (Figure 3). Most S. aureus isolates exhibited
an intermediate susceptibility pattern to streptomycin and lincomycin [78]. Additionally, all
S. hyicus isolates were resistant to streptomycin, while S. lentus and S. rostri were resistant
to lincomycin (Figure 3).
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Figure 2. Susceptibility patterns of CPS (n = 36) and CNS (n = 101) isolates to antimicrobials.
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No staphylococci resistant to cefazolin and gentamycin were identified. Moreover, no
non-susceptible S. aureus isolates were found to amoxicillin + clavulanic acid. A number
of CNS isolates, although resistant to penicillinase-labile penicillins, were susceptible to
amoxicillin + clavulanic acid, which was expected due to the inhibitory action of clavulanic
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acid against β-lactamases [79]. Regarding CNS isolates, none were found to be resistant
to neomycin.

One S. aureus and one CPS Staphylococcus sp. were found to be resistant to oxacillin,
while CNS oxacillin resistant isolates belonged to eight species: S. chromogenes (5), S. caprae
(4), S. lentus (3), S. simulans (3), S. epidermidis (2), S. auricularis (1), S. hominis (1), and
S. warneri (1). Other authors previously reported the presence of methicillin resistant
coagulase-negative staphylococci (MR-CNS) [80,81].

Regarding tetracycline, most S. aureus isolates (32/35) were susceptible, while non-
susceptible isolates belonged to the following CNS species: S. caprae (4), S. haemolyticus
(3), S. lentus (2), S. capitis (1), S. hominis (2), S. rostri (1), and S. warneri (1). Tetracycline
has been widely used in veterinary medicine, and other studies have reported a higher
percentage of resistant isolates: 42.8% [82] and 28.9% [45]. On the contrary, our results
show a relatively low percentage of non-susceptible isolates (12.4%). In recent years, there
has been an abusive use of more recent antimicrobial molecules, such as cephalosporins
and quinolones, that may justify the observed reversal in the patterns of resistance to
tetracyclines. To avoid the use of critically important antimicrobials for human medicine,
tetracyclines, gentamycin, or cefazolin, a first-generation cephalosporin, may be an option
for the control of mastitis in small ruminants. However, there should be a tight control
over the development of antimicrobial resistances.

Interestingly, an association between resistance to some antibiotics and animal species
was found: penicillin (χ2 = 26.931, df = 1, p < 0.001), ampicillin (χ2 = 26.818, df = 1, p < 0.001),
oxacillin (χ2 = 6.241, df = 1, p < 0.05), streptomycin (χ2 = 26.231, df = 2, p < 0.001), and
lincomycin (χ2 = 20.831, df = 2, p < 0.001). For example, isolates from goats (G) were more
resistant than sheep (S) isolates to β-lactams, penicillin (G-43%; S-2%), ampicillin (G-39%;
S- = 0%), and oxacillin (G-22%; S-6%). These differences might be due to different manage-
ment systems, as suggested by Barrero-Domínguez et al. [45], who reported sheep and goat
staphylococcal isolates with the same pulsotypes to exhibit distinct resistance patterns.

2.6. Antimicrobial Resistance Genes

The 44 biofilm producing isolates were selected for the detection of antimicrobial
resistance genes involved in the resistance to β-lactams and tetracyclines, namely, blaZ,
mecA, mecC, tetK, and tetM. Table 2 shows the antimicrobial genes detected in each isolate,
along with its antimicrobial resistance profile.

The blaZ gene was detected in 15 staphylococcal isolates belonging to the following
species: S. chromogenes (7), S. aureus (3), S. warneri (2), S. auricularis (1), S. caprae (1),
and S. simulans (1). Unexpectedly, nine penicillin-susceptible isolates harbor the blaZ
gene, namely S. chromogenes (5), S. warneri (2), S. auricularis (1), and S. simulans (1). El
Feghaly et al. [83] also reported penicillin-susceptible isolates harboring the blaZ gene
and concluded that conventional methods for susceptibility testing such as Kirby-Bauer
penicillin disk diffusion may not be reliable. According to CLSI [78], there may be rare
isolates of staphylococci containing β-lactamase genes, which may result negative in
phenotypic β-lactamase detection. Additionally, all isolates resistant to penicillin must be
considered resistant to all penicillinase-labile penicillins [78].

No staphylococcal isolates harboring the mecA or mecC genes were detected, although
two isolates were found to be non-susceptible to oxacillin and cloxacillin simultaneously,
one only to oxacillin and seven to cloxacillin alone. According to the CLSI (2016), oxacillin
disk diffusion testing is not reliable for detecting methicillin resistance, at least in S. aureus,
and cefoxitin should be used for disk diffusion testing. However, Barrero-Domínguez,
Luque, Galán-Relaño, Vega-Pla, Huerta, Román, and Astorga [45] also did not detect the
mecA gene in a cefoxitin-resistant MRSA strain. Thus, other resistance mechanisms cannot
be excluded, namely, overproduction of β-lactamase, modified penicillin-binding proteins,
distinct SCCmec elements, as well as putative mecA mutations [84,85]. Furthermore, Becker
et al. [86] have recently reported the presence of a mecB gene in a MRSA strain, negative for
both mecA and mecC genes. However, concerning mecC detection in our study, we cannot
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conclude that the isolates with a negative PCR result did not harbor the mecC gene, since
no positive control strain was available.

Table 2. nuc-positive biofilm-producing staphylococcal isolates, phenotypic resistance to selected antimicrobials and their
associated antimicrobial resistance genes.

Isolate Origin Animal Bacterial
Species P AMP OB AMC OXA TET blaZ mecA mecC tetK tetM

1D PT goat S. aureus R R R S S S + - - -
13D1 PT goat S. warneri S S S S S S - - - -
17D1 PT goat S. aureus R R R S S R + - - +
44D PT goat S. aureus R R S S S S + - - -
47D2 PT goat S. chromogenes R R R R R S + - - - -
50E1 PT goat S. aureus S S S S S S - - - -
54E1 PT goat S. warneri S S R S S S + - - -
54E2 PT goat S. warneri S S R S R S - - - - -
55D1 PT goat S. capitis S S S S S S - - - -
60D2 PT goat S. chromogenes R R S S S S + - - -
65D PT goat S. caprae R R S S S S + - - -
70D PT sheep S. aureus S S S S S S - - - -
71E PT sheep S. aureus S S R S S S - - - -
72D PT sheep S. aureus S S S S S S - - - -
72E PT sheep S. aureus S S S S S S - - - -
83D PT sheep S. aureus S S S S S S - - - -
B51E BR goat S. chromogenes S S S S S S + - - -
B64 BR goat S. chromogenes S S S S S S + - - -

B76E BR goat S. chromogenes S S S S S S + - - -
B101 BR goat S. warneri S S S S S R + - - -

B159D BR goat S. chromogenes S S S S S S + - - -
B159E BR goat S. chromogenes S S S S S S + - - -
B190D BR goat S. auricularis R S S S S S - - - -
B209D2 BR goat S. simulans S S S S S S - - - -
B209E BR goat S. simulans S S S S S S + - - -
B219D3 BR sheep S. auricularis S S S S S S - - - -
B219D5 BR sheep S. aureus S S S S S S - - - -
B223D BR sheep S. aureus S S S S R S - - - - -
B250D BR sheep S. auricularis S S S S S S + - - -
CQ152E1 PT sheep S. aureus S S S S S S - - - -
CQ185D1 PT sheep S. aureus S S S S S S - - - -
CQ196E PT sheep S. aureus S S S S S S - - - -
CQ201E PT sheep S. aureus S S S S S S - - - -
CQ268D1 PT sheep S. aureus S S R S S S - - - -
CQ270E1 PT sheep S. aureus S S R S S S - - - -
CQ285D PT sheep S. aureus S S S S S S - - - -
CQ286D PT sheep S. aureus S S S S S S - - - -
CQ290D1 PT sheep S. aureus S S R S S S - - - -
CQ290D2 PT sheep S. aureus S S S S S S - - - -
CQ296D PT sheep S. aureus S S S S S R - - + -
CQ335E PT sheep S. aureus S S S S S S - - - -
CQ336E2 PT sheep S. aureus S S S S S S - - - -
CQ349D PT sheep S. aureus S S S S S S - - - -
CQ354D PT sheep S. aureus S S S S S S - - - -

Penicillin (P), ampicillin (AMP), cloxacillin (OB), amoxicillin + clavulanic acid (AMC), oxacillin (OXA), tetracyclines-tetracycline (TET).

An association was found between the resistance to penicillin (χ2 = 11.650, df = 1,
p < 0.05) and ampicillin (χ2 = 15.828, df = 1, p < 0.001) and the presence of the antimicrobial
resistance gene blaZ. The association between resistance to penicillin and ampicillin and
the presence of the antimicrobial resistance gene blaZ has been reported before by other
authors [87,88]. However, no association was detected between the resistance to oxacillin
and cloxacillin and the presence of the antimicrobial resistance gene mecA for this subgroup
of 44 isolates.

Only one S. aureus isolate carrying the tetK and another one carrying the tetM gene
were identified. Both showed resistance to tetracycline. A S. warneri tetracycline-resistant
isolate did not harbor either tetK or tetM (Table 3). El-Razik, Arafa, Hedia, and Ibrahim [82]
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found a S. intermedius isolate showing intermediate resistance to tetracycline, not harboring
tetK, tetL, tetM, and tetO genes.

3. Materials and Methods
3.1. Milk Samples Collection and Bacteriological Analyses

A total of 328 small ruminants (258 goats and 70 sheep), belonging to 23 both tradi-
tional and industrial dairy farms in Portugal and Brazil, were used to collect 646 half-udder
milk samples (508 from goats and 138 from sheep).

Milk samples were aseptically collected in a sterile bottle after the teat was carefully
disinfected with 70% ethanol and the first flush was rejected. The samples were kept
refrigerated and transported to the laboratory. Ten microliters of each milk sample were
plated onto MacConkey agar (Oxoid, Hampshire, UK, CM0007) and onto blood agar (BA)
(Oxoid, Hampshire, UK; CM0271 with 5% sheep blood) and incubated at 37 ◦C for 24 h
to 48 h.

Colonies from BA were transferred to brain heart infusion agar (BHI) (Oxoid, Hamp-
shire, UK, CM1136) and again incubated at 37 ◦C for 24h for primary identification of
the Staphylococcus genus through morphological and biochemical characteristics, namely,
colony morphology, Gram staining, and catalase reaction, according to Markey et al. [89].

Identification of the species level of all isolates was performed by automated compact
system VITEK 2 (bioMérieux, Marcy l’Etoile, France) using GP ID cards following the
manufacturer’s instructions. Biochemical identification was confirmed by 16S rRNA gene
sequencing whenever necessary, using the primers described previously [90].

3.2. Phenotypic Characterisation of Staphylococcal Isolates
3.2.1. Biofilm Detection

Biofilm production was evaluated following the procedures described by Merino
et al. [91] with some modifications. In brief, isolates were grown overnight in trypticase soy
broth (TSB) at 37 ◦C. This overnight culture was diluted 1:40 in TSB supplemented with
0.25% glucose, and 200 mL of this cell suspension was used to inoculate microplates. After
24 h of incubation at 37 ◦C, the microplates were washed three times with 200 µL H2O,
dried in an inverted position, and stained with 100 µL of 0.25% crystal violet for 2 to 3 min
at room temperature. Afterwards, the microplates were rinsed again three times with H2O,
dried, the dye dissolved in 200 µL ethanol-acetone (80:20), and the absorbance measured at
620 nm. Each assay was performed in triplicate and repeated three times. Staphylococcus
epidermidis ATCC 12,228 and ATCC 35,984 were used as negative and positive controls,
respectively. A blank control was also used.

3.2.2. Antimicrobial Sensitivity Test

The antimicrobial sensitivity test (AST) was performed as described before [77] fol-
lowing the performance standard M02-A11 [92]. Resistance to 16 antimicrobials, belong-
ing to six antimicrobial categories, according to Magiorakos et al. [73], was evaluated:
(1) β-lactams-penicillin (P), ampicillin (AMP), cloxacillin (OB), amoxicillin + clavulanic
acid (AMC), oxacillin (OXA), cephalexin (CL), cefazolin (KZ), ceftriaxone (CRO), cefop-
erazone (CFP); (2) aminoglycosides-streptomycin (S), gentamycin (CN), neomycin (N);
(3) lincosamides-lincomycin (MY); (4) tetracyclines-tetracycline (TET); (5) fluoroquinolones-
ciprofloxacin (CIP); and (6) folate pathway inhibitors-cotrimoxazole (sulfamides + trimetho-
prim) (STX).

For the interpretation of AST results, the CLSI clinical breakpoints M100-S25 were
used [78]. Isolates showing intermediate resistance, now called “susceptible increased
exposure” [93], were considered non-susceptible. Moreover, isolates resistant to three or
more antimicrobial categories were considered multidrug resistant [73].
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3.3. Molecular Characterisation of Staphylococcal Isolates

The presence of coa and nuc genes was investigated in all staphylococcal isolates. nuc-
positive biofilm-producing isolates were selected for the detection of the biofilm production
genes, bap, icaA, and icaD, and the antimicrobial resistance genes blaZ, mecA, tetK, and tetM.
The presence of the mecC gene was investigated only for nuc-positive biofilm-producing
isolates, which were simultaneously resistant to oxacillin and cloxacillin and did not harbor
the mecA gene.

3.3.1. Rapid DNA Extraction

Total DNA was extracted as described previously [94]. Bacterial cultures were grown
for 24 h in BHI (Oxoid, Hampshire, UK, CM1136). After this period, they were transferred
to microtubes with 200 µL of ultrapure water and centrifuged at 12,000× g for two minutes.
Two hundred microliters of sterile saline solution (8.5%) were added to the pellet and
centrifuged again at 12,000× g for two minutes. Subsequently, 100 µL of 0.05 M NaOH
was added to the pellet and boiled for four minutes, then placed immediately on ice.
Afterwards, 600 µL of ultrapure water was added to the microtubes and centrifuged at
4000× g for three minutes. Subsequently, 400 µL were transferred to a new microtube and
stored at −20 ◦C until use.

3.3.2. PCR Amplification

All amplifications were done in a PTC1148C-MJ Mini thermocycler (BioRad, Hercules,
CA, USA).

Amplified DNA fragments were stained with 1X Red Gel (Biotium, Fremont, CA, USA)
and run on 1.5% (w/v) agarose gels with 0.5X TBE (Tris-borate-EDTA) buffer. Different
NZYDNA Ladders (NZYtech, Lisbon, Portugal) were used as molecular weight markers,
depending on the size of the PCR products.

Agarose gels were photographed under ultraviolet light using the Gel Doc XR+ Gel
Documentation System (BioRad Universal Hood II, Philadelphia, PA, USA).

For all PCR amplifications, 50 µL PCR reactions were prepared with 5 µL of DNA
template, 1 U GoTaq DNA polymerase (Promega, Madison, WI, USA), 1X Green Go
Taq Flexi buffer (Promega, WI, USA), 1.5 mM MgCl2 (Promega, WI, USA), 0.2 mM each
dNTP (VWR, part of Avantor, Radnor, PA, USA), and 15 pmol each primer (STAB VIDA,
Caparica, Portugal). Specific and individual modifications or optimizations were done
whenever necessary.

The primers used for amplification of the different genes are listed in Table 3.

Table 3. Primer sequences for amplification of the different genes.

Gene Primer Sequence Reference

coa coa-F 5′ ATA GAG ATG CTG GTA CAG G 3′ [55]
coa-R 5′ GCT TCC GAT TGT TCG ATG C 3′

coa coa2-F 5′ TA CTC AAC CGA CGA CAC CG 3′ [54]
coa2-R 5′ GAT TTT GGA TGA AGC GGA TT 3′

nuc nuc-F 5′ GCG ATT GAT GGT GAT ACG GTT 3′ [95]
nuc-R 5′ AGC CAA GCC TTG ACG AAC TAA AGC 3′

bap bap-F 5′ CCC TAT ATC GAA GGT GTA GAA TTG CAC 3′ [35]
bap-R 5′ GCT GTT GAA GTT AAT ACT GTA CCT GC 3′

icaA
icaA-F 5′ CCT AAC TAA CGA AAG GTA G 3′ [96]
icaA-R 5′ AAG ATA TAG CGA TAA GTG C 3′

icaD
icaD-F 5′ AAA CGT AAG AGA GGT GG 3′ [96]
icaD-R 5′ GGC AAT ATG ATC AAG ATA C 3′

blaZ
blaZ-F 5′ AAG AGA TTT GCC TAT GCT TC 3′ [97]
blaZ-R 5′ GCT TGA CCA CTT TTA TCA GC 3′
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Table 3. Cont.

Gene Primer Sequence Reference

mecA
mecA-F 5′ AAA ATC GAT GGT AAA GGT TGG C 3′ [98]
mecA-R 5′ AGT TCT GCA GTA CCG GAT TTG C 3′

mecC
mecC-F 5′ GAA AAA AAG GCT TAG AAC GCC TC 3′ [99]
mecC-R 5′ GAA GAT CTT TTC CGT TTT CAG C 3′

tetK
tetK-F 5′ GTA GCG ACA ATA GGT AAT AGT 3′ [59]
tetK-R 5′ TAG TGA CAA TAA ACC TCC TA 3′

tetM
tetM-F 5′ AGT GGA GCG ATT ACA GAA 3′ [59]
tetM-R 5′ CAT ATG TCC TGG CGT GTC TA 3′

For the detection of the coa gene, different primer sequences were used. Staphylococcus
aureus ATCC 25,923 was used as positive control. The first pair of primers, coa-F and
coa-R, amplified a 676 bp fragment [55]. The amplification program was as follows: 3 min
at 95 ◦C, and 35 cycles of 30 s at 94 ◦C, 30 s at 55 ◦C, 30 s at 72 ◦C, and finally, 5 min at
72 ◦C. The second pair of primers, coa2-F and coa2-R, amplified a fragment of 1517 bp [54].
The amplification program comprised an initial denaturation of 45 s at 94 ◦C, followed by
29 cycles at 94 ◦C for 20 s, 55 ◦C for 1 min, and 72 ◦C for 90 s, and a final extension step of
2 min at 72 ◦C.

For the amplification of the nuc gene, primers nuc-F and nuc-R, amplifying a 267 bp
DNA fragment, were used [95]. S. aureus ATCC 25,923 was used as positive control
and S. epidermidis ATCC 12,228 as negative control. The amplification program was the
following: 5 min at 94 ◦C, followed by 37 cycles, consisting of 94 ◦C for 1 min, 55 ◦C for
30 s, and 72 ◦C for 30 s, ending with a final extension step at 72 ◦C for 7 min.

For detecting the bap gene, primers bap-F and bap-R were used for the amplification
of a 971 bp fragment [35]. No positive control strain was available. The amplification
program was as follows: 94 ◦C for 2 min, followed by 35 cycles of 94 ◦C for 45 s, 56.5 ◦C for
45 s, and 72 ◦C for 50 s, and finally, 72 ◦C for 5 min.

Primers icaA-F and icaA-R were used for the amplification of a 1315 bp fragment of
the icaA gene [96]. S. epidermidis ATCC 35,984 was used as positive control. The following
amplification program was used: 92 ◦C for 5 min, followed by 30 cycles of 92 ◦C for 45 s,
49 ◦C for 45 s, and 72 ◦C for 1 min, and a final extension step of 7 min at 72 ◦C.

For the icaD gene, primers icaD-F and icaD-R were used to amplify a 381 bp frag-
ment [96]. S. epidermidis ATCC 35,984 was used as positive control. The same amplification
program as for icaA was used, except for the extension step within the cycles, which was
72 ◦C for 30 s.

The presence of the blaZ gene was detected using primers blaZ-F and blaZ-R, which
amplified a 517 bp fragment [97]. Staphylococcus aureus ATCC 29,213 was used as positive
control and S. aureus ATCC 25,923 as negative control [100]. The amplification program
was as follows: 94 ◦C for 4 min, followed by 37 cycles of 94 ◦C for 1 min, 50.5 ◦C for 30 s,
and 72 ◦C for 30 s, and finally, 72 ◦C for 5 min [97].

To detect the mecA gene, primers mecA-F and mecA-R were used to amplify a fragment
of 532 bp [98]. Staphylococcus epidermidis ATCC 35,984 was used as positive control [101]
and S. aureus ATCC 25,923 as negative control [102]. The following amplification program
was used: 94 ◦C for 2 min, followed by 29 cycles of 94 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C
for 30 s, and a final extension of 5 min at 72 ◦C.

Primers mecC-F and mecC-R were used to amplify a 138 bp fragment [99]. No positive
control strain was available. The following amplification program was used: 95 ◦C for
2 min, followed by 30 cycles of 94 ◦C for 30 s, 50 ◦C for 30 s, and 72 ◦C for 30 s, and a final
extension of 10 min at 72 ◦C.

Primers tetK-F and tetK-R were used to amplify a 360 bp fragment of the tetK gene [59].
No positive control strain was available. For the amplification of the tetM gene, tetM-F
and tetM-R were used to amplify a fragment of 158 bp [59]. No positive control strain was
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available. The amplification program for both tet genes was: 94 ◦C for 2 min, followed
by 29 cycles of 94 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 30 s, with a final step of 5 min
at 72 ◦C.

3.4. Data Analysis

The chi-square test of association was used: to assess the relationship between the
presence of the nuc gene with Staphylococcus species; to investigate if the presence of the nuc
gene was associated with biofilm production; to check if the resistance to antimicrobials
was associated with bacterial species and with the animal species from which these were
isolated. For the abovementioned analyses, all 137 isolates were considered.

For the subgroup of 44 nuc-positive biofilm-producing isolates, the chi-square test
of association was performed to evaluate the putative relationship between phenotypic
resistance to antimicrobials and the presence of four resistance genes.

Multiple correspondence analysis (MCA) was used as an exploratory data analysis
technique to detect a structure in the relationships between bacterial species and resistance
to selected antimicrobials, divided either into two (susceptible and resistant) or three classes
(susceptible, intermediate, and resistant), depending on the antimicrobial.

All statistical analyses were performed using the software STATISTICA Version 12
(StatSoft, Inc., Tulsa, OK, USA).

4. Conclusions

Mastitis aetiology showed to be diverse in the two small ruminant species studied.
The most abundant species was S. caprae, which, however, was only present in goats.

The nuc gene was detected in 67 isolates, of which only 35 were S. aureus. Most CNS
did not harbor this gene; however, it was detected in more than 50% of S. warneri, S. lentus,
S. auricularis, and S. hyicus. Although many studies still consider the nuc gene as the
sole character to identify S. aureus, our results have clearly demonstrated that this gene is
insufficient, because it is present in numerous staphylococcal isolates other than S. aureus.

Most staphylococci were biofilm producers. The bap gene was only detected in CNS,
while ica operon genes were mainly detected in S. aureus isolates, suggesting that CNS
produce biofilm mainly via Bap, and most S. aureus form biofilm through PIA. Furthermore,
biofilm-producing staphylococcal isolates not harboring the classical biofilm-production
genes bap, icaA, and icaD carry the nuc gene. Therefore, the role of the Nuc thermonuclease
in staphylococci biofilm formation needs to be further investigated.

Antimicrobial resistance seems to be a growing concern in the treatment of sheep and
goat mastitis, with only a low number of isolates (18%) not showing any antimicrobial
resistances. Furthermore, CNS were generally more resistant to antimicrobials than CPS.
Additionally, an association between animal species and resistance to some antimicrobials
was found, suggesting different managing systems for the two species.

All staphylococcal isolates were susceptible to cefazolin and gentamycin. Furthermore,
all S. aureus isolates were shown to be susceptible to amoxicillin + clavulanic acid and
most (32/35) to tetracycline. The use of these antimicrobials to control mastitis may be
encouraged to avoid the use of others critically important for human medicine that are
currently being used, such as third generation cephalosporins and quinolones. Neverthe-
less, antimicrobial susceptibility tests cannot be neglected, as the development of resistant
strains is always a problem.

Regarding antimicrobial resistance genes, nine penicillin-susceptible isolates exhibited
the blaZ gene, highlighting the poor reliability of conventional methods for susceptibility
testing. Moreover, no staphylococcal isolates harboring the mecA or mecC genes were
detected among those found to be non-susceptible to oxacillin. Hence, other methicillin
resistance mechanisms need to be explored.
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Abstract: The aim of this study was to assess the virulence, antimicrobial resistance and biofilm
production of Escherichia coli strains isolated from healthy broiler chickens in Western Algeria. E. coli
strains (n = 18) were identified by matrix-assisted laser desorption–ionization time-of-flight mass
spectrometry. Susceptibility to 10 antibiotics was determined by standard methods. Virulence and
extended-spectrum β-lactamase (ESBL) genes were detected by PCR. The biofilm production was
evaluated by microplate assay. All the isolates were negative for the major virulence/toxin genes
tested (rfbE, fliC, eaeA, stx1), except one was stx2-positive. However, all were resistant to at least three
antibiotics. Ten strains were ESBL-positive. Seven carried the β-lactamase blaTEM gene only and two
co-harbored blaTEM and blaCTX-M−1 genes. One carried the blaSHV gene. Among the seven strains
harboring blaTEM only, six had putative enteroaggregative genes. Two contained irp2, two contained
both irp2 and astA, one contained astA and another contained aggR, astA and irp2 genes. All isolates
carrying ESBL genes were non-biofilm producers, except one weak producer. The ESBL-negative
isolates were moderate biofilm producers and, among them, two harbored astA, two irp2, and one
aggR, astA and irp2 genes. This study highlights the spread of antimicrobial-resistant E. coli strains
from healthy broiler chickens in Western Algeria.

Keywords: virulence genes; antimicrobial resistance; extended-spectrum β-lactamases; biofilm formation

1. Introduction

One of the most important global challenges to public health is represented by food-
borne illnesses. Healthy food-producing animals can be vectors for a wide range of
commensal and pathogenic bacteria, as well as Escherichia coli. This microorganism can
contaminate the food chain at each step, from the slaughterhouses to the food processing
phases [1–4]. To date, although several E. coli strains are commensals, which colonize the
gastrointestinal tract of humans and warm-blooded animals, and are not often disease-
causing, E. coli represents one of the most frequent causes of several common infections
in humans and animals [5]. E. coli clones acquiring specific virulence factors (VFs), in-
cluding adhesins, toxins, invasins, etc., can cause intestinal and extra-intestinal diseases
such as enteric/diarrheal disease, urinary tract infections (UTIs) and sepsis/meningitis in
human hosts [6–10].
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VFs are generally carried on phages, plasmids or pathogenicity islands (PAIs) [11] and,
among microbial strains, can be vastly interchanged via horizontal transfer [12]. Given the
presence of definite virulence genes, E. coli strains can be classified as pathogens [13,14],
in particular as zoonotic intestinal pathogenic E. coli pathotypes (IPEC) or extraintestinal
pathogenic E. coli pathotypes (ExPEC) based on the type of VFs present and the host’s
clinical symptoms [15]. The specific “pathotypes” are grouped into enteropathogenic E. coli
(EPEC), enterohaemorrhagic E. coli (EHEC), enterotoxigenic E. coli (ETEC), enteroaggrega-
tive E. coli (EAEC), enteroinvasive E. coli (EIEC) and diffusely adherent E. coli (DAEC), and
can cause intestinal diseases [8,16].

Moreover, the emergence of antibiotic resistance in food pathogens represents
further complications.

The wide use of antibiotics, in both animals and humans, is responsible for an in-
creased antibiotic resistance not only in pathogenic bacteria, but also in the endogenous
microflora. Resistant animal bacteria can be transmitted to humans through several routes,
such as direct contact with the animal or its manure, and through contact with or the
consumption of uncooked meat [17–21]. Given the development of combined resistance to
multiple antibiotics such as the β-lactam group, including cephalosporins and carbapen-
ems, over the last few years, the chemotherapeutic choices for enterobacteria are becoming
strictly limited [22]. Resistance to cephalosporin is the result of the production of one or
more types of β-lactamases, the so called extended spectrum-β-lactamases (ESBLs) [23].
ESBLs are categorized into several classes, among which the most important include
Temoniera (TEM), sulfhydryl variable (SHV) and cefotaximase (CTX-M) types [24,25].
Thus, nowadays ESBL-producing Gram-negative bacteria represent a growing concern and
an important challenge for chemotherapy [26]. In addition, another issue is represented
by the fact that, in food factory environments, some biofilm-forming bacteria are human
pathogens. Biofilms are ecosystems made up of one or more bacterial species submerged
in an extracellular matrix, whose composition varies according to the colonizing species
and the food manufacturing environment [27–29].

The zoonotic potential of E. coli from chicken food products is important for pub-
lic health purposes [30,31]. Meat harbors different bacteria as inherent contamination
and is further contaminated during handling, improper dressing, cleaning, unsanitary
conditions and unhygienic practices during its commercialization [32]. Considering the
factors described, the objective of this preliminary study was to examine virulence and
antimicrobial resistance (AMR) gene profiles, and the ability of biofilm formation of E. coli
strains isolated from healthy broiler chickens in Western Algeria. The Algerian poultry
industry, consisting of 20,000 farmers, every year yields an average of 340,000 tons of white
meat and over 4.8 billion eggs. The present Algerian poultry industry structure is the result
of government development policies, which were initiated in the 1980s [33].

2. Results

A total of 18 presumptive E. coli strains were isolated from 32 fecal samples, collected
from different broiler chicken farms situated in five geographic areas of Western Algeria:
Mostaganem (n = 8, 25.0%), Oran (n = 6, 18.75%), Mascara (n = 6, 18.75%), Relizane (n = 6,
18.75%) and Tiaret (n = 6, 18.75%). MALDI-TOF-MS analysis confirmed the identification
of all the 18 presumptive E. coli strains (Table 1). All the isolates were negative for the major
virulence/toxin genes tested, including shiga-like toxin 1 (stx1), O157:H7 serotype (rfbE),
flagellar gene (fliC) and attaching and effacing gene (eaeA), except for one E. coli strain
positive for the shiga-like toxin 2 (stx2) gene (Table 1), coming from 1/7 broiler houses
located in the Mostaganem area.
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Table 1. Characteristics of E. coli isolates.

Strains Algerian Area Virulence Gene 1 MALDI-TOF
Mean Value bla Gene 2 AMR 3

S13/15 Oran astA 90.0% None NA, CIP, AML, SXT,
TE, N

S14/15 Oran irp2 87.4% CTX-M-1, TEM NA, CIP, AUG, SXT, TE,
N, CTX

S2/15 Oran irp2 85.1% TEM NA, CIP, AML, AUG,
SXT, TE, N, CTX

S4/15 Mostaganem stx2 87.5% None NA, AML, AUG, SXT,
TE, N

S19/15 Mostaganem None 93.0% CTX-M-1, TEM NA, CIP, AML, AUG,
SXT, TE, C, N, CTX

S12/15 Mostaganem aggR, astA, irp2 85.8% TEM NA, CIP, AML, AUG,
SXT, TE, N, CTX

S25a/16 Mostaganem astA 88.7% None NA, CIP, AUG, TE, N

S1/16 Mostaganem astA, irp2 97.7% TEM NA, CIP, AML, AUG,
SXT, TE, N, CTX

S22/15 Mostaganem astA, irp2 89.4% TEM NA, CIP, AML, AUG,
SXT, TE, N, CTX

S16/15 Mostaganem irp2 92.6% None NA, CIP, AML, AUG,
SXT, TE, N

S34/16 Relizane irp2 93.3% None NA, CIP, N
S31/16 Relizane None 91.2% None NA, CIP, TE, N

S33/16 Relizane aggR, astA, irp2 90.3% None NA, CIP, AML, AUG,
SXT, TE, C, N

S47/16 Tiaret irp2 95.2% TEM NA, CIP, AML, AUG,
SXT, TE, N, CTX

S6/15 Tiaret None 96.5% None NA, CIP, AML, AUG,
TE, N

S48a/16 Tiaret astA 93.4% TEM NA, CIP, AML, AUG,
SXT, TE, C, N, CTX

S19a/16 Mascara None 92.7% TEM NA, CIP, AML, AUG,
SXT, TE, N, CTX

S61a/16 Mascara None 95.0% SHV NA, AUG, SXT, TE, N
E. coli

ATCC 259222 99.9% AML, AUG

1 astA, heat-stable enterotoxin-1; irp2, iron regulatory protein 2; stx2, shiga-like toxin 2; aggR, transcription factor; 2 TEM, temoniera;
CTX-M-1, cefotaximases; SHV, sulfhydryl variable; 3 AMR, antimicrobial resistance; NA, nalidixic acid; N, neomycin; TE, tetracy-
cline; CIP, ciprofloxacin; AUG, amoxicillin–clavulanic acid; STX, trimethoprim–sulfamethoxazole; AML, amoxicillin; CTX, cefotaxime;
C, chloramphenicol.

However, in contrast to the low percentage of virulence genes detected, all strains were
shown to be resistant to at least three antibiotics most frequently used in poultry (Table 1).
They were resistant to nalidixic acid (NA) (100%), neomycin (N) (100%), tetracycline (TE)
(94%), ciprofloxacin (CIP) (89%), amoxicillin–clavulanic acid (AUG) (83%), trimethoprim–
sulfamethoxazole (SXT) (78%), amoxicillin (AML) (72%), cefotaxime (CTX) (50%) and
chloramphenicol (C) (17%). Among the strains, 10 were phenotypically confirmed to
be ESBL-positive isolates. Genotypic analyses revealed that nine strains (CTX-resistant
50%) carried the blaTEM gene and one harbored the blaSHV gene (5.55%). Among the
blaTEM-producing E. coli isolates, two co-harbored the blaCTX-M−1 gene (11%) (Table 2). The
distribution of the percentages of ESBL isolates and the geographical area visited was 67%
in Oran, 57% in Mostaganem, 67% in Tiaret, 50% in Mascara and none in Relizane.

Furthermore, an association between biofilm production and the presence of enteroag-
gregative genes was evaluated.
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Table 2. Enteroaggregative and ESBL genes and biofilm production of E. coli isolates.

Strains aggR irp2 astA TEM CTX-M-1 SHV SBF Biofilm Grade

S13/15 + 0.81 M
S14/15 + + + 0.16 N
S2/15 + + 0.26 N

S4/15 stx2 0.76 M
S19/15 + + 0.20 N
S12/15 + + + + 0.18 N
S25a/16 + 0.62 W

S1/16 + + + 0.19 N
S22/15 + + + 0.29 N
S16/15 + 0.45 W
S34/16 + 0.52 W
S31/16 0.84 M
S33/16 + + + 0.65 W
S47/16 + + 0.39 W
S6/15 0.59 W

S48a/16 + + 0.22 N
S19a/16 + 0.24 N
S61a/16 + 0.27 N

E. coli
ATCC
25922

0.76 M

aggR, transcription factor; irp2, iron regulatory protein 2; astA, heat-stable enterotoxin-1; TEM, temoniera; CTX-M-1, cefotaximases; SHV,
sulfhydryl variable; SBF, specific biofilm formation; + gene presence; M, moderate (SBF ≥ 0.70–1.09); N, negative (SBF < 0.35); W, weak
(SBF ≥ 0.35–0.69).

Enteroaggregative genes were detected in the ESBL-producing strains (Table 1).
Among the seven strains harboring only blaTEM−1, two strains contained iron regula-
tory protein 2 (irp2) (28.5%), two both irp2 and the heat-stable enterotoxin-1 (astA) (28.5%),
one astA (14%) and another the transcription factor (aggR), astA and irp2 (14%) genes.
Two strains contained blaTEM/blaCTXM−1, and one had the irp2 (50%) gene. Among all
ESBL-producing strains, only one isolate, harboring blaTEM and irp2 genes, was a weak
biofilm producer (14%) (Table 2). The remaining strains (86%) were regarded as non-biofilm
producers (specific biofilm formation (SBF): 0.16–0.29).

Among the eight non-ESBL-producing strains, five (62.5%) harbored putative en-
teroaggregative genes: astA (n = 2, 25%), irp2 (n = 2, 25%) and astA–irp2–aggR (n = 1,
12.5%). Moreover, one isolate (12.5%) expressed the stx2 gene (Table 1). The non-ESBL-
producing isolates were more likely to produce biofilm than ESBL-producing strains
(p ≥ 0.001; r = 0.85). Among the non-ESBL-producing isolates, three strains were classi-
fied as moderate biofilm producers (Table 2). One harbored astA (12.5%), another stx2
(12.5%) and yet another contained no virulence gene (12.5%), with SBF: 0.81, SBF: 0.76
and SBF: 0.84, respectively. The remaining strains (62.5%) were regarded as weak biofilm
producers (SBF: 0.39–0.65). E. coli ATCC 25922 was a moderate biofilm producer (SBF: 0.81).

3. Discussion

The majority of E. coli strains are commensals inhabiting the intestinal tract of humans
and warm-blooded animals and rarely cause diseases, unless they acquire VFs carried by
mobile genetic elements such as bacteriophages, pathogenicity islands and plasmids [34].
Additionally, E. coli can form a reservoir of AMR genes that may be transferred among
different bacterial species, including pathogenic bacteria for both humans and animals.

In this study, the E. coli strains, isolated from fecal samples of apparently healthy
chickens, showed a low percentage of virulence genes, which are characteristic of shiga
toxin-producing E. coli (STEC O157:H7) (rfbE, fliC, eaeA and stx1). Indeed, except for one
E. coli strain, which was positive for the stx2 gene detected at one Mostaganem farm, all
the isolates were negative for the major genes encoding VFs. This finding is in accordance
with previous Algerian studies describing a low prevalence of stx genes in E. coli isolates
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from poultry origin, i.e., a recent Algerian study showed the presence of stx2 in only one
E. coli isolate from broiler chickens, which had just died [35]. Another study conducted
in the north of Algeria revealed the total absence of the stx2 gene and the presence of the
stx1 gene in only two E. coli strains isolated from diarrheic hens and chickens [36]. Our
results are also in agreement with several previous studies conducted in other countries,
which concluded that the prevalence of STEC O157:H7 in broiler chickens is relatively low
compared with other animal species [37–40].

However, in contrast to the low percentage of STEC virulence genes detected, all
isolated strains were shown to be resistant to at least three antibiotics most frequently
administered to poultry. Antimicrobial agents are being used in many countries in veteri-
nary practice for the treatment of disease, disease prevention and growth promotion [41].
However, the indiscriminate use of antimicrobials can result in bacterial selection pressure
of the intestinal microbiota of animals [19,42,43].

The high levels of resistance of the isolated strains against more than three antibiotics
were not surprising given the uncontrolled use of these antibiotics in poultry in Algeria
and their use without prior antimicrobial susceptibility tests. It must also be noted that the
lack of legislative restrictions on antibiotic use in the poultry industry could also lead to a
build-up of antibiotic resistance, i.e., they are still used in poultry feeds at sub-therapeutic
dosages for growth promotion purposes (to reduce bird mortality and improve production
performance). In contrast, this practice is banned in many countries, including those of
the European Union, to avoid AMR diffusion in pathogenic bacteria in food-producing
animals [44]. The high level of resistance recorded in this study for CTX (50%) is troubling
as third-generation cephalosporins (ceftiofur) are not used in Algerian poultry production.
These results are in agreement with those reported in other studies [45,46], which high-
lighted the emergence and persistence of ESBL-producing E. coli in the poultry production
pyramid in many countries despite the absence of third-generation cephalosporin usage.
This might be linked to the abuse and misuse of other antimicrobials (i.e., aminoglycosides,
β-lactams, quinolones, macrolides, nitrofurans, phenicols, polypeptides, sulphonamides
and tetracyclines) in broiler breeding or to the selection of ESBL-producing E. coli in broiler
breeders and their vertical transmission in the poultry production pyramid [47–50]. The
high levels of ESBL-producing E. coli isolates in Mostaganem, Oran, Mascara, Relizane and
Tiaret could be explained by their horizontal transmission in broiler farms and hatcheries,
as previously suggested [51], during broiler chicken transfer and likewise through national
trade to several regions of the country. In addition, encoding cephalosporin resistance
genes are generally placed on self-transmissible plasmids [52], which can be promiscuous
and are capable of circulating among a wide variety of hosts. Despite the fact that third-
generation cephalosporins are not used in Algerian poultry production, several studies
highlighted their colonization in broiler chickens in the last few years [53–55]. The genetic
background for cephalosporin resistance was diverse in those studies. Benameur et al. [54]
reported the presence of the blaCTX-M−1 gene and Meguenni et al. [55] showed the presence
of blaCTX-M−1 and blaCTX-M−15. Furthermore, Belmahdi et al. [53] detected the presence of
blaCTX-M−1, blaSHV−12 and blaTEM−1.

However, in our study, the most prevalent group was blaTEM followed by blaTEM
and blaCTX-M−1 gene combinations and blaSHV, like the findings in a study in Turkey that
demonstrated blaTEM as the most frequent gene, followed by blaCTX-M and blaSHV [56].

In many other studies, multiple occurrences of the genes were also common [57],
given that these genes frequently exist in large plasmids [58]. SHV and TEM were the main
types of ESBL until 2000, while, in recent decades, CTX-M enzymes took their place [59].

All genes encoding resistance to macrolides, quinolones, tetracyclines, aminogly-
cosides, trimethoprim, chloramphenicol and sulfonamides have been associated with
plasmids containing the blaCTX-M type [60]. The association of antibiotics, and the coexis-
tence of blaCTX-M genes with blaTEM or other resistance determinants, could contribute to
the spread of CTX-M enzymes. Nowadays, enzymes of the CTX-M-1 group are frequently
identified in North Africa [61].
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This issue is further worsened by the formation of biofilm, which promotes an addi-
tional bacterial tolerance or resistance to antimicrobial agents [29,62] and represents an
advantage in the survival against host defense factors, antibiotics, physical and chemical
stress as well as disinfectants [63,64].

In this study, the ability of biofilm formation was found to be significantly higher in
negative ESBL strains of E. coli than in strains carrying the blaTEM gene. However, despite
the small number of strains used in this study, the results align with those of other authors
who demonstrate that the expression of the blaTEM gene can negatively impact biofilm
formation in E. coli [65].

The production of biofilm is also regulated by putative enteroaggregative genes such
as the transcription activator known as “aggR”, the master regulator of EAEC virulence,
which controls the expression of adherence factors, and several other genes including
yersiniabactin operon (irp2) and EAST1 toxin (astA) [61].

However, according to other authors, no correlation was reported between aggR alone
or in association with irp2 and astA and biofilm formation in producing isolates, indicating
that there are additional factors involved in biofilm production in EAEC [9,66,67].

4. Materials and Methods
4.1. Study Area and Sampling

A total of 16 broiler farms were randomly selected to carry out this study. All the
farms were located within five geographic areas of Western Algeria, namely Mostaganem,
Oran, Mascara, Relizane and Tiaret, representing the major broiler poultry producing sites
in Algeria. Each broiler farm comprised several houses. Two poultry houses were sampled
from each farm and one sample per house was collected. The poultry houses were chosen
by considering their capacities (at least 3000 birds per house). All the farms included in this
study were under control by official veterinary services. Broilers were commonly kept for a
short period, which is generally less than two months. All broiler farms were visited once
and sampling was carried out a few days before submission of the birds to slaughter. Fresh
(still soft and warm) poultry feces was sampled from the poultry houses and transported
to the laboratory for isolation of E. coli. All sampled broiler flocks were apparently healthy
on the day of sampling.

4.2. Escherichia coli Isolation

Between March and September 2020, a total of 32 fecal samples, collected from different
broiler chicken farms situated in five geographic areas of Western Algeria (Mostaganem,
Oran, Mascara, Relizane, Tiaret), were analyzed in this study. To isolate E. coli, one gram of
fecal specimens was mixed with 9 mL of buffered peptone water and incubated for 18 h
at 37 ◦C. A drop was then streaked on MacConkey agar (MAC, Oxoid, Hampshire, UK)
plates and incubated for 18 h at 37 ◦C. E. coli ATCC 25922 and ATCC 10536 (American Type
Culture Collection, Rockville, MD, USA) were used as reference strains. Single colonies
were stored in glycerol at −80 ◦C until further testing.

4.3. Identification of Colonies by MALDI-TOF-MS

The presumptive E. coli colonies were identified by matrix-assisted laser desorption–
ionization time-of-flight mass spectrometry (MALDI-TOF-MS). Briefly, strains were cul-
tured on tryptic soy agar (TSA; Oxoid, Hampshire, UK) supplemented with 5% of sheep
blood and incubated at 37 ◦C for 24 h.

A single bacterial colony was deposited on FlexiMass MALDI target plates, with
48-well sample spots (bioMérieux, Firenze, Italy), followed by the addition of 1 µL of matrix
of alpha-cyano-4-hydroxycinnamic acid matrix in 50% acetonitrile and 2.5% trifluoroacetic
acid (Vitek MS-CHCA, bioMérieux, Firenze, Italy).

E. coli ATCC 8739, used as a calibrator and internal ID control, grown on TSA, which
was supplemented with 5% of sheep blood (according to the constructor procedure) and
incubated at 37 ◦C for 24 h, was inoculated on the calibration spots as well as the test strains.
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The prepared plate, after the complete crystallization of the microbial matrix complex, was
inserted in a Vitek MS Axima Assurance linear mass spectrometer (bioMérieux, Firenze,
Italy) set with a laser frequency of 50 Hz, an acceleration voltage of 20 kV, an extraction
delay time of 200 ns and mass spectra from 2000 to 20,000 Da. Every single strain was
analyzed three times in three separate runs at different times.

The obtained mass spectra for each microorganism were analyzed by SARAMIS software
(Spectral ARchive And Microbial Identification System—Database version 4.10—Software
year 2010, bioMérieux, Firenze, Italy) by comparing them with the database bacteria
reference spectra. The result of this comparison, calculated by the software algorithm, is a
percentage probability (confidence level) that represents the similarity (presence or absence
of specific peaks) among the obtained spectra and the reference spectra.

A perfect match reported as “excellent ID” corresponded to a percentage probability
of identification (confidence level) of 99.9%, a “good ID” from >60% to 99.8%, while for
<60% “no identification” (no ID) was given.

4.4. Genes Encoding VF Detection by Polymerase Chain Reaction

All E. coli isolates were tested for the genes encoding VFs characteristic of pathogenic
E. coli O157:H7: stx1, stx2, rfbE, fliC and eaeA, using specific primers [68]. Each polymerase
chain reaction (PCR) reaction was performed in a 50 µL amplification mixture consisting of
10 µL 5 × PCR buffer (1.5 mM MgCl2), 5.0 µL dNTPs (2.5 mM), 1 µL of each primer (10 µM),
0.25 µL of GoTaq DNA polymerase (5 unit/µL) and 10 µL of template. E. coli ATCC 43894
was used as a reference strain (E. coli O157:H7). The sequence of the used primers and
the conditions of PCR were performed according to Tabashsum et al. [68]. Amplification
products were separated by electrophoresis on 1.5% agarose gel, on 1 × Tris-Acetate-EDTA
(242 g/L trizma base; 57.1 mL/L glacial acetic acid; 100 mL/L EDTA 0.5 M pH 8.0) at 100 V
for 1 h and then visualized by GelRed staining, illuminated by UV transilluminator and
visualized by a gel reader (Bio Rad Gel DOC XR+, Hercules, CA, USA). A 100 bp DNA
ladder was used as a marker for PCR assay. The expected sizes of products for eaeA, rfb
O157 and fliC H7 gene amplification were 150, 259 and 625 bp, and for stx1 and stx2 genes
were 348 and 584 bp, respectively [68].

4.5. Antimicrobial Susceptibility Testing

Antimicrobial susceptibility of the isolates was tested using the Kirby Bauer method
according to the Clinical and Laboratory Standards Institute (CLSI) guidelines [69]. The
following antibiotics were tested: NA, 30 µg; CIP, 5 µg; AML, 25 µg; AUG, 20/10 µg; CTX,
30 µg; TE, 30 µg; SXT, 1,25/23,75 µg; N, 30 µg; C, 30 µg; CT, 50 µg (Oxoid, Hampshire, UK).
Briefly, the isolates were grown on TSA for 24 h at 37 ◦C. Subsequently, each bacterial
suspension was adjusted to McFarland 0.5 in normal saline and uniformly spread onto
Mueller–Hinton agar (MHA; Oxoid, Hampshire, UK). Paper disks impregnated with
antibiotics were placed on the surface of agar plates and incubated for 24 h at 37 ◦C
aerobically. Then, the diameters of the inhibition zones were measured by using a Vernier
caliper and the values were interpreted according to the CLSI guidelines [69]. E. coli ATCC
25922 and ATCC 10536 (American Type Culture Collection, Rockville, MD, USA) were
used as quality control strains.

4.6. Phenotypic Confirmation of ESBL Production

Phenotypic confirmation of ESBL production was performed by double-disk synergy
test according to the CLSI guidelines [69], by positioning an AUG disk at a distance of
30 mm to third-generation cephalosporin disk (CTX) on MHA. The test was considered
as positive when a synergy (champagne cork aspect) between AUG and CTX disks was
observed in combination with resistance or reduced susceptibility to third-generation
cephalosporin. Isolates showing decreased susceptibility to third-generation cephalosporin
without clear synergy were subjected to a Combination Disk Test, by applying disks
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containing third-generation cephalosporin alone and in combination with clavulanic acid,
following CLSI guidelines [69].

4.7. ESBL Gene Identification by PCR

DNA of the isolated E. coli strains was prepared by boiling methods. Briefly, for each
strain, 2 or 3 colonies were dissociated in 1 mL of distilled sterile water and centrifuged for
5 min at 13,000 rpm. The supernatant was eliminated, and the pellet was suspended in
200 µL of distilled sterile water and heated at 100 ◦C for 10 min, cooled on ice for 5 min,
and the DNA was removed from the supernatant after 5 min of centrifugation (13,000 rpm)
to pellet the cellular debris and stored at −20 ◦C until use. Genetic characterization of
ESBLs was performed on phenotypically confirmed E. coli isolates by PCR. The sequence
of primers and the conditions of PCR for the detection of blaESBL genes were performed as
described previously for blaCTX-M genotype groups 1, 2, 8 and 9, blaSHV [70] and blaTEM [71].
Amplification products were separated by gel electrophoresis using a 2% agarose gel.

4.8. Putative Enteroaggregative Gene Detection by PCR

The isolates were also investigated for the detection of various enteroaggregative
putative genes: aggr, astA and irp2. The sequence of the used primers and the conditions of
PCR were performed according to Mohamed et al. [9].

4.9. Biofilm Formation Assay

All E. coli isolates were evaluated for their ability to form biofilm by staining assay, as
described by Cramton et al. [72] with some minor modifications. Briefly, overnight cultures
in tryptic soy broth (TSB) were adjusted in culture medium to 5 × 105 CFU/mL and then
200 µL was dispensed into all the wells of the microtiter plate. The biofilm biomass formed
in each well, after incubation for 24 h at 37 ◦C, was washed twice with phosphate-buffered
saline (PBS), dried at room temperature, stained with aqueous 0.1% safranin solution
(200 µL) for 1 min and then washed with water. The stained biofilms were dissolved in
30% (v/v) acetic acid and measured at OD 492 nm using a microplate reader. The following
formula was applied to classify the biofilm formation: SBF = (AB − CW)/G, where AB
is the stained attached bacteria (OD 492 nm), CW is the stained control wells containing
bacteria-free medium only (OD 492 nm) and G is the cell growth in suspended culture
(OD 540 nm) [73]. E. coli ATCC 25922 served as a positive control. TSB without bacteria
was included as medium control.

The degree of biofilm formation of the isolates was classified into 4 categories: negative
(SBF < 0.35), weak (SBF ≥ 0.35–0.69), moderate (SBF ≥ 0.70–1.09) and strong (SBF ≥ 1.10) [74].

4.10. Statistical Analysis

All experiments were performed in triplicate. Statistical data analysis was carried out
using MATLAB_R2020a (MatWorks, Inc. Natick, MA, USA). A two-tailed Student’s t-test
was applied to evaluate the mean ± standard deviation and the significant differences in the
grade of biofilm formation among different strains. For each comparison between virulence
or resistance genes and biofilm formation, a correlation coefficient (r) was determined via
Pearson’s analysis. p-values of ≤0.05 were considered significant in all experiments.

5. Conclusions

In conclusion, our results reported a low frequency of virulence-associated genes of
STEC O157:H7 in E. coli strains isolated from different poultry farms in Western Algeria.
However, all isolates were shown to be resistant to at least three antibiotics most frequently
used in poultry, and among these more than half were ESBL-positive E. coli despite no use
of third-generation cephalosporins in Algerian poultry production. The ability of biofilm
formation, which is considered a further virulent factor in pathogenic bacteria, was instead
found to be higher among non-ESBL-producing strains of E. coli. Given that E. coli in
chickens represents one of the major opportunistic pathogens and that it can be easily
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transferred from animals to humans, ESBL-producing E. coli represents an important risk
factor for the poultry industry and human health. This study emphasizes the importance of
monitoring the spread of the E. coli isolates that harbor virulence and antibiotic resistance
genes in poultry farms, including the ones with healthy chickens, in order to prevent and
control the spread of resistant bacteria and their virulence genes.

In Algeria, antimicrobials are not only used for therapeutic reasons but also for growth
promotion and disease prevention. Consequently, the Algerian authorities should enforce
AMR rules in order to guarantee a wise use of antimicrobials that will limit the risk of
transmission along the food chain.
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Abstract: Climate change is expected to create environmental disruptions that will impact a wide
array of biota. Projections for freshwater ecosystems include severe alterations with gradients across
geographical areas. Life traits in bacteria are modulated by environmental parameters, but there is
still uncertainty regarding bacterial responses to changes caused by climatic alterations. In this study,
we used a river water microcosm model to evaluate how Aeromonas spp., an important pathogenic
and zoonotic genus ubiquitary in aquatic ecosystems, responds to environmental variations of tem-
perature and pH as expected by future projections. Namely, we evaluated bacterial growth, biofilm
production and antimicrobial resistance profiles of Aeromonas species in pure and mixed cultures.
Biofilm production was significantly influenced by temperature and culture, while temperature and
pH affected bacterial growth. Reversion of antimicrobial susceptibility status occurred in the majority
of strains and tested antimicrobial compounds, with several combinations of temperature and pH
contributing to this effect. Current results highlight the consequences that bacterial genus such as
Aeromonas will experience with climatic alterations, specifically how their proliferation and virulence
and phenotypic resistance expression will be modulated. Such information is fundamental to predict
and prevent future outbreaks and deleterious effects that these bacterial species might have in human
and animal populations.

Keywords: microcosm; Aeromonas; climate change; temperature; pH; biofilm; antimicrobial resis-
tance; water

1. Introduction

Environmental conditions are a major driver of bacterial activity and can shape
the expression of several metabolic pathways [1,2]. Namely, such parameters have the
potential to influence bacterial virulence (e.g., biofilm formation) and antibiotic resistance
signatures [3,4].

Climatic scenarios, as predicted by simulation methodologies based on different levels
of emissions, are projected to significantly differ from currently observed meteorological
conditions [5]. Regarding aquatic ecosystems, and particularly in freshwater habitats,
various environmental parameters are expected to be altered in the coming years. Water
temperature, directly influenced by air temperature, is expected to rise across different
habitats [6]. Additionally, the occurrence of heatwaves will likely increase, resulting in
extended periods of drought associated with a low flow of freshwater systems, a decrease in
water level and in dissolved oxygen concentrations [7–9]. Consequently, reduced dilution
of freshwater streams will also affect ion balance levels [10,11]. These biotic changes will
impact ecosystem dynamics and promote disruptions in species equilibrium [9,12]. All of
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these events are expected to significantly decrease freshwater’s quality [13]. Ultimately,
these changes compromise future water availability, freshwater ecosystems’ structure and
populations’ sustainability [14–16].

Natural aquatic ecosystems, often the last destination of terrestrial runoffs, are known
reservoirs of both antimicrobial resistance and bacterial virulence determinants [17]. The
microbiota present there, with or without direct connection with clinical infections, con-
stitute a pool of information to the terrestrial microbiota or can even be disseminated to
anthropogenic cycles [18]. This intricate connection between environmental microbiota
and bacterial genus with effects at the One Health level stresses the importance of close
surveillance of antimicrobial resistance and virulence dynamics in natural habitats in
order to prevent epidemic situations both in anthropogenic settings and natural habi-
tats [19,20]. Since modeling bacterial responses to changing environmental parameters in
natural habitats is challenging, lab simulations—e.g., microcosm assays—are an important
tool to predict how microbiota will respond to environmental cues foreseen in climatic
predictions [21,22].

We hypothesize that aquatic bacteria’s antimicrobial resistance signatures and viru-
lence traits, as well as their growth, may vary with changing environmental conditions. In
order to test this, we applied microcosm simulation assays using different water tempera-
tures and pH values following established emissions scenarios [5] to Aeromonas spp.—a
model bacterial genus ubiquitous across different aquatic ecosystems—and evaluated
changes in the antimicrobial resistance profile, biofilm production and growth of the
isolates under study.

2. Results

Biofilm production by each of the Aeromonas strains in pure and mixed culture in the
different assays is illustrated in Figure 1. Each strain’s response to temperature and pH
was variable between species and within the same species.

When considering results by groups (Aeromonas species individually and mixed cultures),
biofilm production in the mixed cultures’ wells was significantly lower (p < 0.001) than in
the other groups. Additionally, water temperature also significantly influenced biofilm
production (p = 0.006), with isolates exposed to the Fluctuations treatment producing less
biofilm (Figure 2). The different pH conditions tested did not influence biofilm production.

Regarding mixed culture wells, re-isolation and identification of the initial Aeromonas
pool added to each well was not possible with several combinations of temperature and pH
treatments. Aeromonas species prevalence at the end of microcosm assays varied across the
applied treatments and also between replicates (Figure 3). When evaluating the influence
of each individual Aeromonas species present in mixed cultures on the biofilm production,
it was observed that no species had a significantly different influence.

Some differences were observed regarding the growth of the isolates during the experi-
ment (Figure 4). Significant differences were recorded between the tested Aeromonas species
(p < 0.001). A. veronii isolates presented significantly lower concentrations than the other
single and mixed cultures, while A. hydrophila presented significantly lower concentrations
than A. media and mixed cultures. Temperature (p < 0.001) and pH (p = 0.007) treatments
also influenced bacterial growth. While bacterial growth did not differ between current
and fluctuations treatments, it was significantly increased in the RCP 4.5 treatment and
decreased in the RCP 8.5 treatment. Bacterial growth was increased in acidic pH conditions
(6.31) when compared to alkaline pH (8.61). Specific associations were also found between
Aeromonas species and pH (p = 0.002) and between temperature and pH (p < 0.001). While
A. media and mixed cultures presented higher concentrations in water microcosms with pH
6.31, A. caviae presented higher concentrations at pH 8.61. No differences were observed
at pH 7.61. Regarding the interaction between temperature and pH, concentrations in the
RCP 4.5 treatment were higher at pH 6.31, decreasing until pH 8.61. For RCP 8.5, higher
concentrations were observed at pH 8.61.
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Figure 1. Biofilm production by each strain and mixed culture (mean + SEM). Presented results correspond to values 
subtracted to each treatment’s negative control for normalization. The three replicates’ results are presented by strain and 
mixed cultures, except for replicates where T0 and Current pH 7.61 were considered significantly different (A. veronii #1, 
Mixed cultures #1, #2 and #3). First column in each graph represents the temperature treatment (C—Current, R4.5—RCP 
4.5, R8.5—RCP 8.5, F—Fluctuations) and the second the pH treatment. OD—Optical density. 

Figure 1. Biofilm production by each strain and mixed culture (mean + SEM). Presented results correspond to values
subtracted to each treatment’s negative control for normalization. The three replicates’ results are presented by strain and
mixed cultures, except for replicates where T0 and Current pH 7.61 were considered significantly different (A. veronii #1,
Mixed cultures #1, #2 and #3). First column in each graph represents the temperature treatment (C—Current, R4.5—RCP 4.5,
R8.5—RCP 8.5, F—Fluctuations) and the second the pH treatment. OD—Optical density.
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Figure 3. Prevalence of Aeromonas species in the mixed cultured wells after the microcosm assay. Each line corresponds to a
distinct replicate belonging to one of the pH treatments (7.61, 6.31 and 8.61) from the tested mixed cultures (#1, #2 and #3).
Each column represents an Aeromonas species (AH—A. hydrophila, AM—A. media, AV—A. veronii, AC—A. caviae) from a
specific temperature treatment (Current, RCP 4.5, RCP 8.5 and Fluctuations).

The bacterial concentration was not correlated with biofilm production (rs = 0.020,
p = 0.676).

Several changes regarding the antimicrobial resistance profile were observed among
treatments for the same isolate (Figure 5). Observations between the control treatment
(T0, pH 7.61) were similar to results obtained with the current treatment and similar pH
levels. Phenotype variation occurred in a strain-dependent way, and it was specific for
each antimicrobial compound tested. For all strains and antibiotics (except A. hydrophila
and tetracycline), modification of the original susceptibility category occurred with at least
one combination of treatments.

In certain situations, reversion of non-wild-type to a wild-type phenotype occurred
only with specific combinations of temperature and pH. This is the case of erythromycin
susceptibility and A. caviae, A. hydrophila and A. media. Regarding A. caviae and A. media, the
same treatment (i.e., Current and pH 6.31) caused this phenomenon. In other cases, several
combinations resulted in this reversion with no obvious pattern. The opposite was also
observed (conversion from wild-type to non-wild-type) among the isolates. Although some
treatments seemed to result in this situation more often for some antimicrobial compounds
(i.e., RCP 4.5), a high variability was observed.
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3. Discussion

Investigating how bacteria will evolve with environmental cues using natural habi-
tats is a difficult task. Instead, the use of microcosm simulations allows the exploration
of such associations, ensuring experimental control and uniformity. This methodology
represents a first step in the prediction of transformations to occur in important bacterial
genus with an impact at the One Health level, such as Aeromonas spp., and prepare for
future outbreaks or phenotypical changes with consequences to public health. In this
study, we show that different Aeromonas species adapt their growth, biofilm production
and antimicrobial resistance signatures to environmental projections related to climatic
alterations (i.e., temperature and pH) in water, highlighting the role that future climatic
events will have in shaping bacterial activity, as well as virulence and resistance expression.
It is noteworthy that, in this study, differences regarding growth, biofilm production and
antimicrobial resistance signatures were observed using relatively small temperature and
pH amplitudes, which are more likely to reflect future climatic trends.

3.1. Biofilm Production

In general, the studied isolates presented variability in the production of biofilm when
exposed to the different temperature and pH treatments. Although some response patterns
were present, the disparity in results between isolates of different species and within the
same species highlights the fact that individual characteristics will govern how an iso-
late will respond to environmental cues; however, significant associations were observed.
Mixed cultures produced significantly less biofilm when compared to the Aeromonas species
individually. At the end of the microcosm assay, it was not possible to isolate all Aeromonas
species in many mixed cultures. Some species absence was more evident than others
(e.g., A. caviae in mixed culture #3 along the various temperature and pH treatments), al-
though a general pattern was not present. Additionally, and while pH treatments seem not
to influence biofilm production significantly, temperature influenced biofilm production
in Aeromonas spp. Namely, isolates exposed to temperature oscillations (i.e., Fluctuations)
produced less biofilm. Such biofilm production was not dependent on bacterial concen-
tration. Distinct Aeromonas species display specific preferences regarding environmental
parameters [23,24]. Although Aeromonas spp. possess stress response mechanisms to deal
with environmental oscillations [25], they still impact several aspects of bacterial life. If the
combined temperature and pH conditions fall within the optimal range for multiplication
and virulence expression for each isolate, they will dictate the isolate’s competitiveness
and ability to survive in an environment composed of multiple species [26,27]. Further, the
level of interspecific competition for the limited resources will also hinder each isolate’s
ability to allocate nutrients to processes such as biofilm production, contrary to what
occurs in pure cultures [28]. Finally, environmental oscillations of abiotic factors, such as
temperature, will create additional disturbances for the bacterial communities [22] and the
overall combination of external stressors with internal competition is likely to impact the
final biofilm production.

3.2. Bacterial Growth

In this study, a disparity in bacterial growth during the microcosm experiments
was observed between the studied species (both in pure culture and in mixed culture).
Overall, A. veronii isolates displayed a significantly lower growth when compared with
other tested groups. Delamare et al. [29] highlighted lower growth patterns by A. veronii
when compared to other Aeromonas species (i.e., A. hydrophila, A. media and A. caviae).
Growth rate variability is a consequence of phenotypic diversity in bacteria [30]. Such
variability can be the result of the nutrient uptake rate by the bacterial cell and of the
resource’s distribution between the processes occurring in the bacterial cell [31]. Aeromonas
strains and species growth variability likely reflect different limitations in these processes
among the isolates, which can also explain differences observed not only for A. veronii
but also for A. hydrophila. In the mixed cultures group, this pattern was not observed,
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and two hypotheses can be drawn: either other Aeromonas species present in the culture
compensated for lower growth rates by A. veronii, or interspecific competition eliminated
A. veronii presence in the microcosm wells (as stated in Figure 3), facilitating the growth of
other species or canceling the growth effect A. veronii had in the total growth.

Both changes in water temperature, as well as in the pH conditions, played a significant
role in the growth of Aeromonas spp. Regarding temperature, a biphasic effect was observed:
while small increments in water temperature (i.e., RCP 4.5) seem to benefit the Aeromonas
species under study, both in pure and in mixed cultures and favor their proliferation;
once reaching a certain threshold imposed by higher temperatures (i.e., RCP 8.5), such
boosting effect is lost and bacterial growth is lowered. Temperature is a determinant in
bacterial growth and Aeromonas typically increase both growth and metabolic activity
and decrease lag phase when experiencing higher environmental temperatures [32,33];
however, such growth reaches a plateau with temperature increments and starts to decrease
before reaching maximum thermal tolerance [34], highlighting the role of thermal stress as
a regulator of bacterial growth. It is noteworthy that, although cultures subjected to the
fluctuation treatment experienced similar temperature values, such as the ones in the RCP
8.5 treatment, alternate exposure to higher (24.5 ◦C) and lower (21 ◦C) temperature values
likely created buffer periods in which bacterial cultures could stabilize and multiplicate.

Regarding pH, the overall growth of Aeromonas spp. was higher in acidic environments
when compared to alkaline environments. While some authors found a non-significant ef-
fect or a negative effect of pH on Aeromonas growth [33,35,36], Aeromonas are evolutionarily
adapted to low pH environments, such as the gastrointestinal environment, and have built
cellular responses (i.e., protective protein synthesis) that allow for acid tolerance [37]. Ad-
ditionally, when exposed to acidic environments, the lag phase in Aeromonas is significantly
shorter, prompting the beginning of the following growth phases sooner [38]; however, it is
likely that different Aeromonas species display specific niche preferences and have evolved
towards tolerance in different pH gradients. This explains why in this study some groups
exhibited higher growths in acidic treatments (A. media and mixed cultures), while others
performed better in alkaline pH (A. caviae). Additionally, both temperature and pH seem
to play an interactive role, conditioning higher growth of Aeromonas spp. with specific
combinations (i.e., RCP 4.5 and acidic pH, RCP 8.5 and alkaline pH).

3.3. Antimicrobial Resistance Profiles

Climate change has been implicated as a factor involved in increasing levels of antimi-
crobial resistance among different bacterial species in prolonged temporal sets. Distinct
spatial patterns occur globally and are connected with local climacteric variability, high-
lighting how distinct geographical areas will be impacted by this problem in different
proportions [39,40]. Specifically, regions expected to be more vulnerable to climacteric
alterations are also the ones predicted to accumulate the highest prevalence of antimicrobial
resistance [41]. Some authors report the role of increasing temperatures over time in the
overexpression of this phenomenon in species such as Escherichia coli, Klebsiella pneumo-
niae, Pseudomonas aeruginosa and Staphylococcus aureus [40,42]. In a meta-analysis with
isolates collected in aquacultures conducted by Reverter et al. [41], a similar conclusion
was drawn for bacterial genera commonly infecting aquatic animals. In this study, we
show that climatic scenarios of changing temperature and pH can alter the antimicrobial
susceptibility profile of different Aeromonas species. Although species belonging to the
Aeromonas genus are normally resistant to erythromycin and susceptible to tetracycline
and sulfamethoxazole/trimethoprim, the selected strains in this study displayed variable
susceptibility status to these antimicrobials; however, and with the exception of one strain
(A. hydrophila and tetracycline), reversion of the original susceptibility status occurred for
all tested strains and antimicrobial compounds at least in one experimental condition.

In some situations, reversion of non-susceptibility to susceptibility to the tested an-
timicrobial compounds was observed. Antibiotic resistance represents a fitness cost for
bacterial species and the development of resistance is modulated by this parameter [43,44].
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Resistance to antimicrobial compounds can impact important cellular activities or be met
with higher energetic costs related to gene expression needs [45,46]. Thus, when experienc-
ing amplified fitness costs, such as those provided by changes in temperature and pH, the
rate of resistance reversibility in bacteria increases [43]. In this study, it seems that several
combinations of water temperature and pH treatments resulted in the phenomenon that
accommodates this hypothesis; however, resistance development was also observed in
this study for strains displaying wild-type status. In alternative to resistance acquisition
through horizontal gene transfer, a process known to be modulated by temperature condi-
tions [42], de novo mutations (including recombination) can explain antibiotic resistance
development in the absence of resistance determinants or antimicrobial pressure in the
environment [45,46], as in this study. In fact, increasing temperatures have been associated
with genome-wide selection of these mutations [47]. Despite the costs in fitness already
described for resistance acquisition, bacterial species have the potential to downplay such
costs by means of compensatory evolution by developing mutations that will decrease
fitness cost without compromising antimicrobial resistance or by performing physiolog-
ical adaptations or activating specific systems that buffer mutational effects and fitness
costs [45,46,48,49]. Different factors can influence the acquisition of antibiotic resistance in
these settings, such as thermal stress or changes in pH [50,51]. Antimicrobial resistance
development occurred in this study for several combinations of water temperature and pH
treatments. It is likely that the final antimicrobial susceptibility of the isolates corresponds
to an “arms race” between external stressors impact, fitness costs and genetic adaptation
by the bacteria, unraveling a non-linear relationship between the tested variables and the
antimicrobial susceptibility of Aeromonas spp.

4. Materials and Methods
4.1. Strain Selection

Aeromonas species selection followed results obtained prior to this study [52]. Namely,
the occurrence of mesophilic Aeromonas spp. was investigated in Iberochondrostoma lusi-
tanicum in four freshwater streams in the Lisbon district, Portugal (Lizandro: 38.886701◦,
−9.298140◦; Samarra: 38.894761◦, −9.433734◦; Jamor: 38.720832◦, −9.249696◦; Laje: 38.709159◦,
−9.314079◦) previously characterized by our team [53]. A. caviae, A. hydrophila, A. media
and A. veronii were considered the most abundant species and, hence, included in this
study. Strains were selected from a bacterial library evaluated by a RAPD (random am-
plified polymorphic DNA) technique in order to perform molecular typing and genomic
differentiation. Three isolates of each Aeromonas species that were not considered clones,
originating from different locations, were selected as representatives for inclusion in the
study (n = 12).

The strains’ ability to produce slime was evaluated using a phenotypical assay, Congo
Red Agar (22 ◦C, 72 h), as described before [54]. Only slime-producer strains were selected
for inclusion in the study.

Strains were stored in pure cultures in cryovials stored at −80 ◦C. Prior to their use,
resuscitation was performed by transferring 100 µL of each bacterial suspension to 8 mL of
Brain Heart Infusion broth (BHIB; VWR, Radnor, PA, USA), incubating for 24 h at 21 ◦C.
After, bacterial suspensions were transferred to solid mediums—BHI agar and Columbia
Blood (COS) agar (Biomérieux, Marcy-l’Étoile, France)—and incubated at 21 ◦C for 24 h.
The purity of the cultures was confirmed by macro and microscopic morphology, as well
as by Gram staining and phenotypic traits (oxidase production).

4.2. Biofilm Formation Quantification

In order to standardize the number of colony-forming units (CFU) in the suspensions
to be used in the quantification of biofilm formation, reference Aeromonas strains were
selected, namely A. caviae ATCC 1976, A. hydrophila ATCC 7966, A. media ATCC 33907 and
A. veronii ATCC 35624.
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Briefly, reference strains were incubated in BHI agar and COS agar at 21 ◦C for 24 h.
After incubation, for each reference strain, colonies were selected and inoculated in 5 mL
of 0.9 % saline solution until adjusting to a turbidity of 0.5 McFarland using a digital
densitometer DENSIMAT (Biomérieux, Marcy-l’Étoile, France). After homogenization,
serial ten-fold dilutions were performed in 9 mL of 0.9% saline solution (up to 10−6). From
each dilution (10−4 to 10−6), 100 µL were collected and plated in BHI agar in duplicate,
using sterilized glass beads. Plates were incubated at 21 ◦C up to 48 h. Colonies were
counted in both plates and averaged. The number of CFU/mL was calculated using the
formula (number of colonies × dilution factor)/volume.

Biofilm formation was performed using the microtiter plate assay and quantification
was performed using the crystal violet method, as described before [55,56] with modifica-
tions. Bacterial colonies were collected from BHI agar and suspended in 5 mL of 0.9% saline
solution until adjusting to a turbidity of 0.5 McFarland. Based on the pre-established aver-
age CFU/mL for each Aeromonas species, concentrations were adjusted for each strain in
order to prepare a final concentration in the wells of the Nunc™ MicroWell™ 96-well plates
(ThermoFisher Scientific®, Waltham, MA, USA) of 5 × 105 UFC/mL in a final volume of
200 µL. As culture medium, Tryptic Soy Broth (TSB, VWR, Radnor, PA, USA) supplemented
with 0.25% glucose (Millipore®, Merck, Darmstadt, Germany) was used. A. hydrophila
ATCC 7966 is considered a strong biofilm producer; hence it was selected as a positive
control. As a negative control, TSB supplemented with 0.25% glucose was used in six wells
in each assay. The microtiter plate was incubated at 21 ◦C for 48 h.

After incubation, the content of all wells was carefully aspirated to eliminate plank-
tonic forms and the wells were washed three times at room temperature with phosphate-
buffered saline (PBS; VWR, Radnor, PA, USA) at pH 7.0. The PBS was discarded after
the final wash and the microtiter plate was incubated in an inverted position at 60 ◦C for
1h, for the adherent cells to fixate. After, 150 µL of 0.25% Hucker crystal violet (diluted
in de-ionized water; Merck, Darmstadt, Germany) were added to the wells, followed
by incubation at room temperature for 5 min. The stain excess was aspirated, and the
microtiter plate rinsed until the rinse was free of stain. The microtiter plate was airdried at
room temperature and, once dry, 150 µL of 95% ethanol (NORMAPUR®, VWR, Radnor,
PA, USA) were added to each well for solubilization of the stain. The microtiter plate was
covered with the lid to avoid ethanol’s evaporation and incubated at room temperature for
30 min. After incubation, the optical density (OD) of the microtiter plate was evaluated
at 570 nm in a horizontal bidirectional reading using the FLUOstar OPTIMA microplate
reader (BMG LABTECH, Ortenberg, Germany). This assay was performed prior and after
the microcosm assay to enable further comparisons. In both situations, three replicates
were performed for each strain on independent days.

4.3. Antimicrobial Susceptibility Testing

Antimicrobial susceptibility testing was performed using the disk diffusion tech-
nique [57]. Guidelines of the Clinical and Laboratory Standards Institute for Aeromonas
salmonicida testing were followed as reference [58], selected since the testing temperature—
22 ◦C—closely resembles the temperature used for the basal treatment. The following
antibiotics (Mastdiscs®, Mast Group, Liverpool, UK) were tested: erythromycin (E, 15 µg),
tetracycline (T, 30 µg) and sulfamethoxazole/trimethoprim (TS, 23.75–1.25 µg). Antimi-
crobial compound choice followed options where epidemiological cut-off values were
available. A “wild-type” (WT) phenotype implies isolate susceptibility to the antimicrobial,
while a “non-wild-type” (NWT) phenotype implies that the isolate presents resistance
mechanisms. Escherichia coli ATCC 25922 was used as a quality control. This technique
was performed prior and after the microcosm assay to enable further comparisons. One
strain from each species was randomly selected to be tested. Only strains from pure cul-
ture microcosms (i.e., no strains from mixed cultures microcosms were used) were used
to perform the antimicrobial susceptibility testing. The same strain was used prior and
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after microcosm comparisons. In both situations, 10% of replicates were performed on
independent days.

4.4. Microcosm Assay

To evaluate the influence that water temperature and pH might have in the antimi-
crobial resistance and virulence profiles of Aeromonas spp., a microcosm simulation assay
was developed. Testing variables (i.e., temperature and pH) were selected based on the
expected impact that climatic alterations will have in these two parameters in freshwater
ecosystems [5] and on the known influence of these variables on bacterial biofilm formation
and resistance acquisition/expression [42,59–62].

Regarding water temperature, four experimental conditions were used. First, a con-
dition representing the current water temperature values was created based on trends in
water temperature observed during higher temperature months (July to October) in the
Lisbon’s District rivers (Cascais, Oeiras and Sintra municipalities) in the period between
1985–2016 and averaged (21 ◦C) [63]. Only sampling points located far from the river
mouth were selected to prevent temperature oscillations related to other water bodies.
Similarly, only sampling points with substantial datasets over a wide temporal frame
were selected (n = 6). Location was selected to match the origin of the bacterial isolates.
Additionally, two different 21st-century projections of climate alterations for the period
of 2081–2100 establishing different levels of greenhouse gas emissions and atmospheric
conditions, air pollutant emissions and land use were selected—representative concentra-
tion pathways (RCP) 4.5, representing a scenario of medium stabilization (23.2 ◦C) and
8.5, representing a scenario of high warming (24.5 ◦C) [5]. To mimic a scenario of rapid
temperature fluctuations, the protocol established by Saarinen, Lindström and Ketola [22]
was implemented with modifications to accommodate Aeromonas spp. growth conditions
and the temperature ranges defined for this study. So, repetitions of 24 h cycles of either
24.5 ◦C or 21 ◦C were applied. Additionally, to establish an initial time point to enable
comparisons in both the microtiter plate assay and the disk diffusion technique prior and
after the microcosm assays, a treatment (T0) mimicking the current water temperature and
pH (21 ◦C, pH 7.61) was included. Contrarily to the other treatments, the strains in T0 were
incubated in river water for only 24 h.

Simulations from van Vliet et al. [7] on the correlation between air and river water
temperature were used to determine final water temperature conditions for the RCP
scenarios. Additionally, river discharge level, which also affects water temperature, was
based on simulations by van Vliet et al. [7,14] for the Iberian Peninsula and fixed at decrease
levels of 40%.

Regarding water pH, and since this parameter trends in rivers will vary according to
demographic and geologic characteristics of the areas adjacent to the river [64,65], both a
scenario of acidification and a scenario of alkalization were included. Three conditions
were created, two mimicking both previously described scenarios and one establishing the
current water pH conditions. Water pH values were established based on trends accessed
in the same datasets used for temperature [63]. The treatment established as the current
condition was based on the average of the values recorded in the analyzed period (pH 7.61).
The acidification scenario was based on the average of the lowest pH values observed in
all analyzed rivers (pH 6.31), while the alkalization scenario was based on the average of
the highest pH values recorded (pH 8.61). A summary of the experimental conditions used
in this study is found in Table 1.

Microcosm experimental setup was adapted from Zhang and Buckling [66] and
Cairns et al. [67]. Water preparation was performed as described in Sautour et al. [33]. BHIB
was used as an addictive of river’s water to act as a nutrient source. This medium was
used at a 2.5% concentration to resemble the resource levels found in natural ecosystems.

Briefly, river water collected in a freshwater stream in the Lisbon district (Jamor:
38.720832◦, −9.249696◦) was filtered using a 0.22 µm Millipore filter (Frilabo, Maia, Portu-
gal) and autoclaved at 121 ◦C for 20 min. For each water pH condition, BHIB was added to
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the water and pH adjusted to match the conditions established using a HI-4521 Research
Grade pH/ORP/EC Bench Meter (Hanna Instruments, Póvoa de Varzim, Portugal). Bacte-
rial suspensions were prepared by collecting colonies from BHI agar that were suspended
in 5 mL of 0.9% saline solution until achieving a turbidity of 0.5 McFarland. Suspensions
were prepared in pure cultures and in mixed cultures (with only one strain of each species—
A. caviae, A. hydrophila, A. media and A. veronii—represented once). Nunc™ MicroWell™
96-well plates were used to establish the microcosm. In pure culture wells, 200 µL of the
respective medium were added, following the addition of 10 µL of the bacterial suspension.
In the mixed culture wells, 2.5 µL of each bacterial strain was used. In both situations,
bacterial suspensions were prepared in 0.9% saline solution previously according to the
established average CFU/mL of the reference strains to achieve a final concentration of
5 × 105 UFC/mL in each well. In the negative control wells, 210 µL of the respective
medium was added. Plates were incubated for 6 days in the respective temperature treat-
ment inside an SSI10 SSI10-2 orbital shaking incubator (Shel Lab, Cornelius, NC, USA) at
150 rpm to mimic water turbulence in the natural habitat. Every 48 h of incubation, renewal
of the medium was performed by adding 20 µL of the previous culture into a new plate
with 180 µL of the respective medium. At the end of each microcosm assay, the OD was
read at 570 nm as described before to determine bacterial growth. After reading, 10 µL from
each well was transferred into BHI agar, incubated at the respective assay’s temperature
for 24 h and used for biofilm quantification, antimicrobial susceptibility testing and species
confirmation (in the case of the mixed culture wells). The pH values for each assay were
validated by randomly selecting bacterial cultures across the three different pH used, as
well as the negative controls mediums, and analyzed using Neutralit® pH-indicator paper
(Merck, Darmstadt, Germany). Tests were performed immediately after incubation.

Table 1. Experimental conditions used in the microcosm assays. RCP—representative concentra-
tion pathway.

Experimental Conditions

Temperature (◦C) pH

Current 21 Current 7.61
RCP 4.5 23.2 Acidification 6.31
RCP 8.5 24.5 Alkalization 8.61

Fluctuations 21–24.5

4.5. Aeromonas Species Confirmation in Mixed Culture Wells

Following the microcosm assays, species confirmation in the mixed culture wells was
performed. Bacterial colonies with distinct macroscopic morphology in BHI agar were
selected and streaked into pure cultures. The purity of the cultures was evaluated by macro
and microscopic analysis, and Gram staining and oxidase production were evaluated.

Bacterial genomic DNA was obtained by the boiling method [68]. To achieve species
identification, a multiplex PCR protocol previously described [69] was used with some
modifications. This protocol targets the identification of the four species included in this
study. A. caviae ATCC 1976, A. hydrophila ATCC 7966, A. media ATCC 33907 and A. veronii
ATCC 35624 were used as positive controls.

Briefly, PCR mixtures were performed in a final volume of 25 µL, composed of:
12.15 µL of Supreme NZYTaq 2 × Green Master Mix (NZYTech, Lisbon, Portugal), 10 µL of
PCR-grade water (Sigma-Aldrich, Saint Louis, MO, USA), 0.025 µL (0.05 µM) of primers
A-16s, 0.25 µL (0.5 µM) of primers A-cav, 0.1 µL (0.2 µM) of primers A-med, 0.225 µL
(0.45 µM) of primers A-hyd, 0.075 µL (0.15 µM) of primers A-Ver; and 1.5 µL of template
DNA. Thermocycler conditions included a hot start at 95 ◦C for 2 min; followed by 6 cycles
of denaturation at 94 ◦C for 40 s, annealing at 68 ◦C for 50 s and extension at 72 ◦C for 40 s;
and 30 cycles at 94 ◦C for 40 s, 66 ◦C for 50 s and 72 ◦C for 40 s.
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Amplification products were resolved by gel electrophoresis using 1.5% (w/v) agarose
in 1 × TBE Buffer (NZYTech, Lisbon, Portugal). Gels were resolved for 45 min at 90 V and
NZYDNA Ladder VI (NZYTech, Lisbon, Portugal) was used as a molecular weight marker.
Gels were visualized using a UV light transilluminator. The images were recorded through
the Bio-Rad ChemiDoc XRS imaging system (Bio-Rad Laboratories, Hercules, CA, USA).

4.6. Statistical Analysis

Prior to statistical analysis, the influence of the microcosm assay (i.e., other factors than
the water temperature and pH conditions) on the biofilm production and antimicrobial
resistance profiles was accessed by comparing the results obtained with the treatment
T0 and current pH 7.61 (similar water temperature and pH conditions). A coefficient of
variation of 25% was set as a breakpoint and calculated individually for each Aeromonas
species. Minimal and maximal limits were calculated regarding T0 values. Current pH
7.61 values that fell outside the limit were considered significantly different. Replicates
of isolates where this situation occurred were excluded from the subsequent analysis due
to possible bias (i.e., A. veronii #1 3rd replicate, mixed culture #1 2nd and 3rd replicates,
mixed culture #2 2nd replicate, mixed culture #3 1st and 2nd replicates). For antimicrobial
resistance profiles, a qualitative comparison of the epidemiological cut-off values between
the two treatments was performed and no deviations occurred.

Several isolate level response variables were analyzed regarding temperature and
pH treatments. Using a factorial ANOVA where it was determined the difference in
values regarding T0 treatment and Tukey’s multiple comparison test to evaluate differences
between treatments, the (1) biofilm production and the (2) bacterial growth were considered.
Using a stepwise linear regression and a point-biserial correlation, the influence of the
different Aeromonas species in mixed cultures on the production of biofilm was considered.
Pearson’s correlation was calculated between biofilm production and bacterial growth.
The statistical analysis was performed using IBM SPSS Statistics version 27 software
(IBM Analytics, New York, NY, USA). Graphs were produced using GraphPad Prism®

(GraphPad Software, San Diego, CA, USA, version 5.01).

5. Conclusions

Current results show how Aeromonas spp. will respond to projected environmental
shifts in water temperature and pH. Namely, that temperature increments will have a
biphasic effect on Aeromonas spp. growth, while this bacterial genus will multiply better in
acidic environments. Further, Aeromonas spp. biofilm production will be decreased due to
temperature oscillations and microbial interactions in mixed cultures. Finally, antimicrobial
resistance signatures of Aeromonas spp. will vary individually to changing temperature and
pH parameters. Although general patterns were observed, it is evident that modulation
of the intrinsic bacterial characteristics varies across isolates and that the final expression
pattern will be influenced by environmental drivers and individual variability; however, the
general patterns determined with this study deepen our knowledge on bacterial alterations
expected in aquatic environments, strengthening our awareness and response to future
bacterial outbreaks and how to deal with them.

Simplification of experimental settings, such as the approach applied in this study,
has the limitation of disregarding the role of many other biotic and abiotic factors that
can play a role in bacterial growth and virulence and resistance expression. Additionally,
focusing on one bacterial genus to study such interactions is a major limitation of this
study, since it fails to represent both the outcomes of a bacterial community that closely
resembles natural communities, as well as beneficial and detrimental effects of distinct
bacterial strains/species on a particular bacterial strain in focus. Further development of
microcosm experiments to accommodate more complex networks of drivers and bacterial
communities is required.
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Abstract: Antibiotic resistance is one of the most important issues facing modern medicine. Some
biocides have demonstrated the potential of selecting resistance to antibiotics in bacteria, but data are
still very scarce and it is important to better identify the molecules concerned and the underlying
mechanisms. This study aimed to assess the potential of polyhexamethylene biguanide (PHMB), a
widely used biocide in a variety of sectors, to select antibiotic resistance in Escherichia coli grown in
biofilms. Biofilms were grown on inox coupons and then exposed daily to sublethal concentrations
of PHMB over 10 days. Antibiotic-resistant variants were then isolated and characterized phenotypi-
cally and genotypically to identify the mechanisms of resistance. Repeated exposure to PHMB led to
the selection of an E. coli variant (Ec04m1) with stable resistance to gentamycin (8-fold increase in
minimum inhibitory concentration (MIC) compared to the parental strain. This was also associated
with a significant decrease in the growth rate in the variant. Sequencing and comparison of the
parental strain and Ec04m1 whole genomes revealed a nonsense mutation in the aceE gene in the
variant. This gene encodes the pyruvate dehydrogenase E1 component of the pyruvate dehydroge-
nase (PDH) complex, which catalyzes the conversion of pyruvate to acetyl-CoA and CO2. A growth
experiment in the presence of acetate confirmed the role of this mutation in a decreased susceptibility
to both PHMB and gentamicin (GEN) in the variant. This work highlights the potential of PHMB to
select resistance to antibiotics in bacteria, and that enzymes of central metabolic pathways should be
considered as a potential target in adaptation strategies, leading to cross-resistance toward biocides
and antibiotics in bacteria.

Keywords: biocide; antibiotic resistance; cross-resistance; aminoglycoside; adaptation; biofilm;
pyruvate cycle

1. Introduction

In recent years, the dramatic rise of antimicrobial resistance (AMR) in bacteria has
emerged as one of the most challenging concerns for global health. Identifying the drivers
of AMR, especially anthropogenic ones, is thus of prime importance to better control
the emergence and spread of resistant bacteria [1,2]. In industries, medical areas, public
spaces or at home, biocides are broadly used to avoid the dissemination of pathogenic
bacteria and guarantee the microbiological quality of equipment, production surfaces and
products. However, an increasing number of studies reported the potential of different
biocides to impact antibiotic susceptibility in various bacterial species [3–5]. Indeed,
some mechanisms responsible for a lower susceptibility in adapted bacteria following
a biocide exposure could be also involved in antibiotic resistance, as for instance an
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upregulated non-specific efflux mediated by multidrug pumps, one of the most recurrently
described [6–8]. The adaptation of bacterial populations to biocides particularly occurs
in the presence of sublethal concentrations of biocides which select the most tolerant
or resistant subpopulations. Different phenomena are at the origin of these sublethal
concentrations in industries or at a hospital, for instance as a result of misuse during
biocide application or the presence of interfering organic substances [9,10]. In addition,
the development of biofilms on surfaces has an effect on biocide concentrations actually
experienced by bacteria. Indeed, biofilms are surface-associated bacterial communities
embedded in an extracellular matrix, and often exhibit specific functions compared to
planktonic cells such as better resistance to disinfectants [11]. The three-dimensional
structure of biofilm is known to be able to hinder biocide penetration to the deeper layers,
resulting in biocide concentration gradients across the biofilm depth [12,13]. Internal layers
can thus be in the presence of lower biocide concentrations that enable bacteria to survive,
and trigger an adaptive response to such sub-inhibitory biocide concentrations.

Polyhexamethylene biguanide (PHMB) has been a commonly used biocide for some
considerable time, employed in a wide variety of sectors such as disinfectant and antiseptic
formulations for wound therapy, in cosmetics, in poultry production to prevent Salmonella,
or in swimming pool cleanser [14,15]. Despite this broad utilization, data about its potential
to select resistance toward other antimicrobials as antibiotics are very scarce and require
novel dedicated studies. In this context, we investigated the effects of repeated exposure to
PHMB on the antibiotic susceptibility profiles of bacteria in E. coli biofilm.

2. Results
2.1. Colony Morphotype Identification Following PHMB Exposure of Ec04 biofilms

Biofilms of the Ec04 strain on stainless steel coupons were exposed daily over 9 days
to 1.5625 mg L−1 of PHMB, corresponding to sublethal concentrations. Cells were then
recovered and plated on trypticase soy agar (TSA) after dilutions. Two different morpho-
types were detected, a small colony variant morphotype (Ec04m1) and the parental colony
morphotype (Figure 1A). Both morphotypes displayed identical Enterobacterial Repetitive
Intergenic Consensus Polymerase Chain Reaction (ERIC-PCR) profiles, suggesting Ec04m1
is not a contamination (Figure 1B).
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Figure 1. (A) Colony morphotypes obtained after plating of Ec04 biofilm exposed to PHMB over
9 days. Ec04m1 corresponds to a small colony variant. (B) ERIC-PCR profiles of Ec04 and Ec04m1.

2.2. PHMB and Antibiotic Minimal Inhibitory Concentrations (MIC) Determination for
Ec04 Derivatives

Antibiotic and PHMB MIC were determined for the morphotype Ec04m1 in compari-
son with the parental Ec04. An increase in MIC was observed for Ec04m1 for PHMB (2-fold
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increase) and two antibiotics, gentamicin (GEN, 8-fold increase) and trimethoprim (TMP,
4-fold increase) (Table 1). These increases led to MIC values of 8 mg L−1 and 4 mg L−1 for
GEN and TMP, respectively, above the ECOFF defined by EUCAST for both antibiotics. A
2-fold decrease in AMP MIC was conversely observed in Ec04m1.

Table 1. Minimal inhibitory concentrations (MIC, mg L−1) for 14 antibiotics and PHMB in Ec04 and derivatives.

Strain AMP AZI FOT TAZ CHL CIP COL GEN MER NAL SMX TET TIG TMP PHMB
Ec04 8 8 0.25 0.5 8 0.015 1 1 0.03 4 16 64 0.25 1 1.5625

Ec04m1 4 8 0.25 0.5 8 0.015 1 8 0.03 4 16 64 0.5 4 3.125
Ec04m1_D2 4 8 0.25 0.5 8 0.03 1 8 0.03 4 32 64 0.5 4 3.125
Ec04m1_D5 2 8 0.25 0.5 8 0.03 1 8 0.03 4 32 64 0.25 4 3.125
Ec04m1_D7 4 8 0.25 0.5 8 0.03 1 8 0.03 4 32 64 0.25 4 3.125
Ec04m1_D10 4 8 0.25 0.5 8 0.03 1 8 0.03 4 32 64 0.25 4 3.125

Ec04m1_D2, Ec04m1_D5, Ec04m1_D7 and Ec04m1_D10 respectively correspond to Ec04m1 after 2, 5, 7 or 10 days of subculture in
TSB without PHMB. AMP: ampicillin, AZI: azithromycin, FOT: cefotaxime, CHL: chloramphenicol, CIP: ciprofloxacin, COL: colistin,
GEN: gentamicin, MER: meropenem, NAL: nalidixic acid, SMX: sulfamethoxazole, TAZ: ceftazidime, TET: tetracycline, TIG: tigecycline,
TMP: trimethoprim.

To assess the stability of this loss of susceptibility toward PHMB, GEN and TMP
in the Ec04m1 variant, 10 daily successive subcultures were carried out in a medium
without PHMB, and MICs were determined for subcultures at days 2, 5, 7 and 10. The
results confirmed the stability of the PHMB, GEN and TMP MIC increase in Ec04m1, as no
evolution of MICs was observed after 10 days (Table 1).

2.3. Growth Rate Parameters in Presence of PHMB and GEN

The growth rates of Ec04m1 in gradual concentrations of PHMB or GEN were com-
pared to those obtained from the Ec04 parental strain and are presented in Figure 2. The
time to reach the maximal growth rate was also calculated (lag time).Antibiotics 2021, 10, x FOR PEER REVIEW 4 of 11 
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The Ec04m1 variant exhibited a significant decrease in growth rate of 33%, and a
2-fold increase in lag time compared to the parental strain Ec04 in 1/10 TSB medium. A
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significant decrease (p < 0.05) in the µmax value was observed for Ec04 strain from a PHMB
concentration of 0.7812 mg L−1 (Figure 2A). No significant decrease in the µmax value was
observed for Ec04m1 at this PHMB concentration (p = 0.0968). Lag times were nevertheless
significantly increased for both strains at this concentration. At 1.5625 mg L−1 of PHMB, a
concentration corresponding to the MIC value determined for Ec04, and no growth was
detected for this strain, whereas the Ec04m1 variant was able to grow with a µmax equal
to 0.183 h−1. At 3.125 mg L−1 of PHMB, growth was inhibited for both strains. These
results underlined the ability of the variant Ec04 to survive in higher PHMB concentrations
compared to the parental Ec04 strain.

Comparable results were obtained with GEN (Figure 2B). Indeed, the µmax and lag
time were deeply affected by GEN from a concentration of 1 mg L−1 (p < 0.05) in the Ec04
strain, whereas no effect was observed on growth parameters at this concentration for the
Ec04m1 variant. While the growth of Ec04 strain is fully inhibited at 2 mg L−1, the µmax
obtained for Ec04m1 variant gradually decreased from 2 to 8 mg L−1, confirming its lower
susceptibility to this aminoglycoside antibiotic.

2.4. Genomic Characterization of Ec04m1 Variant

The genomes of strains Ec04 (biosample SAMN16976434) and Ec04m1 (SAMN16976489)
were sequenced and compared to investigate the genetic origin of the Ec04m1 variant phe-
notype. Only one SNP with a minimum frequency >80% was identified in the Ec04m1
variant compared to Ec04, leading to the substitution of cytosine by thymine at position
421 in the aceE gene (Figure 3A). This mutation results in a stop codon at the location of
glutamine, leading to a truncated AceE protein in the Ec04m1 variant (140aa versus 887
in the parental Ec04 strain) (Figure 3B). AceE is the pyruvate dehydrogenase (PDH) E1
component and forms with AceF and LpdA, the PDH enzyme complex normally catalyz-
ing the conversion of pyruvate in acetyl CoA under the regulation of a pyruvate-sensing
PdhR regulator. The mutation detected in Ec04m1 thus impairs acetyl-CoA production
from pyruvate, and alters a central pathway critical for the tricarboxylic acid (TCA) cycle
(Figure 3C).Antibiotics 2021, 10, x FOR PEER REVIEW 5 of 11 
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Figure 3. Detection of a nonsense mutation in the Ec04m1 variant in aceE gene encoding the pyruvate dehydrogenase E1
component of the pyruvate dehydrogenase (PDH) complex that catalyzes the conversion of pyruvate to acetyl-CoA and
CO2. The mutation (C > T at position 421) results in a premature stop codon at the location of glutamine, leading to a
truncated aceE protein (140aa). (A) Schematic representation of the aceE gene and its genetic environment (pdhR-aceEF-lpdA
operon) in Ec04 and Ec04m1 strains. (B) Protein sequence of aceE in Ec04 (887aa) and its alignment with the truncated
protein in Ec04m1 (140aa); stars symbolize stop codons. (C) Schematic representation of the central metabolic pathway
altered by the mutation in the Ec04m1 variant.
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2.5. Effect of Acetate on Growth Rate in the Presence of GEN and PHMB

The effect of acetate addition in the growth medium on the growth rates of the Ec04m1
variant in the presence of PHMB or GEN was assessed, since alternative pathways for the
synthesis of acetyl-CoA from acetate exist in E.coli. In the absence of PHMB and GEN, the
presence of acetate led to a slight but significant increase in growth rate in the Ec04m1
variant (p < 0.05) although it remains below that measured for Ec04 (Figure 4). At a PHMB
concentration of 1.5625 mg L−1, Ec04m1 growth was almost totally inhibited in the presence
of 30 mM acetate, as in the Ec04 parental strain, while the variant was able to grow in the
absence of acetate under identical conditions as previously shown. Similar observations
were made in the presence of GEN. As shown in Figure 4, at an antibiotic concentration of
1 and 2 mg L−1, the presence of acetate led to a significant decrease in the Ec04m1 growth
rate, although remaining significantly higher than that observed for Ec04. The presence
of 30 mM acetate resulted in the inhibition of Ec04m1 growth at a GEN concentration of
4 mg L−1, while Ec04m1 was able to grow at this antibiotic concentration in the absence
of acetate. Overall, the supplementation of acetate in the growth medium led to a partial
restoration of the susceptibility of the Ec04m1 strain to both PHMB and GEN.Antibiotics 2021, 10, x FOR PEER REVIEW 6 of 11 
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3. Discussion

Large quantities of biocides are used every day to prevent the spread of pathogenic mi-
croorganisms in a wide variety of sectors. An increasing quantity of evidence emphasizes a
connection between biocide exposure and the modification of susceptibility toward antibi-
otics in bacteria [3,4]. A better understanding of the potential of various biocides to select
resistance toward antibiotics, along with the associated mechanisms, is therefore required
in the perspective to combat antibiotic resistance emergence. In this study, we highlighted
the potential of 1.5625 mg L−1 PHMB exposure to select resistance to antibiotics, especially
GEN, in E. coli. This sublethal concentration is approximately 100 times lower than the end-
use concentration, for instance when disinfecting hard surfaces (0.16 g L−1, [16]). Previous
studies have shown a decrease in susceptibilities toward antibiotics in various bacterial
species after exposure to sublethal concentrations of chlorhexidine, another member of
the biguanide molecule family [17,18]. Interestingly, Henly et al. [19] reported that PHMB
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exposure induced resistance to trimethoprim-sulfamethoxazole in the CFT073 E. coli strain,
and resistance to GEN in the EC26 strain, which is consistent with the results obtained in
the present work. Here, the Ec04m1 variant also exhibited a 2-fold increase in PHMB MIC
after repeated exposure. This suggests the mechanisms leading to this lower susceptibility
due to adaptation to PHMB could be shared with those playing a role in antibiotic resis-
tance. Polymeric biguanides, such as PHMB, first act on bacteria through the interaction
with cations associated with the cell envelope, causing membrane destabilization and LPS
reorganization [20]. This cellular uptake mechanism is shared with polycationic agents,
such as aminoglycosides like GEN, and therefore modifications of membrane permeability
in variant Ec04m1, altering cellular uptake, could explain both decreases in susceptibility
to PHMB and GEN as proposed previously [19].

WGS revealed the presence of a unique mutation in Ec04m1 compared to the Ec04
parental strain in the aceE gene, which encodes the pyruvate dehydrogenase E1 component.
The mutation resulted in a truncated protein in the variant, impairing the conversion of
pyruvate in Acetyl-CoA, a central pathway in carbon metabolism in E. coli. Consistently
with the significant decrease in growth rate observed in the Ec04m1 variant in comparison
with the Ec04 parental strain (Figure 2), it was previously shown that aceE deletion greatly
affected growth rate and biosynthetic capacity in E. coli [21,22]. Globally, the depletion of
enzymes of the pyruvate cycle, such as pyruvate dehydrogenase, has been considered to
shut down the TCA cycle, and thus to profoundly affect energy production and regulation
in E. coli. Interestingly, Schutte et al. [21] showed that the pyruvate dehydrogenase complex
is a central component in the antimicrobial activity mediated by the chemokine CXCL10 in
E. coli. Changes in carbon metabolism activity are also known to affect bacterial suscepti-
bility toward antibiotics including aminoglycosides in E. coli [23,24]. Recently, it was also
shown that inactivation of central carbon metabolism enzymes can also participate in an-
tibiotic resistance in other Gram-negative species such as Stenotrophomonas maltophilia [25].
In line with this, stimulation of the central metabolism using various metabolites enabled
researchers to potentiate aminoglycoside efficacy in E. coli or Pseudomonas spp. through
the stimulation of the proton motive force (PMF) favoring the uptake of antibiotics across
the bacterial membrane [23,26,27]. As reported by Chindera et al. [14], PHMB also enters
the bacterial cell through an energy-dependent uptake process, since authors showed that
bacteria cultivated at 4 ◦C displayed reduced PHMB uptake compared to cells held at 37 ◦C.
The lower susceptibility of the Ec04m1 variant selected upon PHMB exposure could thus
be related to the reduced uptake of antimicrobial molecules due to the altered pyruvate
cycle and reduced metabolic activity. Moreover, the deletion of aceE greatly alters fatty acid
biosynthesis, which is linked to the central carbon cycle through the use of acetyl-CoA [22].
This biosynthesis pathway is crucial for lipid synthesis in the cell envelope, emphasizing a
relevant connection between the alteration of the central carbon biosynthesis pathway in
the Ec04m1 variant and modification of the membrane permeability, which could therefore
play a role in decreased susceptibility to both PHMB and GEN, as previously suggested.

To confirm the role of the mutation in aceE in the decreased susceptibility to GEN and
PHMB, observed in the Ec04m1 variant, growth rate measurements were performed in
the presence of 30 mM acetate. Acetate addition has been shown to suppress the effects
of aceE deletion in E. coli, allowing the synthesis of acetyl-CoA by an alternative pathway
(Figure 3C) [28]. Our results revealed that acetate growth medium supplementation did
indeed result in a significant increase in the growth rate of the Ec04m1 variant and resulted
in a partial restoration of its susceptibility to both PHMB and GEN (Figure 4). This obser-
vation thus confirmed the involvement of the pyruvate cycle alteration in the adaptation
to biocides after repeated exposure, and the development of GEN resistance. While this
central metabolism alteration penalizes the Ec04m1 variant in the absence of biocides
or antibiotics by decreasing its growth rate, the fact that it was favored at low PHMB
concentrations (1.5625 mg L−1) emphasizes its potential ability to survive in environments
where residual concentrations of PHMB are present. PHMB, in addition to being used in a
wide variety of applications, is a chemically stable molecule, especially in water, and thus
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can persist for a long time in the environment at these low concentrations [29]. Moreover,
the presence of interfering substances or biofilms can reduce biocide concentrations that
reach bacteria [12]. Such phenomena are likely to create favorable micro-environmental
conditions for the survival and dissemination of the resistant variant, thus representing a
risk for public health.

4. Materials and Methods
4.1. Bacterial Strain and Growth Conditions

The E. coli strain used in this study (called hereafter Ec04) was initially isolated from
a pig caecum in a slaughterhouse (Brittany, France). Bacterial stock cultures were kept at
−80 ◦C in a cryoprotective solution (0.5% tryptone, 0.3% beef extract, 15% glycerol). Prior
to each experiment, frozen cells were firstly sub-cultured on a trypticase soy agar (TSA)
plate over 24 h at 37 ◦C, and a colony was then transferred to tryptone soya broth (TSB) at
37 ◦C overnight.

Biofilms were grown on sterile 10 × 20 × 1 mm3 stainless steel coupons by inoculating
wells of a 6-well microtiter plate with 4 mL of overnight bacterial suspension adjusted in 1/10
TSB to 103 CFU mL−1. The 6-well microplate was then incubated at 20 ◦C for 72 h to enable
the formation of the biofilm on the coupons at a cell density of approximately 107 CFU/cm2.

4.2. Biocide Susceptibility Testing

PHMB MIC were determined using a microdilution broth method adapted from that
of Schug et al. [30]. Briefly, each well of a 6-well microtiter plate was inoculated with
2 mL of biocide at the desired concentration, and 2 mL of a planktonic suspension was
obtained after 72 h growth at 20 ◦C in 1/10 TSB and then adjusted to 107 CFU mL−1. Plates
were then incubated at 20 ◦C for 24 h (also checked at 48 h) and MIC was determined
as the lowest concentration of biocide that prevents bacterial growth. MIC values were
determined through the reading of turbidity and confirmed by drop-plating on TSA plates
to confirm the reading through colony growth examination. All the determinations of MIC
were repeated at least twice.

4.3. Antibiotic Susceptibility Testing

Antibiotic susceptibility tests were performed using a standard microdilution method
(EUVSEC, Sensititre®, TREK Diagnostic Systems Ltd., Thermo Fisher Scientific, East Grin-
stead, UK), using a panel of 14 antimicrobial substances according to manufacturer instruc-
tions. The strains were interpreted as resistant to antibiotics according to the epidemio-
logical resistance cut-off value (ECOFF) determined by EUCAST (European Committee
on Antimicrobial Susceptibility Testing, http://mic.eucast.org, accessed on 14 April 2021).
E. coli ATCC 25,922 was used as quality control. All the determinations of MIC were
repeated at least twice, and thrice if values were not similar.

4.4. Adaptation Experiments to PHMB and Identification of Colony Morphology Variants

Biofilms were repeatedly exposed to a sublethal concentration of PHMB at 1.5625 mg L−1

corresponding to the MIC obtained for planktonic suspension of the Ec04 strain. Concretely,
biofilm coupons were daily transferred into new wells of 6-well microtiter plates filled
with fresh 1/10 TSB medium containing PHMB at 1.5625 mg L−1, over 9 days, and then
biofilm coupons were transferred in a neutralizing agent (REF + composition). Coupons
were then ultra-sonicated and vortexed to recover biofilm cells. Serial dilutions were then
performed and cells were plated on TSA. The different morphotypes were then checked on
the TSA plate, and each colony with a distinct morphology was isolated and stocked in a
cryoprotective medium at –80 ◦C before further experiments.

ERIC-PCR was used to compare fingerprint patterns obtained with morphotypes
and the Ec04 parental strain to ensure that the different colony morphotypes did indeed
correspond to Ec04 derivatives and not to a contamination event. To further this aim, DNA
was extracted using an InstaGene kit (Bio-rad, Marnes-la-Coquette, France) and amplified
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using a LightCycler® 480 thermocycler (Roche Diagnostics, Meylan, France) with primers
ERIC1-R (ATGTAAGCTCCTGGGGATTCAC) and ERIC2 (AAGTAAGTGACTGGGGT-
GAGCG) [31] and GoTaq Flexi polymerase (Promega, Charbonnières-les-bains, France) as
follows: 95 ◦C for 2 min for initial melting; 30 cycles at 95 ◦C for 1 min, 54 ◦C for 1 min,
72 ◦C for 4 min; final extension at 72 ◦C for 8 min followed by incubation at 4 ◦C. PCR
products were then checked on 1% agarose gel and migrated over 90 min at 110 V before
being revealed using a GelRED stain (Biotium, Brumath, France).

MIC for biocides and antibiotics were determined as described earlier, to evaluate
changes in antimicrobial resistance profiles, due to repeated PHMB exposure, for confirmed
morphotype variants. In the case of MIC, it increased compared to WT. Daily subcultures
over 10 days in fresh TSB without PHMB were performed, and MICs were determined
again on the cells after days 2, 5, 7 and 10, to assess the stability of the potential modification
of antibiotic susceptibility as observed.

4.5. Growth Parameter Measurements

The growth parameters of bacterial strains were determined by automatically measur-
ing the OD of cultures at 620 nm in a FLUOstar Optima microplate reader (BMG Labtech,
Champigny sur Marne, France) in the presence or absence of PHMB or GEN. Briefly, 4 mL
of TSB were inoculated from cryotubes and incubated at 37 ◦C for 24 h. Then, 300 µL
from this suspension was transferred in 4 mL TSB and incubated for 6–7 h at 37 ◦C. The
bacterial suspension was adjusted to 103 CFU mL−1 and used to inoculate the 96 wells of
a microtiter plate (Greiner) containing 1/10 TSB (with or without 30 mM acetate) and a
range of concentrations of PHMB (0–3.125 mg L−1) or GEN (0–8 mg L−1). OD620nm was
then automatically measured every 30 min over 48 h at 37 ◦C by the FLUOstar reader.
Maximum growth rate (µmax) values and lag time (λ) were extracted from OD curves using
MARS data analysis software (version 2.10, BMG Labtech, Champigny sur Marne, France).
Experiments were performed at least three times independently of duplicates.

4.6. WGS and Mutation Detection

Genomic DNA was extracted from the pellet of a 5 mL exponential culture of strains
Ec04 or Ec04m1, grown in TSB centrifuged at 8000 g for 5 min using the Nucleospin tissue kit
(Macherey-Nagel, Duren, Germany) according to manufacturer instructions. The quantity
and quality of the DNA were checked using a BioSpec-Nano (Shimadzu, Marne la Vallée,
France) spectrophotometer. Whole-genome sequencing was performed with the NextSeq 500
(Illumina). Reads were assembled using the Shovill pipeline (v0.9.0, https://github.com/
tseemann/shovill (accessed on 30 April 202).). This pipeline used Trimmomatic (v0.38) and
SPAdes (v3.13.0). All contigs with a length shorter than 200 nucleotides and a kmer coverage
lower than 2 are filtered. Genomes were annotated with Prokka [32] (v1.13.3), then a BWA-
MEM [33] (v0.7.8) alignment was performed using the Ec04 genome as a reference against
all reads cleaned by Trimmomatic (ILLUMINACLIP: oligos.fasta: 2:30:5:1: true; LEADING:
3; TRAILING: 3; MAXINFO: 40:0.2; MINLEN: 36). Variant calling was performed using the
bwa alignment file with VarScan [34] (version 2.4; parameters: min-coverage, 8; min-reads2, 2;
min-avg-qual, 15; min-var-freq, 0.2; p value, 0.05; strand-filter disabled; variants 1).

4.7. Sequence Accession Numbers

Whole-genome sequence assemblies have been deposited in NCBI in bio-project
PRJNA681999, with bio-sample numbers SAMN16976434 for Ec04 and SAMN16976489 for
Ec04m1.

5. Conclusions

This study revealed the potential of PHMB exposure to select resistance toward antibi-
otics in E. coli through the alteration of central carbon flow. These observations emphasize
the ability of bacterial populations to adapt to various antimicrobial stresses by reshaping
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their central metabolism, which might constitute an important target to be considered
when understanding cross-resistance emergence between biocides and antibiotics.
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