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Editorial

Animal productions, and populations, have been rapidly expanding over the last
decades, forcing the ever-closer coexistence of human beings and domestic animals on our
yet “narrow” planet. In addition to the damage to crops, natural resources, and loss of
animal biodiversity, the increased contact occurring between humans and animals greatly
supports the transmission of zoonotic diseases. This, in turn, enables the onset and the rapid
diffusion of antimicrobial resistance (AMR) traits across the three sectors of life (human,
animal, and the environment). In this view, veterinary medicine and the surrounding
environment play an important part in the public health threat, in line with the One-Health
concept [1].

Major clinically relevant bacteria for virulence and antibiotic resistance traits are
the so-called ESKAPE pathogens, an acronym referring to Enterococcus faecium, Staphy-
lococcus aureus, Klebsiella pneumoniae, Acinetobacter baumanii, Pseudomonas aeruginosa, and
Enterobacter spp. Antibiotics misuse (e.g., following improper prescription, overuse in the
agricultural field and usage as growth promoting agents) results in a selective pressure stim-
ulating the bacterial adaptation mechanisms which, unavoidably, include the increasing
trend to chromosomal mutations and/or a higher tendency to acquire exogenous nucleic
acids (i.e., free DNA, plasmids, etc.) seeking for more favourable (adapted) phenotypes.
Antibiotic-resistant bacteria are subsequently selected, and their clonal expansion amplifies
the AMR traits and their diffusion, both vertically to daughter cells and horizontally to
further recipient cells [1,2].

The co-occurrence of mixed microbial communities in the same ecological niches
favours the massive diffusion of the genetically determined resistance traits at both intra-
and inter-specific levels. Evidence of interkingdom transmission of the antimicrobial traits
has also been documented, underlining the impact of this phenomenon across boundaries
and its potential invalidating effect on human and veterinary antibiotic-based therapies. In
this light, further efforts are desirable in understanding the diverse facets of antimicrobial
resistance, ranging from assessing the geographic diffusion of diverse AMR traits to how
these dynamic fluxes evolve in time and space to reach the molecular mechanisms (novel
and past) employed for the inactivation of antibiotic therapies [2].

This Special Issue harbours 11 published research articles summarizing studies on
diverse aspects of the antimicrobial resistance phenomenon, providing significant levels of
innovation and knowledge suggestive of further research routes. All the contributions of
this Special Issue emphasize the need for the cautious assessment of the circulation of AMR
traits in the clinical and veterinary fields, including the assessment of the contributions by
microorganisms of food and environmental origin in the dissemination of antimicrobial
resistance traits across the three sectors of life. Kwon et al. investigated extended-spectrum
cephalosporin (ESC)-resistant Salmonella spp. of chicken origin to assess the transferability
to humans of beta-lactamase gene-harbouring plasmid in vitro and in vivo. Warningly the
study provides evidence on the ease of dissemination of the AMR traits between bacteria
(Salmonella–Escherichia) in the case of coexistence, as it is common in microbial community
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settings, even in the absence of antibiotic-mediated selective pressure, providing a clear
glimpse on the role of the food chain in the dissemination of the AMR from a One-Health
perspective [3]. Another study by Kwon and colleagues [4] assessed the prevalence of
Campylobacter spp. over the whole chicken production process. The study highlights the
hot spot of AMR dissemination in the chicken meat production process, underlining that
resistance to fluoroquinolones was the most frequently observed form of resistance in
their sample.

Mtemisika and colleagues [5] surveyed the presence of resistant Escherichia coli in pigs
and poultry populations reared in Mwanza, Tanzania, according to standard operating
procedures and international guidelines. This study highlights that although different
E. coli phenotypes are harboured in the animal’s intestine, AMR traits have been recorded
in both host types.

Piras et al. [6] investigated the persistence of S. aureus strains as means of biofilm
production, a very well-known burden in food, farm and clinical contexts. The study
detected mechanisms related to the control of catabolites, the production of proteins with
moonlighting activities and the detoxification of compounds with antimicrobial activities,
suggesting potential biomarkers/metabolic routes to be targeted to prevent and/or mitigate
this phenomenon. Another study by Piras and co-workers [7] focused on the effective
resistance traits of the milk-associated microbial community, focusing on the microbial
protein repertoire. Proteins are indeed effective actors in the resistance mechanisms, and
their study provides a detailed glimpse into the microbial dynamics and the metabolic
influence that milk microbiota members exert on each other.

Overton et al. [8] employed a metabolomic approach to investigate the effect of multi-
ple antibiotic molecules on Salmonella typhimurium cultured from various hosts. Interest-
ingly, the authors highlight a significant modulation in the metabolic profiles, suggesting
metabolomics as an innovative approach for the quick evaluation of resistance traits against
multiple antibiotics.

The study of Abd El-Aziz et al. [9] provides the first survey into the virulence traits,
antimicrobial and biocide resistance and epidemiological typing of Streptococcus uberis
isolated from bovine clinical mastitis in dairy farms of diverse hygienic interventions in
Egypt. The survey describes the prevalence of S. uberis infections and the genes involved in
its virulence and antimicrobial resistance in relation to the hygienic conditions of the dairy
farm, underlining the importance of a combined intervention while facing the dissemination
of pathogens and their resistance traits.

A further study by Abd El-Aziz and colleagues [10] investigated, for the first time,
class 1 integrons and associated gene cassettes among pan-drug-resistant (PDR), extensively
drug-resistant (XDR) and multidrug-resistant (MDR) Campylobacter spp. Although no pan-
susceptible isolates were found, the study describes the detection of multiple resistance
traits, in addition to providing the very first identification of a putative phage tail tape
measure protein which is indicative of a possible Campylobacter–bacteriophage interaction,
resulting in the consequent spread of the resistance trait via horizontal gene transfer.

Kang and colleagues [11] focused on environmental mastitis-causing enterococci as an
emerging cause of nosocomial infections of relevance due to their antimicrobial resistance
traits. The survey underlined a dramatically high proportion of the bulk tank milk-derived
enterococci as the vector of resistance traits against single- and multi-antimicrobial drugs.

Zou and collaborators [12] described the prevalence and molecular features of extrain-
testinal pathogenic Escherichia coli (ExPEC). In addition, the study observes the presence of
the plasmid-borne colistin resistance gene along with an additional carbapenemase gene
in some isolates. Altogether, their findings suggest that healthy chickens can serve as a
potential reservoir for multidrug-resistant ExPEC isolates.

Interestingly, this Special Issue also includes a study by Nazish et al. [13] on antine-
matode resistance of Haemonchus contortus. It suggests the use of Comamonas spp. and
Pseudomonas weihenstephanesis as biological control agents to be employed as alternatives to
synthetic anthelmintic compounds, showing a significant mortality rate against the parasite
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with little-to-no selective pressure triggering the onset and diffusion of the antimicrobial
resistance traits.

Altogether, the above research articles deal with several aspects of antimicrobial
resistance, providing an enlightening view and suggestive approaches for future research
lines aimed at tackling antimicrobial resistance in the diverse aspects of the life sciences.
Both expert scientists and readers approaching this fascinating field can benefit from the
cutting-edge analysis of an impressive range of data from diverse sample types, and we
hope you enjoy it.

Author Contributions: B.T. and P.R. writing original draft preparation review and editing. All
authors have read and agreed to the published version of the manuscript.

Institutional Review Board Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.
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Simple Summary: Campylobacter species are among the major causes of bacterial foodborne infections.
Here, we investigate, for the first time, class 1 integrons and associated gene cassettes among pan
drug-resistant (PDR), extensively drug-resistant (XDR), and multidrug-resistant (MDR) Campylobacter
species isolated from livestock animals and humans in Egypt. Our results revealed alarming PDR
(2.55%) and inordinate XDR (68.94%) and MDR (28.5%) Campylobacter isolates. None of the examined
isolates were pan-susceptible. The existence of a novel gene cassette array, namely aacC5-aadA7Δ4
and a putative phage tail tape measure protein on class 1 integrons of Campylobacter species is the
most highlighted novelty of the current study. Evidence from this study showed the possibility of
Campylobacter–bacteriophage interactions as well as treatment failure in animals and humans due to
horizontal gene transfer mediated by class 1 integrons.

Abstract: Campylobacter species are common commensals in the gastrointestinal tract of livestock
animals; thus, animal-to-human transmission occurs frequently. We investigated for the first
time, class 1 integrons and associated gene cassettes among pan drug-resistant (PDR), extensively
drug-resistant (XDR), and multidrug-resistant (MDR) Campylobacter species isolated from livestock
animals and humans in Egypt. Campylobacter species were detected in 58.11% of the analyzed
chicken samples represented as 67.53% Campylobacter jejuni (C. jejuni) and 32.47% Campylobacter coli
(C. coli). C. jejuni isolates were reported in 51.42%, 74.28%, and 66.67% of examined minced meat,
raw milk, and human stool samples, respectively. Variable antimicrobial resistance phenotypes;
PDR (2.55%), XDR (68.94%), and MDR (28.5%) campylobacters were reported. Molecular analysis
revealed that 97.36% of examined campylobacters were integrase gene-positive; all harbored the class
1 integrons, except one possessed an empty integron structure. DNA sequence analysis revealed the
predominance of aadA (81.08%) and dfrA (67.56%) alleles accounting for resistance to aminoglycosides
and trimethoprim, respectively. This is the first report of aacC5-aadA7Δ4 gene cassette array and a
putative phage tail tape measure protein on class 1 integrons of Campylobacter isolates. Evidence from
this study showed the possibility of Campylobacter–bacteriophage interactions and treatment failure
in animals and humans due to horizontal gene transfer mediated by class 1 integrons.

Keywords: Campylobacter species; class 1 integrons; extensively drug-resistance; pan drug-resistance;
gene cassette arrays

Animals 2020, 10, 2067; doi:10.3390/ani10112067 www.mdpi.com/journal/animals
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1. Introduction

Thermophilic Campylobacter species, particularly Campylobacter jejuni (C. jejuni) and Campylobacter
coli (C. coli) pose veterinary and public health concerns due to their zoonotic potential, the enormous
range of reservoir hosts, and persistence in the environment [1]. Consumption of contaminated food,
especially poultry products, unpasteurized milk, and undercooked meat, as well as water, is a risk
factor for C. jejuni and C. coli infections [2,3].

Most Campylobacter infections are self-limiting and require no therapeutic intervention other
than supportive and rehydration therapy. However, prompt antimicrobial treatment is employed
in immunocompromised individuals, patients whose symptoms are severe or persistent, intense or
prolonged enteritis, cases of bacteremia, and those with extraintestinal infections [4]. Attention to
the resistance of campylobacters has been launched due to the indiscriminate abuse of antibiotics [5].
Clinical, veterinary, and environmental surveys have shown that bacteria harboring integrons are
frequently associated with the multidrug-resistant (MDR) phenotype [6]. However, the extensively
drug-resistant (XDR) and pan drug-resistant (PDR) bacteria are epidemiologically significant not only
due to their resistance to multiple antimicrobial agents but also to their ominous prospect of being
resistant to almost all or all approved antimicrobial agents [7,8].

The integron is a site-specific recombination system capable of integrating mobile gene cassettes,
which can be expressed and disseminated via horizontal gene transfer [9,10]. Class 1 integron includes
two conserved segments (CSs), denoted as 5′- and 3′-CSs, flanking a gene cassette. An int1 gene
encoding an integrase enzyme is located within the 5′-CS and is responsible for the recombination
of a gene cassette [11]. The 3′-CS possesses qacEΔ1 and sul1 genes encoding resistance to quaternary
ammonium compounds and sulfonamide, respectively. Integrons can incorporate and express more
than one gene cassette conferring resistance to multiple antimicrobial classes such as beta-lactams,
aminoglycosides, trimethoprim, chloramphenicol, fosfomycin, macrolides, lincosamides, rifampicin,
and quinolones [11].

Previous studies reported class 1 integrons carried aminoglycoside (aadA and aacA4) and
trimethoprim (dfr1 and dfr9) resistance gene cassettes in both C. jejuni and C. coli isolated from chicken
house environment [12], poultry, and human sources [13–16] without showing the antimicrobial
resistance profiles of the isolates. However, these genetic elements were not detected in an XDR
C. jejuni CCARM 13,322 isolate recovered from a human case of diarrhea associated with international
travel [17]. Hence, this study reports, for the first time, class 1 integrons and associated gene cassettes
in thermophilic Campylobacter species isolated from livestock animals and humans showing variable
antimicrobial resistance phenotypes.

2. Materials and Methods

2.1. Samples

A total of 550 samples comprising chickens and chicken products (n= 265), meat and meat products
(n = 160), milk and milk products (n = 95) as well as human stools (n = 30) were collected during the
period from January 2018 to December 2019. Samples of animal origins were obtained from various
retail outlets, Zagazig city, Sharkia Governorate, Egypt. Human samples were collected from patients
being affected by diarrhea and gastroenteritis, attending various private laboratories located in Zagazig
city. The samples were transported immediately in an icebox to the bacteriology laboratory for further
analysis. The animal study was approved by the Animal Welfare and Research Ethics Committee,
Faculty of Veterinary Medicine, Zagazig University. The human study was conducted following the
Ethics of the World Medical Association (Declaration of Helsinki) and was approved by the research
ethics committee of the Faculty of Medicine, Zagazig University (ApprovalNoZU-IRB#2056-18-05-2019).
The patients participating in the research study provided written informed consent.
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2.2. Bacteriological Analysis and Molecular Identification

Isolation of Campylobacter species was performed under microaerobic conditions according to the
protocol established by Vandepitte et al. [18]. Samples were enriched in Preston Campylobacter selective
enrichment broth (Oxoid, Cambridge, UK) at 42 ◦C for 48 h. The enrichment broth was plated onto
modified charcoal cefoperazone deoxycholate agar (mCCDA; Oxoid, Cambridge, UK) then transferred
onto Columbia agar (Oxoid, Cambridge, UK) plates supplemented with 5% sterile defibrinated
horse blood. Presumptive Campylobacter colonies were confirmed by oxidase, catalase, hippurate,
and indoxyl acetate hydrolyses biochemical tests, in addition to testing their susceptibilities to nalidixic
acid and cephalothin antimicrobials (30 mg/disc, each) [19]. The bacterial DNA was extracted using a
QIAamp DNA Mini kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer’s instructions.
Polymerase chain reaction (PCR) amplifications of the 23S rRNA gene of Campylobacter species [20]
in addition to mapA and ceuE genes of C. jejuni and C. coli, respectively, [21] were applied using
oligonucleotide primers listed in Table S1.

2.3. Antimicrobial Susceptibility Testing

The antimicrobial susceptibilities of Campylobacter isolates were tested on Mueller–Hinton agar
media (Oxoid-CM0337B, Cambridge, UK) supplemented with 5% sterile defibrinated horse blood under
microaerobic conditions using the disc diffusion method [22] following the guidelines of the Clinical
and Laboratory Standards Institute (CLSI) [23]. A panel of 25 standard antimicrobial discs (Oxoid,
Cambridge, UK) within different 14 antimicrobial categories were examined including penicillins
[ampicillin (AM; 10 μg) and amoxicillin (AX; 25 μg)], penicillin combinations [ampicillin-sulbactam
(SAM; 20/10 μg) and amoxycillin-clavulanic acid (AMC; 20/10 μg)], cephalosporines [cephalothin (KF;
30 μg), cefoxitin (FOX; 30 μg), cefoperazone (CEP; 75 μg) and cefepime (FEP; 30 μg)], carbapenemes
[meropenem (MEM; 10 μg)], monobactams [azetronam (ATM; 30 μg)], aminoglycosides [streptomycin
(S; 10 μg), tobramycin (TOB; 10 μg), gentamycin (CN; 10 μg) and amikacin (AK; 30 μg)], macrolides
[erythromycin (E; 15 μg), azithromycin (AZM; 15 μg) and clarithromycin (CLR; 15 μg)], quinolones
[nalidixic acid (NA; 30μg) and ciprofloxacin (CIP; 5μg)], sulfonamides [sulfamethoxazole-trimethoprim
(SXT; 23.75/1.25 μg)], amphenicols [chloramphenicol (C; 30 μg)], polypeptides [colistin (CT; 10 μg)],
oxazolidones [lenzolid (LNZ; 30 μg)], lincosamides [clindamycin (DA; 2 μg)] and tetracyclines
[doxycycline (DO; 30 μg)]. The interpretive criteria of CLSI (for most antimicrobials) [23] or the
European Committee for Antimicrobial Susceptibility Testing (EUCAST) (for macrolides) were followed
to classify Campylobacter isolates as susceptible, intermediate, or resistant [24].

The multiple antimicrobial resistance (MAR) indices were calculated as previously reported [25].
Pan drug-resistance (resistance to all antimicrobial agents), extensive drug-resistance (resistance to all
classes of antimicrobial agents except 2 or fewer), and multidrug-resistance (resistance to three or more
classes of antimicrobial agents) were determined as reported elsewhere [26].

2.4. PCR Amplification of Class 1 Integrons and Associated Gene Cassettes

Campylobacter isolates exhibited variable antimicrobial resistance profiles (PDR, XDR, and MDR)
were subjected to DNA extraction, using the QIAamp DNA Mini kit (Qiagen, Gmbh, Hilden, Germany)
following the manufacturer’s recommendations. The isolates were screened for possession of the
integrase gene as well as class 1 integrons using intI1 and hep primer sets, respectively [27,28] (Table S1).
Isolates containing class 1 integrons were screened for the existence of contiguous resistance gene
cassettes inserted in 5′ and 3′ conserved regions using 3′CS and 5′CS-targeted primers [29] (Table S1).
The DNA of C. jejuni ATCC 33560 and sterile saline were included in all PCR assays as positive and
negative controls, respectively.
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2.5. Characterization of Gene Cassettes Arrays by DNA Sequencing

One of each amplified PCR product of repetitive distinct close size was selected, purified by
PureLink PCR purification kit (Qiagen, Valencia, Spain) and sequenced using Big Dye Terminator
V3.1 cycle sequencing kit (Perkin-Elmer Gmbh, Rodgau, Germany) in an Applied Biosystems 3130
genetic analyzer (California, USA). The resulting sequences were assembled using the SeqMan
program within the Laser gene suite version 7 (DNAstar, Inc., Madison, WI, USA), then compared
with the sequences in the GenBank database using the Basic Local Alignment Search Tool (http:
//www.ncbi.nlm.nih.gov/BLAST). The best BLAST hits on our query nucleotide sequences were
selected based on the highest identity in the GenBank database. Alignment of the nucleotide sequences
was performed using ClustalW sequence alignments (http://www.ebi.ac.uk/clustalw), then translation
into amino acid sequences was performed using the ExPASy Translate Tool (http://us.expasy.org/,
Swiss Institute of Bioinformatics SIB, Geneva, Switzerland). The novel complete gene cassette array
(aacC5-aadA7Δ4) generated here assigned a new in number (in 1983) using the Integron Database
INTEGRALL (http://integrall.bio.ua.pt/).

2.6. Bioinformatics and Statistical Analysis

Statistical Package for Social Sciences software (SPSS; v. 25, IBM, Armonk, NY, United States) was
used for statistical analysis of data. Chi-squared test was used to determine if there were significant
differences in the occurrence of antimicrobial resistance among different hosts (i.e., cattle, chicken,
human) and between the two Campylobacter species being studied (C. jejuni and C. coli). P value was
considered significant if <0.05. The overall distribution of the resistance phenotypes in Campylobacter
isolates was visualized using a heat map. The clustering pattern of the isolates and the antimicrobial
resistance phenotypes were determined by the hierarchical clustering dendrogram [30]. To predict the
correlation among integron patterns and antimicrobial resistance phenotypes, correlation analyses
were done on the raw data after conversion to a binary outcome (1 = variable presence, 0 = variable
absence). The significance of the correlation was estimated at a significance level of 0.05. The variables
ampicillin, amoxicillin, cephalothin, erythromycin, and sulfamethoxazole-trimethoprim were excluded
from the analyses as they were identical among all isolates under study. The correlation analyses and
visualization were done using R packages corrplot, heatmaply, hmisc, and ggpubr [31–33]. To estimate
the similarities among Campylobacter isolates concerning various analyzed hosts (n = 3), the binary
distances were calculated based on the presence or absence of certain integron patterns. This analysis
was done using the functions dist and hlcust in the R environment.

2.7. Nucleotide Sequence Accession Numbers

DNA sequences generated in this study were submitted to GenBank and assigned the accession
numbers of MT612446-MT612453.

3. Results

3.1. Prevalence of Campylobacter Species in Livestock Animals and Humans

As shown in Table 1, the overall occurrence rate of Campylobacter species was 42.72% (235/550),
which significantly (p < 0.05) differed between species being 71.48% (168/235) for C. jejuni and 28.51%
(67/235) for C. coli. Out of 265 samples of chicken origin, 154 (58.11%) Campylobacter isolates were
detected, represented as 67.53% C. jejuni and 32.47% C. coli. The higher prevalence of C. jejuni was
detected in chicken organs (61.54%), followed by cloacal swabs (57.14%) and chicken muscles (48.00%),
while the isolation rate of C. coli from these sources was close to 30%, each. Moreover, C. jejuni were
isolated from 18 of 35 (51.42%) minced meat samples, 26 of 35 (74.28%) raw milk, and 20 of 30 (66.67%)
human stool samples, while C. coli were recorded by lower percentages. On the other hand, processed
food products including chicken and meat luncheon, chicken and meat beef, smoked meat, canned
milk, and canned and raw cheese were free from Campylobacter contamination. Campylobacter isolates
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yielded characteristic small, shiny, round, and gray colonies on mCCDA agar and no hemolysis on
Columbia blood agar. All isolates were positive for oxidase, catalase, and nitrate reduction testing and
exhibited sensitivity to nalidixic acid and resistance to cephalothin. C. jejuni isolates could hydrolyze
indoxyl acetate and hippurate, while C. coli were indoxyl acetate-positive and hippurate-negative.
Campylobacter isolates were further confirmed by PCR-based detection of the genus (23S rRNA) and
species-specific (mapA for C. jejuni and ceuE for C. coli) genes.

Table 1. Prevalence of Campylobacter species isolated from animal and human sources.

Source (No.) Sample Type (No.)
Overall Prevalence of

Campylobacter Isolates
No. (%)

Campylobacter Species
No. (%) p Value

C. jejuni C. coli

Chickens and
chicken

products (265)

Cloacal swab (70) 60 (85.71) 40 (57.14) 20 (28.57) 0.001
Breast muscle (25) 18 (72.00) 14 (56.00) 4 (16.00) 0.003

Thigh chicken muscle (25) 16 (64.00) 10 (40.00) 6 (24.00) 0.225
Liver (25) 25 (100.00) 16 (64.00) 9 (36.00) 0.048

Spleen (20) 18 (90.00) 14 (70.00) 4 (20.00) 0.001
Intestine (20) 17 (85.00) 10 (50.00) 7 (35.00) 0.337

Chicken beef (40) 0 (0.00) 0 (0.00) 0 (0.00) NE
Chicken luncheon (40) 0 (0.00) 0 (0.00) 0 (0.00) NE

Meat and meat
products (160)

Minced meat (35) 28 (80.00) 18 (51.43) 10 (28.57) 0.05
Smoked meat (45) 0 (0.00) 0 (0.00) 0 (0.00) NE

Meat beef (40) 0 (0.00) 0 (0.00) 0 (0.00) NE
Meat luncheon (40) 0 (0.00) 0 (0.00) 0 (0.00) NE

Dairy products
(95)

Raw milk (35) 29 (82.86) 26 (74.29) 3 (8.57) <0.0001
Canned milk (20) 0 (0.00) 0 (0.00) 0 (0.00) NE

Canned cheese (20) 0 (0.00) 0 (0.00) 0 (0.00) NE
Raw cheese (20) 0 (0.00) 0 (0.00) 0 (0.00) NE

Human (30) Stool (30) 24 (80.00) 20 (66.67) 4 (13.33) <0.0001

Total 550 235 (42.73) 168 (71.49) 67 (28.51) <0.0001

NE, not estimated, p values < 0.05 are statistically significant.

3.2. Antimicrobial Resistance Profiles

The in vitro antimicrobial susceptibilities of 235 Campylobacter isolates comprising 168 C. jejuni
and 67 C. coli against 25 antimicrobial agents are summarized in Table 2. The results revealed that
all Campylobacter isolates originating from animal and human sources were resistant to amoxicillin,
ampicillin, erythromycin, cephalothin, and sulfamethoxazole-trimethoprim (100%, each). Moreover,
high levels of resistance were recorded for clarithromycin (100% and 97%), clindamycin (96.4% and
95.5%), nalidixic acid (90.5% and 86.6%), amoxycillin-clavulanic acid (89.3% and 80.6%), cefepime
(88.1% and 83.6%), doxycycline (86.3% and 86.5%), colistin (83.9% and 88%) and chloramphenicol
(83.3% and 80.6%) for C. jejuni and C. coli isolates, respectively. On the other hand, lower resistance rates
were reported for amikacin (21.4% and 20.9%) and cefoxitin (26.8% and 43.2%) against C. jejuni and
C. coli isolates, respectively. Of note, C. jejuni and C. coli were resistant to meropenem with alarming
percentages (19.6% and 32.8%, respectively). Statistical analysis revealed significant differences in the
resistance of Campylobacter species isolated from different sources to the most tested antimicrobials
(p < 0.05) except for ampicillin-sulbactam that showed non-significant variation (p > 0.05). However,
non-significant differences (p > 0.05) were reported between resistance of C. jejuni and C. coli to almost
half of the examined antimicrobial agents.
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As shown in Figure 1 and Table S2, the antibiogram analysis revealed that Campylobacter isolates
showed resistance to 11–25 antimicrobial agents with MAR indices ranged from 0.44 to 1.00 and
demonstrated 93 distinct resistance patterns. The antibiotype 55 was the most prevalent among the
analyzed isolates (n = 8; 3.40%) (Table S2).

Figure 1. Overall distribution and clustering of Campylobacter isolates (n = 235) under study and
the patterns of their antimicrobial resistance. Different Campylobacter species, hosts, sample types,
antimicrobial classes, and resistance categories are shown for each isolate as color codes. The heat map
represents the hierarchical clustering of the isolates and the antimicrobial classes.

The PDR, XDR, and MDR patterns were reported among the analyzed isolates (Table 3 and
Figures S1 and S2). In total, 2.55% (6/235) of Campylobacter isolates exhibited PDR patterns being
resistant to all tested antimicrobial agents. The XDR profiles were extremely increased among analyzed
isolates with a percentage of 68.94% (162/235). However, 28.5% (67/235) of the isolates showed MDR
patterns. None of the examined Campylobacter isolates was pan-susceptible. Regarding the isolation
source, most C. jejuni (68.26%) and C. coli (74%) isolates originated from chicken samples were XDR.
All C. jejuni and C. coli isolates recovered from raw milk showed XDR and MDR patterns, respectively.
Moreover, all C. coli isolated from human stool and minced meat exhibited MDR and XDR profiles,
respectively, while 88.9% of C. jejuni originated from the minced meat were XDR. The PDR Campylobacter
isolates originated from chicken cloacal swabs (n = 2) and human stool (n = 4).

12
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Table 3. Occurrence of MDR, XDR and PDR categories in Campylobacter isolates from different sources.

Resistance
Category

Resistance to
Antimicrobial
Class (n = 14)

Resistance to
Antimicrobial
Agent (n = 25)

No. of Resistant Campylobacter Isolates (Source)

C. jejuni (n = 168) C. coli (n = 67)

MDR
(n = 67)

7

11 0 2 (chicken muscle)
12 0 1 (chicken muscle)
14 0 1 (human stool)
15 0 3 (human stool)

8 13 0 1 (chicken muscle)

10

13 2 (cloacal swab) 0
14 1 (minced meat) 0
15 8 (chicken organ) 0
16 2 (cloacal swab), 9 (human stool) 3 (raw milk)
17 5 (human stool), 1 (cloacal swab) 2 (cloacal swab)

11

15 1 (minced meat) 2 (cloacal swab)
16 4 (cloacal swab), 2 (chicken organ) 0
17 8 (chicken organ), 2 (cloacal swab) 3 (chicken organ)
18 1 (cloacal swab) 0
19 1 (chicken muscle) 2 (cloacal swab)

XDR
(n = 162)

12

16 2 (cloacal swab) 0
17 3 (minced meat) 4 (minced meat)

18 2 (chicken muscle), 5 (chicken organ),
4 (cloacal swab)

4 (minced meat), 2 (chicken muscle),
2 (cloacal swab)

19 5 (chicken muscle), 5 (chicken organ),
2 (cloacal swab), 4 (minced meat)

1 (minced meat), 1 (chicken organ),
2 (cloacal swab)

20
5 (raw milk), 2 (chicken muscle), 2
(cloacal swab), 2 (chicken organ), 2

(human stool)

6 (chicken organ), 4 (chicken
muscle)

21 2 (chicken muscle) 4 (chicken organ)
22 4 (chicken muscle) 0
23 3 (chicken muscle) 0

13

18 1 (minced meat) 1 (minced meat), 2 (cloacal swab)

19 9 (raw milk), 1 (chicken muscle), 3
(chicken organ) 1 (cloacal swab)

20 2 (minced meat), 5 (raw milk) 1 (cloacal swab)

21 6 (raw milk), 3 (chicken muscle), 6
(cloacal swab) 3 (chicken organ)

22 1 (raw milk), 5 (chicken organ), 2
(cloacal swab) 0

23 1 (chicken muscle) 0

14

18 1 (cloacal swab) 0
19 1 (cloacal swab) 0
20 6 (minced meat) 0
21 1 (cloacal swab) 0
22 3 (cloacal swab) 0
23 2 (cloacal organ) 3 (chicken organ), 4 (cloacal swab)
24 2 (cloacal swab) 2 (cloacal swab)

PDR
(n = 6) 14 25 4 (human stool), 2 (cloacal swab) 0

MDR, multiple drug-resistance; XDR, extensively drug-resistance; PDR, pan drug-resistance.

3.3. Screening for Class 1 Integrons and Characterization of Associated Gene Cassettes in
Campylobacter Isolates

Thirty-eight Campylobacter isolates (28 C. jejuni, and 10 C. coli) categorized as MDR (n = 5), XDR
(n = 31), and PDR (n = 2) representing all sample origins and being resistant to at least 15 antimicrobial
agents were screened for the possession of class 1 integrons using PCR assay. Overall, 37 of 38 (97.36%)
examined isolates were positive for the integrase gene (intI1), all harbored class 1 integrons carrying
gene cassettes of varying sizes ranging from 349 to 2600 bp. Only one C. jejuni isolate (code No. 16)
possessed an empty integron structure with no gene cassettes inserted between its conserved segments
(Table 4). Eight repetitive distinct gene cassettes were selected among integron positive isolates for
DNA sequencing. Other gene cassette arrays were identified according to their PCR product sizes
based on relevant previously published data.
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As shown in Table 4, 16 gene cassette arrays were identified among class1 integron-positive isolates.
DNA sequence analysis revealed the predominance of aadA alleles (aadA1a, aadA2, aadA5, aadA7Δ4,
and aadA22) in 30 out of 37 (81.08%) analyzed isolates, accounting resistance for aminoglycosides,
particularly streptomycin. Other frequent gene cassettes reported herein were dfrA (25/37; 67.56%)
alleles (dfrA1, dfrA1, dfrA12, dfrA15, and dfrA17), conferring resistance to the trimethoprim antimicrobial
agent. Despite the high frequency of resistant Campylobacter isolates to B-lactams, the bla pse-1 and
oxa1 gene cassettes were detected in only four isolates (4/37; 10.81% each). Likewise, the gene cassette
aacA4-cmlA4 conferring resistance to chloramphenicol was found in only two Campylobacter isolates.

The most striking finding in the current study is the exclusive existence of a novel gene cassette
array namely aacC5-aadA7Δ4 (In number in 1983) as a first report according to the INTEGRALL database
in only two Campylobacter isolates (code Nos. 26 and 32). This conferred resistance to aminoglycosides
in particular gentamicin and streptomycin, but not tobramycin, amikacin, nor kanamycin.

Two gene cassette arrays were reported within class 1 integrons of Campylobacter species, each one
harbored triple genes. The dfrA17-gcu5-aadA5 (1900 bp) integron-borne cassette array existed in two
XDR (code Nos. 13 and 24) and one PDR (code No. 22) Campylobacter isolates and dfrA12-gcu-aadA2
(1864 bp) gene cassette incorporated in four XDR Campylobacter isolates (code Nos. 4, 6, 12 and 17),
both cassettes conferred resistance to aminoglycosides and trimethoprim antimicrobial agents (Table 4).

Of interest, all gene cassettes reported here were linked to antimicrobial resistance except one,
whose product is a putative phage tail tape measure protein (349 bp; accession number MT612449).
It was reported in three XDR Campylobacter isolates (code Nos. 7, 31, and 36) originated from chicken
and one MDR C. jejuni isolate (code No. 14) of human origin, thus facilitates DNA transit to the cell
cytoplasm during infection. To our knowledge, this is the first report of a putative phage tail protein
associated with class 1 integrons in Campylobacter species.

3.4. Correlation between Class 1 Integrons and Antimicrobial Resistance Phenotypes in Campylobacter Isolates

As depicted in Figure 2 and Table S2, PCR results and DNA sequence analysis were consistent with
certain antimicrobial susceptibility phenotypes. It was noted that the existence of aadA and aacC5 genes
positively correlated (r = 0.09–0.18) with streptomycin resistance. Moreover, class 1 integron-positive
isolates carrying aacC5-aadA7Δ4 and aacA4-cmlA4 cassette arrays showed positive correlations with
resistance to gentamicin (r = 0.11) and tobramycin (r = 0.17), respectively. The presence of bla pse-1 and
oxa1 genes non-significantly (p > 0.05) associated with resistance to amoxicillin-clavulanate (r = 0.12
each) and cefoperazone (r = 0.21 and 0.01, respectively). However, both genes did not confer resistance
to ampicillin-sulbactam (r = −0.07 and −0.25, respectively), cefoxitin (r = −0.21 and −0.04, respectively)
or cefepime (r = −0.16 each).

The clustering pattern of class 1 integron-positive Campylobacter isolates is illustrated in Figure 2.
The two variables (gene cassette arrays and antimicrobial resistance phenotypes) produced two distinct
clusters (A and B). Notably, the aacA4-cmlA4 gene cassette gathered with tobramycin in cluster A. While,
the aadA genes and bla pse-1 and oxa1-aadA1 cassette arrays, which confer resistance to streptomycin
and amoxicillin-clavulanate and cefoperazone, respectively, were clustered together in cluster B.

3.5. Cluster Analysis of Gene Cassette Arrays in Campylobacter Isolates from Human and Animal Populations

The dendrogram analysis (Figure 3) of class 1 integron-positive isolates (n = 38) simplified the
existence of gene cassettes across livestock animals and humans. Three clusters were noticed in our
dataset (A, B and, C). A close relatedness was observed among certain Campylobacter isolates of different
sources. As exemplified, a Campylobacter isolate of the chicken source (code CK153) was closer to
another one of human origin (code H19), both were gathered in cluster A. In addition, two Campylobacter
isolates of human (H21) and chicken (CK143) sources clustered closely together in cluster B. Regarding
the cluster C, several isolates of the three populations (cattle, chicken and human) clustered together.
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Figure 2. Pairwise correlation (R) among different antimicrobial resistance phenotypes and integron
gene cassette arrays. Red and blue colors indicate positive and negative correlations, respectively.
The color key refers to the correlation coefficient (R). The darker colors imply stronger positive or
negative correlations. The hierarchical clustering of the variables is shown as a dendrogram illustrating
different clusters with different colors and letters (e.g., A and B). Variables that are identical among all
strains are excluded, and thus not shown in this figure. Classes of antimicrobials are color-coded below
the dendrogram.

Figure 3. Dendrogram showing the binary distances among different Campylobacter isolates based on
the integron patterns. The isolates are categorized based on their host, which are shown as different
colors and symbols. The X-axis refers to the binary distance scale. Isolates codes are illustrated in
Table 4.
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4. Discussion

Thermophilic campylobacters as C. jejuni and C. coli are associated with infections in humans due
to the consumption of undercooked meat, particularly poultry, and unpasteurized milk [2,3]. Currently,
increasing resistance to major antibiotics in use among campylobacters is an emerging problem [34].
This is the first report to provide insights into the carriage of class 1 integrons by PDR, XDR, and MDR
Campylobacter species isolated from livestock animals and humans in Egypt. In this study, the overall
occurrence rate of C. jejuni (71.48%) was higher than that of C. coli (28.51%). Most Campylobacter isolates
were detected in chicken samples (58.11%) represented as 67.53% C. jejuni and 32.47% C. coli, while
previous studies reported varying rates of Campylobacter prevalence in chickens ranging from 24% to
62% [35,36].

Raw milk acts as a second main source of campylobacters [37]. The consumption of unpasteurized
milk and milk products has been implicated in infections of 23% of human cases with campylobacteriosis
in Egypt [38]. We reported a C. jejuni prevalence rate of 74.29% in raw milk samples, which have
been previously documented with a lower prevalence rate (34%) [39]. Cross-contamination with
Campylobacter species could occur during slaughter and milking of cattle. Herein, the prevalence of
C. jejuni in fresh meat was 51.43%, which was lower than that reported in a previous study in Ethiopia
(72%) [40]. Of note, milk and meat products were free from Campylobacter species, which was consistent
with a previous study in India [41].

Poultry, milk, and meat are a reservoir for campylobacters; therefore, food processing with poor
sanitation is an important source of transmission leading to increase the risk of human exposure,
especially those in contact with food-producing animals. A higher prevalence of C. jejuni in the human
stool (66.67%) was detected in this study when compared with previous studies conducted in Egypt
with prevalence rates of 27.5% [35], 16.66% [42], and 4.07% [43].

Campylobacteriosis does not usually require antibiotic treatment; however, in some cases,
antibiotics may be administered. Ciprofloxacin and erythromycin are considered drugs of choice for
treating Campylobacter infections in humans [44]. However, the unregulated use of antibiotics in human
and veterinary medicine, resulting in increasing their resistance [45].

Increasing resistance to the major antibiotics in use among campylobacters is an emerging
problem [34]. Therefore, an investigation of the resistance rates and mechanisms is essential to prevent
the spread of antibiotic-resistant campylobacters in livestock animals and humans. Herein, we provided
better insight into different drug resistance patterns (n = 93-pattern) as well as an alarming increase of
PDR, XDR, and MDR categories, while testing 25 antimicrobials among 14 antimicrobial categories.

Resistance to three or more antimicrobial classes (MDR) is a worldwide disturbing situation in
C. jejuni [46]. In this study, 28.5% of Campylobacter isolates originating from livestock animals and
humans exhibited MDR pattern. This level of resistance was less than that reported previously [47],
while the resistance profile reaching 11 to 19 drugs is worrying compared with previous studies that
recorded resistance to five to six [48] or three to four antimicrobial agents [49].

Resistance to all classes of antimicrobial agents except two or fewer is defined as XDR [26].
Of interest, this is the first report of XDR Campylobacter isolates (68.94%) among livestock animals
and humans. In a previous study, an XDR C. jejuni CCARM 13,322 was recovered from a human
case of diarrhea associated with international travel [17]. Moreover, 2.55% of Campylobacter isolates
showed PDR (resistant to all antimicrobial agents among 14 categories), which was not reported in any
previous study yet.

Class 1 integron is the main cause of multiple antibiotic resistance gene cassettes transmission
in Gram-negative bacteria causing multidrug resistance [9,50]. Till date, few reports detected class
1 integrons in both C. jejuni and C. coli isolated from chicken house environment [12] and human
sources [13,14] without showing the antimicrobial resistance profiles of isolates. However, no reports
could detect class 1 integrons in PDR or XDR Campylobacter isolates [17].

In this study, the interested report of integrase gene and class 1 integrons (97.36% each) in
C. jejuni and C. coli of chicken, cattle, and human origins representing MDR, XDR, and PDR patterns
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were documented for the first time, at least in Egypt. These integrons were associated with gene
cassettes of different sizes ranging from 349 to 2600 bp. Considering, the previously published data,
all Campylobacter isolates originating from a chicken house environment harbored a single cassette
in the integron with 900 bp amplicon [12]. Additionally, those isolates originating from human and
poultry sources had gene cassettes of molecular weights ranging from 300 to 1.4 kb [14].

Class 1 integrons detected in this study associated with 16 resistance gene cassettes. The most
frequently reported were trimethoprim (dfrA1, dfrA1, dfrA12, dfrA15, and dfrA17) and aminoglycoside
(aadA1a, aadA2, aadA5, aadA22, and aadA7Δ4) resistance gene cassette arrays. Consistently, previous
studies detected class 1 integrons associated with aminoglycoside resistance genes (aadA2 and
aacA4) in both C. jejuni and C. coli resulting from the sequencing of 1000 bp, and 900 bp amplicons,
respectively [12,14]. Moreover, the trimethoprim resistance gene cassettes (dfr1 and dfr9) were carried
by class 1 integrons in clinical isolates of C. jejuni following the sequencing of 399 bp, and 254 bp
amplicons, respectively [13,15].

The most surprising points in the current study are the carriage of a novel gene cassette
array, namely aacC5-aadA7Δ4 (in number in 1983) as a first report according to the INTEGRALL
database. In addition, an unusual phage tail tape measure protein gene cassette was harbored by
four Campylobacter isolates as a first record in campylobacters worldwide. It is widely assumed that
Campylobacter–bacteriophage interactions may play a role in horizontal gene transfer. In accordance
with previous reports, bacteriophages cause genomic instability in C. jejuni and mediate interstrain
transfer of large DNA fragments [51,52].

Herein, the correlation between resistance to certain antimicrobials and the corresponding gene
cassettes was shown similar to other studies as Campylobacter isolates harboring aminoglycoside
resistance gene, aacA4, conferred higher tobramycin MICs but slightly increased resistance to
gentamicin [12]. In addition, high-level resistance to trimethoprim in C. jejuni was associated
with the acquisition of dfr genes [15].

Previous studies showed that the dfr cassette is mostly associated with the aadA gene cassette [53].
DNA sequence analysis of a 1513 bp amplicon of class 1 integron revealed dfrA17ab-aadA5 gene cassette
in seven XDR Campylobacter isolates. Moreover, dfrA12-gcu-aadA2 gene cassette array was detected in
four analyzed isolates. According to our results, the dfrA1-aadA1 gene cassette has been reported in
MDR Citrobacter species with 1600 bp fragment size [54]. In addition, a previous study detected these
gene cassettes of 2000 bp in MDR Salmonella isolates [55].

5. Conclusions

This is the first report, at least in Egypt, that showed the prevalence of PDR and XDR Campylobacter
species in livestock animals and humans. Moreover, we demonstrated the existence of class 1 integrons
and associated gene cassettes in analyzed isolates, which confer antimicrobial resistance and the
possibility of Campylobacter–bacteriophage interactions by the carriage of an unusual phage tail protein
as a first report.
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Simple Summary: Investigation of Campylobacter prevalence throughout the entire chicken produc-
tion process from farms to retail meat is still limited. In this study, we examined the prevalence and
antimicrobial susceptibility of Campylobacter in 10 production lines from one of the largest integrated
poultry production companies in Korea. The prevalence of Campylobacter in breeder farm, hatchery,
broiler farm, slaughterhouse, and retail meat products was 50.0%, 0%, 3.3%, 13.4%, and 68.4%, respec-
tively. Resistance to fluoroquinolones was the most frequently observed, and 16 isolates from breeder
farm were resistant to both azithromycin and ciprofloxacin. Diverse pulsed-field gel electrophoresis
genotypes were presented with discontinuous patterns along the whole production chain. Thirty
percent of Campylobacter-free flocks became positive after slaughtering. An identical genotype was
simultaneously detected from both breeder farm and retail meat, even from different production
lines. This study reveals that antimicrobial-resistant Campylobacter contamination can occur at all
stages of the chicken supply chain. In particular, the breeder farm and slaughterhouse should be the
main control points, as they are the potential stages at which antimicrobial-resistant Campylobacter
could spread to retail meat products by horizontal transmission.

Abstract: The aim of this study was to analyze the prevalence, antimicrobial resistance, and genetic
diversity of Campylobacter isolates that were obtained from whole chicken production stages in Korea.
A total of 1348 samples were collected from 10 production lines. The prevalence of Campylobacter
in breeder farm, broiler farm, slaughterhouse, and retail meat products was 50.0%, 3.3%, 13.4%,
and 68.4%, respectively, and Campylobacter was not detected at the hatchery stage. Resistance to
quinolones/fluoroquinolones was the most prevalent at all stages. Among the multidrug-resistant
isolates, 16 isolates (19.8%) from breeder farm were resistant to both azithromycin and ciprofloxacin.
A total of 182 isolates were subdivided into 82 pulsed-field gel electrophoresis (PFGE) genotypes
with 100% similarity. Diverse genotypes were presented with discontinuous patterns along the whole
production chain. Thirty percent of Campylobacter-free flocks became positive after slaughtering. An
identical genotype was simultaneously detected from both breeder farm and retail meat, even from
different production lines. This study reveals that antimicrobial-resistant Campylobacter contamination
can occur at all stages of the chicken supply chain. In particular, the breeder farm and slaughterhouse
should be the main control points, as they are the potential stages at which antimicrobial-resistant
Campylobacter could spread to retail meat products by horizontal transmission.

Keywords: Campylobacter; whole-chicken production chain; antimicrobial resistance; longitudinal
study; PFGE; genetic diversity
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1. Introduction

Campylobacter spp. are a leading cause of food-borne diarrheal illnesses globally, and
Campylobacter infection is among the most frequently reported causes of gastroenteritis in
humans worldwide [1]. Poultry and poultry products, particularly contaminated chicken
products, are considered to be major sources of human infection [2]. Campylobacter can be
isolated at all stages of the chicken supply chain from farms to retail meat products [3].
Campylobacter usually colonizes from the third week of age after the beginning of the
rearing period and, once colonized, Campylobacter will rapidly reach high numbers in
flocks and the farm environment [4]. Many studies have found that Campylobacter is rarely
detected in day-old chicks, possibly due to the protection that is offered by maternal
antibodies [2]. According to a previous study, vertical transmission from parent flocks
to their progeny still remains unknown [5]; meanwhile, several suspected horizontal
transmission sources or vectors, including the poultry house environment, small animals
on the farm, flies, and rodents, have been identified as major factors of flock colonization [4].
Various contamination factors specifically exist in slaughterhouses; for example, direct
contact between carcasses can frequently induce cross-contamination during defeathering
and evisceration, and contact with common surfaces, such as rubber fingers, conveyor
belts, and cutting tables, is also a main reason for cross-contamination and the presentation
of various colonies of Campylobacter [6,7]. Some isolates seem to survive in the slaughter
equipment and during processing [7]. The persistence of Campylobacter in the equipment
may lead to the contamination of Campylobacter-negative flocks that are slaughtered after
Campylobacter-positive flocks [8]. Numerous studies concluded that the most effective
measures should aim at reducing the prevalence of Campylobacter-positive flocks and the
level of contamination of Campylobacter on broiler carcasses [9].

When Campylobacter infection requires antimicrobial treatment, macrolides and flu-
oroquinolones are normally considered to be first and second antimicrobials of choice,
respectively [10]. However, the recent emergence of resistance to these antimicrobial groups
and multidrug-resistant Campylobacter isolates has been observed within the food supply
chain [3]. The use of enrofloxacin in poultry was banned in the US in 2005 because increased
levels of fluoroquinolone resistance have raised public health concern. In Korea, the use
of antimicrobial agents as growth promoters was withdrawn in 2011, but antimicrobial
agents, including quinolone, macrolides, tetracyclines, and penicillin, are still widely used
in the conventional chicken industry for treating diseases [11]. Despite the policy against
antimicrobial usage, persistent use of antimicrobial agents may induce the development
of resistance and affect other properties, such as the ability to colonize an animal host or
persist in the farm or food processing environment [12].

Most studies monitoring the prevalence and antimicrobial resistance of Campylobacter
have focused on slaughterhouse and retail meat [13–16]. However, investigation covering
the whole chicken production stage from farms to retail meat are still limited [17]. Tracing
the distribution of Campylobacter longitudinally in whole chicken production stages would
help to identify the relatedness of transmission to subsequent stages and determine the
mode of transmission between the vertical and horizontal routes. We examined the most
prevalent contamination spot and antimicrobial susceptibility of Campylobacter in 10 pro-
duction lines from integrated chicken operation. Given that resistant Campylobacter strains
could be directly transmitted to the people who had direct contact with the contaminated
breeder chicken [18], we included breeder farm as the beginning of production stage and
observed the prevalence of antimicrobial resistant Campylobacter, especially those that are
resistant to fluoroquinolone and/or azithromycin; both of which are used widely in human.
In addition, pulsed-field gel electrophoresis (PFGE), which is widely regarded as the gold
standard for tracing outbreaks [7], was performed for molecular typing of Campylobacter
isolates in order to clarify the transmission routes and epidemiological relationships among
isolates of the same species.
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2. Materials and Methods

2.1. Description of Production Company and Farms

From August 2015 to August 2016, 10 chicken production lines (lines 1 to 10), which
belonged to one of the largest integrated poultry production company in South Korea,
were chronologically investigated from breeder farms to retail meat products. The breeder
farms were located in various provinces. The size of breeder farm flocks varied from 16,000
to 50,000 chickens. Every broiler hatching egg produced by these farms was transported
to hatchery assigned to same integrated company. Newly hatched chicks were then
again transported to, and reared at, broiler farms, which contained an average of 70,000–
100,000 broilers and three to five separate flocks, until their slaughter age of 30 days.
Finally, chickens from all broiler farms in this study were gathered and slaughtered in
one processing plant. All of the breeder and broiler farms in this study used ampicillin,
florfenicol, and tetracycline for disease treatment.

2.2. Sampling and Isolation

All of the animals used were commercially raised and reared in conventional chicken
farms under the supervision of the local veterinary authorities; in particular, sampling
was performed in accordance with the relevant guidelines (Guide for the Care and Use
of Laboratory Animals 2014, Korean Ministry of Food and Drug Safety) and regulations
(Korean Council on Animal Care and Korean Animal Protection Law, 2015; Article 23) for
experiments with livestock animals in farm. No chickens were killed for this study, and
sampling was carried by a veterinarian according to the standard protocols and with prior
consent of the farmer/manager of the facilities. Furthermore, written informed consent
was obtained from the owners for the participation of their animals in this study.

In order to increase the relatedness between samples, the sampling procedure was
implemented in an orderly manner from breeder farms to retail meat, and sampling was
limited to one cycle—from breeder farm to production as retail meat; furthermore, the
samples were acquired as evenly as possible in order to avoid oversampling at a specific
time or region. From 10 chicken production lines, a total of 1348 samples from all stages,
such as breeder farm, hatchery, broiler farm, slaughterhouse, and retail meat, were collected
(Supplementary Table S1). Cloacal swab samples (n = 110) from 28–65-week-old chickens
and litter samples (n = 66) were collected from breeder farms (n = 176). In hatcheries, cloacal
swab samples were collected from newly hatched chicks (n = 165). All of the cloacal swab
samples that were collected from breeder farms and hatcheries were separately pooled from
five chickens to one. As for broiler farms, two flocks per farm were sampled three times
within a 30-day period (chickens at 1–14 d, 15–24 d, and >25 d of age) during one rearing
cycle. Broiler farm sampling was repeated during a second, separate production cycle
(n = 720). The cloacal swab samples (n = 300) were randomly collected from 25 chickens
in the entire area of the flock. In detail, a flock was divided equally into five sectors, and
five cloacal samples were obtained from each sector and then pooled into one sample,
making five samples in total for a flock. Environmental samples of feed (n = 120), litter
(n = 180), and water (n = 120) were uniformly collected from equally divided sectors of the
flock, and each sample from the same sector was pooled into one sample (Supplementary
Table S1). The samples from slaughterhouse (n = 230) were collected at the beginning of
each sampling day during the slaughtering of the first batch of broilers chickens; different
production lines were sampled at different sampling dates. From lairage, five cloacal
swab samples from five different chicken were collected, which were then pooled into one
sample (n = 50). Furthermore, environmental samples in slaughterhouse were collected by
aseptically swabbing on the surface of each slaughtering site; they were also pooled into
one sample (n = 180). Retail meat samples (n = 57) were collected from the meat that was
purchased from retail markets in Jeonbuk province, South Korea. All of the samples were
placed into plastic bags and boxes and then transported in a box with ice to the laboratory
where they were analyzed immediately.
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Pooled cloacal swab samples and environmental swab samples were pre-enriched in
Bolton broth (Oxoid Ltd., Basingstoke, UK) that was supplemented with cefoperazone,
vancomycin, trimethoprim, and cycloheximide (Oxoid). Fresh samples (1 g (or mL)) of
feed, litter, and water were separately mixed with 9 mL (1:9 dilution) of Bolton broth.
Subsequently, these samples were incubated in a microaerophilic environment of 10%
CO2, 5% O2, and 85% N2 at 42 ◦C for 48 h for enrichment. Each retail meat sample was
aseptically rinsed with 100 mL of buffered peptone water (Difco, Sparks, MD, USA) in
sterile plastic bags [19]. From rinsed meat, 10 mL of rinse solution was added to 10 mL of
2× Bolton broth. Next, the samples were incubated, as above. After enrichment for 48 h,
a loop full of each sample was streaked onto a plate of modified charcoal cefoperazone
deoxycholate agar (mCCDA) that was prepared with Campylobacter blood-free selective agar
base (Oxoid) supplemented with a CCDA selective supplement containing cefoperazone
and amphotericin (Oxoid). After incubation, the plates were examined for typical colonies,
which are generally small, gray, shiny, and drop-like in shape. At least three presumptive
Campylobacter colonies from each selective agar plate were further cultured on 5% sheep
blood agar plates (Komed, Seongnam, South Korea) microaerobically at 42 ◦C for 48 h.
Presumptive Campylobacter isolates were confirmed by polymerase chain reaction (PCR)
assay, as described previously [20]. After identifying each isolate, Campylobacter isolates
were stored in brain heart infusion broth (Oxoid) with 20% glycerol at −70 ◦C.

2.3. Antimicrobial Susceptibility Testing

The susceptibility of all Campylobacter isolates to 11 antimicrobial agents was deter-
mined by agar dilution method and using Sensititre susceptibility plates (TREK Diagnostic
Systems, Incheon, Korea). The standard agar dilution method, as described by the Clinical
Laboratory Standards Institute [21], was followed in order to confirm the susceptibility to
two antimicrobial agents, namely enrofloxacin (ENR; Daesung Microbiological, Uiwang,
Korea) and ampicillin (AMP; Sigma-Aldrich, St. Louis, MO, USA). Mueller–Hinton agar
(Oxoid) plates supplemented with 5% lysed sheep blood (Oxoid) and antimicrobial agents
at concentrations of 0.125–128 μg/mL for ENR and 8–128 μg/mL for AMP in two-fold se-
rial dilutions were used. Plates were inoculated with 1-mm-diameter inoculating pins and
incubated at 42 ◦C for 24 h under microaerobic conditions. The rest of the nine antimicrobial
agents were tested by Sensititre susceptibility plates containing azithromycin (AZM; 0.015–
64 μg/mL), erythromycin (ERY; 0.03–64 μg/mL), telithromycin (TEL; 0.015–8 μg/mL),
nalidixic acid (NAL; 4–64 μg/mL), ciprofloxacin (CIP; 0.015–64 μg/mL), clindamycin (CLI;
0.03–16 μg/mL), gentamicin (GEN; 0.12–32 μg/mL), florfenicol (FFN; 0.03–64 μg/mL),
and tetracycline (TET; 0.06–64 μg/mL). The plates were incubated under microaerobic
conditions at 42 ◦C for 24 h. The results were evaluated according to the interpretation
criteria of the National Antimicrobial Resistance Monitoring System [22]. We used the
breakpoints for Enterobacteriaceae from the Clinical and Laboratory Standards Institute
criteria, as no enrofloxacin and ampicillin breakpoints are available for Campylobacter [23].
Campylobacter jejuni ATCC 33560 was used as a quality control isolate. Multidrug resistant
(MDR) isolates were those with resistance to two or more classes of antimicrobials.

2.4. Pulsed-Field Gel Electrophoresis (PFGE)

The isolates of C. coli and C. jejuni were genotyped while using PFGE according to
protocols from the Centers for Disease Control and Prevention available on PulseNet.
Genomic DNA (extraction using 1% sodium dodecylsulfate and 1-mg/mL proteinase
K, Biosesang, Seoul, Korea) of Campylobacter isolates was digested with SmaI (Thermo
Fisher Scientific, Inchon, Korea), and XbaI-digested DNA from Salmonella Braenderup
H9812 was used as the standard size. The PFGE results were analyzed using BioNumerics
(version 6.6 for Windows, Kortrijk, Belgium). Dice coefficients were calculated based on a
pairwise comparison of the PFGE types of the isolates. The isolates were defined as closely
related based on molecular typing when their PFGE patterns had dice coefficients with
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100% similarity level. Dice coefficients, with an optimization of 2.0% and a band position
tolerance of 1.5%, were applied.

2.5. Statistical Analysis

The prevalence of Campylobacter spp. between different production stages was com-
pared with the chi-square test. The statistical significance of the differences in resistance to
all antimicrobials between Campylobacter spp. was also tested while using chi-square test.
Differences were considered to be statistically significant at p values less than 0.05.

3. Results

3.1. Distribution of Campylobacter spp. along the Chicken Production Chain

The prevalence of Campylobacter in breeder, broiler farm, slaughterhouse, and retail
meat products was 50.0% (88/176), 3.3% (24/720), 13.5% (31/230), and 68.4% (39/57),
respectively (Figure 1), which indicated the highest prevalence in retail meat products
(p < 0.05). Campylobacter was not detected in samples that were acquired from the hatchery
stage. The distribution of Campylobacter species from the chicken production stage is shown
in Table 1. Overall, 182 isolates (13.5%) out of 1348 samples were positive for Campylobacter,
either C. coli (80 isolates, 44%) or C. jejuni (102 isolates, 56%). Except in breeder farms and
retail meat products, C. jejuni was more prevalent than C. coli at all other stages. Each
production line showed various distribution patterns of Campylobacter isolates. Lines 2 and
8 were positive for Campylobacter at the breeder farm and retail meat product stages, but
not at other stages. Regarding lines 5, 6, and 7, Campylobacter spp. were isolated from every
stage of the chicken supply chain, except at the hatchery stage.

Figure 1. Prevalence of Campylobacter isolated from the chicken production chain. (n = total number
of samples from each production stage).

3.2. Antimicrobial Susceptibility

Table 2 presents the results of antimicrobial susceptibility testing performed on the
182 isolates. Resistance to CIP and ENR was the most common (170/182, 93.4%), followed
by resistance to NAL (161/182, 88.5%), AMP (133/182, 73.1%), and TET (103/182, 56.6%).
Resistance to CLI, GEN, and FFN was only found in 1.6%, 4.4%, and 0.5% samples, re-
spectively. Campylobacter resistance to macrolides, such as AZM and ERY, was only noted
in isolates that were derived from breeder farms, with resistance rates of 9.9% and 8.8%,
respectively. All of the C. coli isolates were resistant to at least one antimicrobial tested in
this study. The resistance rate for antimicrobials was statistically (p < 0.05) higher in C. coli
than in C. jejuni for CIP, ENR, and TET.
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Isolates that were resistant to more than two antimicrobial classes were defined as
MDR isolates; 57.5% (46/80) of C. coli and in 34.3% (35/102) of C. jejuni were identified as
MDR isolates (Table 3). The most common multidrug resistance pattern in Campylobacter
spp. was the resistance to quinolones/fluoroquinolones (NAL, CIP, ENR), tetracyclines
(TET), and penicillin (AMP). This pattern was observed at all stages of the chicken supply
chain. Furthermore, 19.8% (16/81) of MDR isolates were resistant to both AZM and CIP,
and they were only detected in samples from breeder farms.

3.3. Pulsed-Field Gel Electrophoresis Profiles

After analyzing the PFGE results, the 182 isolates were subdivided into 86 PFGE types
with 100% similarity (Table 4). Two predominant types (types 6 and 10) of C. coli were
associated with six isolates and three predominant types (types 17, 19, and 20) of C. jejuni
were with nine, 10, and eight isolates, respectively. Most types of C. coli (24, 54.5%) and
C. jejuni (24, 57.1%) were shared with one isolate. There was genotype diversity of the
isolates for both C. coli and C. jejuni in the poultry production chain, with the highest
diversity being detected at the breeder stage. The breeder farms carried a large variety
of PFGE types, with 30 and 24 types of C. coli (Supplementary Figure S1) and C. jejuni,
respectively (Supplementary Figure S2). The cross-contamination of C. coli and C. jejuni
isolates was common among breeder farms of different production lines. Herein, PFGE
type 27 of C. coli and PFGE type 9 of C. jejuni in a breeder farm were simultaneously
found in production lines 4 and 8, which indicated a high frequency of cross-contamination
between the two production lines. Moreover, PFGE type 27 of C. coli was found in three
different production lines (lines 3, 4, and 8), and PFGE types 8 and 21 were found in two
different production lines (lines 6 and 7 and lines 6 and 8, respectively). PFGE types 9, 19,
and 36 of C. jejuni were found in two different production lines, which are lines 4 and 8,
lines 1 and 3, and lines 1 and 2, respectively.

The same genotype (type 11 of C. jejuni) was simultaneously detected from both
breeder farm and retail meat, even from different production lines. PFGE type 19 of
C. jejuni was found in four different production lines (lines 1, 3, 4, and 5), providing the
evidence of contamination across the farm stage, including at the breeder and broiler farm
stages. Furthermore, serious cross-contamination between different production lines was
found at the slaughterhouse stage. PFGE types 16 and 18 of C. jejuni were first found in
lines 6 and 9 in slaughterhouses and they were later recovered from retail chicken meat in
line 2 and lines 6 and 8, respectively. Some of the new PFGE types (C. coli from lines 1, 2, 3,
5, 7, and 9; C. jejuni from lines 2, 3, 6, 7, 8, and 10) were recovered from retail meat products
but were not detected in previous stages of the same production line. Only one PFGE type
(type 19 of C. jejuni) continuously existed from breeder farm to slaughterhouse, even in
different lines, but the rest of the types did not persist across different stages until the final
product. Some PFGE types, such as types 8, 11, 16, 18, and 36 of C. jejuni, were sparsely
detected from different production lines and stages. Fifteen out of 44 types of C. coli and 21
types out of 42 types of C. jejuni were considered to be non-MDR isolates. Twelve PFGE
types out of 86 were MDR isolates, including those non-sensitive to azithromycin and
ciprofloxacin, as identified using human therapeutic treatment.
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4. Discussion

Campylobacter is the most common gastroenteritis-causing pathogen worldwide. Food-
borne transmission accounts for most cases of Campylobacter infection, and up to 80% of
Campylobacter infections can be attributed to the consumption of poultry, particularly the
consumption of contaminated chicken meat [24]. This study shows that monitoring the
distribution of antimicrobial resistant Campylobacter and its resistance patterns and tracing
the route of transmission from comprehensive longitudinal sampling in the whole produc-
tion stages are important for better understanding the occurrence resistant Campylobacter
contamination.

A previous study on Campylobacter emergence suggested that Campylobacter contami-
nation is due to vertical and horizontal transfer in broiler farms [4]. In the present study, all
of the production stages, except hatchery, were contaminated with Campylobacter (Figure 1).
The finding of a hatchery being Campylobacter-negative, despite a Campylobacter-positive
parent flock, indicates that vertical transmission is not a major infectious route as it was
in previous studies [5,25]. Furthermore, horizontal transmission comes across as a major
potential source of flock infection via feed, litter, water, footwear, and chicken sheds [4].

The implementation of strict biosecurity practices was considered to be effective
method to prevent or delay Campylobacter colonization in broiler chickens during the rearing
period. In addition, low prevalence of Campylobacter isolates from broiler farms in this
study could be due to a short rearing time of about 30 days before slaughter [26]. This result
was consistent with the report that identified slaughter age as a risk factor for Campylobacter
colonization in broiler chickens and suggested that reducing the rearing period of broiler
chicken would decrease the prevalence of Campylobacter [27]. However, when compared
with the low prevalence of Campylobacter in broiler farms and slaughterhouses, the isolation
rate rapidly increased in retail meat samples in this study. These results were in accordance
with the finding that suggested the possibility of contamination during slaughter [7,9,28].
Therefore, Campylobacter control in poultry faces many hurdles that need to be overcome
and probably several strategies will have to be combined in order to achieve this goal.
Although the best way to reduce Campylobacter contamination in chicken carcasses is to
prevent colonization in the broiler house, an effective, suitable, and reliable strategy to
eradicate this foodborne pathogen should focus not only on rearing farms, but also on the
subsequent stages [29].

Most Campylobacter isolates (175/182) were resistant to at least one antimicrobial agent.
Notably, extremely high resistance to nalidixic acid (88.5%), ciprofloxacin (93.4%), and
enrofloxacin (93.4%) were found in this study, which is a finding that is consistent with
previous studies [13,19,30]. In addition, 44.5% (81/182) of isolates showed multidrug resis-
tance, and 16 isolates (16/81, 19.8%) were resistant to both azithromycin and ciprofloxacin.
Extremely high resistance to fluoroquinolones and a steady increase in macrolide resis-
tance would pose a serious public health threat of the transmission of such resistant
Campylobacter through the chicken production stages [3]. Contrary to the high resistance
to fluoroquinolones (>90%), tetracycline (56.6%), and ampicillin (73.1%), low resistance to
gentamicin (4.4%) and florfenicol (0.5%) was identified in this study, which is consistent
with the findings of a previous study [31]. Although these antimicrobials (gentamicin
and chloramphenicol) are not the routine choice of treatment for human Campylobacter
infection, increasing the resistance to the first-line antimicrobials and the decline in newly
developed antimicrobials necessitated the monitoring of these alternative antimicrobial
agents; this is because monitoring antimicrobial resistance is crucial in establishing the
prevention and control measures in order to limit the dissemination of the resistant isolates.
Thus, enhanced monitoring of Campylobacter resistance to these antimicrobials is required
in order to better prevent infections that are caused by resistant pathogens and protect
public health.

In general, C. jejuni was reported as the predominant Campylobacter species in poultry.
However, our results showed a similar prevalence of C. coli and C. jejuni. Similar results,
showing that the prevalence of C. coli was similar to that of C. jejuni or that C. coli showed an
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even higher prevalence than C. jejuni in poultry, have been reported in China, Thailand, and
Reunion Island, among other places [17,32,33]. In addition, C. coli always showed higher
antimicrobial resistance than C. jejuni and, accordingly, the choice of disinfectants and an-
timicrobials used in farms could be targeted at certain Campylobacter populations [32,34,35].
This study shows that C. coli demonstrated higher rates of antimicrobial resistance than C.
jejuni in accordance with previous studies [32,34,35]. Our results suggest that the use of
antimicrobial agents, such as ampicillin, florfenicol, and tetracycline, in farms may lead to
favorably selected antimicrobial resistant C. coli being higher in prevalence than C. jejuni. It
poses a potential public health threat and, thus, should be monitored in high priority in
order to control the widespread of C. coli.

In this study, the genetic diversity among Campylobacter isolates and the presence
of Campylobacter isolates along the chicken meat supply chain were evaluated. In con-
trast to other studies, the discontinuous appearance of Campylobacter and the diversity
of PFGE types of isolates were mostly present along the entire chicken production pro-
cess [7,36]. This result suggests that various contamination sources, such as wild animals,
insects, farm staff, transport vehicles, and slaughtering environment, and equipment with
Campylobacter-positive flocks, exacerbate the risk of bringing new resistant isolates into
the chicken production stages [4]. In addition, genetic instability has been reported in
Campylobacter isolates that are highly sensitive to environmental stress both in farms and
slaughterhouse [37,38]. Furthermore, we have to acknowledge the limitations that are asso-
ciated with our small sample sizes for slaughterhouse and retail meat, particularly when
compared to the whole flock, which has about 15,000–20,000 broiler chickens; however, a
larger number of samples was acquired for several sampling sites [39,40].

During the processing of poultry carcasses in slaughterhouse, cross-contamination
between production lines seems to be relatively frequent. We found that PFGE type 16
of C. jejuni isolates from line 6 in the slaughterhouse was re-isolated from retail meat of
line 2. Furthermore, PFGE type 18 of C. jejuni isolates from line 9 in the slaughterhouse
was re-isolated from retail meat of lines 6 and 8. In addition, a Campylobacter-free flock
could become positive after processing in the slaughterhouse. From our results, retail
meat from 30% (3/10) flocks became Campylobacter-positive, even when these flocks (lines
2, 8, and 10) were negative at earlier stages. The primary source of contamination of
Campylobacter for these Campylobacter-free flocks may be the Campylobacter-positive flocks
that were slaughtered on previous days. These results suggested that some strains of
Campylobacter form biofilms outside the host and may form a film on metal, glass, or rubber
surfaces in the slaughterhouse; furthermore, Campylobacter can survive in the slaughter
environment, even after cleaning with disinfectants [41–43]. Some surviving isolates could
persist up to three weeks in the slaughterhouse environment, and these colonies could
pose a high contamination risk to the following chicken flock [7,44]. These interventions
at the slaughterhouse stage are an urgent requirement, as current interventions against
Campylobacter contamination during poultry slaughter are not implemented in Asia [45].

We also noted the spread of the same genotype (PFGE type 11 of C. jejuni) that was
isolated from breeder chicken and retail meat from different production lines. This result
corroborated a previous study, which reported that the breeder chicken was the reservoir
of Campylobacter with antimicrobial resistance and that these resistant Campylobacter may
horizontally or vertically spread to retail meat along the chicken production stages [4,25];
our results are also in agreement with another study, stating that these resistant Campy-
lobacter isolates could be directly transmitted to people who come into direct contact with
the contaminated breeder chicken [18]. In agreement with previous studies, our results
showed that Campylobacter isolates from the breeder chicken had higher antimicrobial
resistance than those from broiler chicken; furthermore, the breeder chicken also had a
higher prevalence of isolates with co-resistance to azithromycin and ciprofloxacin than
broiler chicken [46]. With a high possibility to obtain antimicrobial treatment in its long
life cycle, breeder chicken could accumulate MDR isolates and would be a persistently
infected source for spreading the MDR isolates to the environment and downstream broiler
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chicken or retail meat via horizontal transmission [25,46]. We also noticed that multiple
Campylobacter genotypes were shared between different breeder farms (types 8, 21, and 27
of C. coli and types 9, 19, and 36 of C. jejuni), despite the high biosecurity measures being
implemented in breeder chicken farms in South Korea [47]. Moreover, one PFGE type
(type 19 of C. jejuni from lines 1 and 3) was transmitted from the breeder farm to down-
stream production stages beyond production lines. The presence of the same genotypes
at different production stages and in different lines highlights a common source from the
same company that could be shared during the transport of birds, feeding, and veterinary
visits, among other ways [4]. Based on these factors, the circulation of specific genotypes
in an integrated production system could occur. This result was also supported by the
fact that the long life cycle of breeder chicken increased the risk of pathogen exchange by
increasing the number of encounters among breeder chicken farms [47]. Therefore, the
breeder chicken cannot be excluded from the antimicrobial resistance monitoring program
to limit and prevent the spread of resistant Campylobacter.

5. Conclusions

In conclusion, we found that the significant contamination of antimicrobial-resistant
Campylobacter was prevalent at all production stages, except at the hatchery stage; moreover,
the transmission of Campylobacter occurred by multiple routes and it induced a variety of
genotypes. To our knowledge, this is the first report on the occurrence of antimicrobial-
resistant Campylobacter investigated longitudinally from breeder farms to retail meat along
the chicken supply chain in Korea. High prevalence of antimicrobial-resistant Campylobacter
in breeder farms according to the bird age suggests that epidemiological investigations
should include breeder farms, which could be a source of transmission of antimicrobial-
resistant Campylobacter, including the antimicrobials that were used in human treatment,
in the chicken supply chain. According to the PFGE results, new types were mainly in-
troduced at farm and slaughterhouse stages with numerous factors that resulted in the
accumulation of various genotypes. In particular, the slaughtering process may contami-
nate Campylobacter-negative flocks with various genotypes by the end of the process. These
findings indicated that further studies are necessary in order to figure out the contamina-
tion factors or routes from rearing farm and slaughterhouse and develop interventions
targeting slaughterhouse for improving food safety and public health.
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age in days. Figure S2. A dendrogram of Campylobacter jejuni SmaI-PFGE patterns isolated from the
chicken production chain and antimicrobial resistance. Isolate names are the following: S: cloacal
swab sample; F: feed sample; W: water sample; L: litter sample; from 198-A to 198-H, 196-A, and
from 194-E-1 to 194-J-1: slaughter processing environment; w: age in weeks; d: age in days.
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Simple Summary: Antimicrobials represent useful tools to fight bacterial infections that could harm
human and animal health. Antimicrobial resistance occurs naturally or can be induced by the misuse
of antibiotics. Its occurrence limits the efficiency of antibiotics and therefore the possibility to treat
infections effectively. This can lead to an increasing severity of infectious diseases in humans and
animals. Here, we describe the development of a workflow that provides a qualitative representation
of the antimicrobial genes that are translated into proteins. Since proteins are ultimately the real
effectors, the method herein described demonstrates that those genes are effectively enhancing
antimicrobial resistance (AMR). The presented method is independent of any amplification step and
provides useful information on the dynamics of the biochemical functions accomplished by the raw
milk bacterial consortium.

Abstract: The environment, including animals and animal products, is colonized by bacterial species
that are typical and specific of every different ecological niche. Natural and human-related ecological
pressure promotes the selection and expression of genes related to antimicrobial resistance (AMR).
These genes might be present in a bacterial consortium but might not necessarily be expressed.
Their expression could be induced by the presence of antimicrobial compounds that could originate
from a given ecological niche or from human activity. In this work, we applied (meta)proteomics
analysis of bacterial compartment of raw milk in order to obtain a method that provides a measurement
of circulating AMR involved proteins and gathers information about the whole bacterial composition.
Results from milk analysis revealed the presence of 29 proteins/proteoforms linked to AMR.
The detection of mainly β-lactamases suggests the possibility of using the milk microbiome as
a bioindicator for the investigation of AMR. Moreover, it was possible to achieve a culture-free
qualitative and functional analysis of raw milk bacterial consortia.

Keywords: proteomics; AMR; raw milk; microbiome; β-lactamase

Animals 2020, 10, 2378; doi:10.3390/ani10122378 www.mdpi.com/journal/animals

39



Animals 2020, 10, 2378

1. Introduction

Bacteria are becoming more and more resistant to a greater number of antibiotics. Antimicrobial
resistance (AMR) is a trait that can be horizontally transferred by previously resistant bacteria or can be
generated by the occurrence of new mutations [1]. The complete panel of AMR genes present within a
microbiome is defined as the “resistome”. Moreover, bacteria can be intrinsically resistant to different
classes of antibiotics conferring, to a given ecological niche, a certain level of resistance. The bacterial
intrinsic resistome is defined as the entirety of elements contributing to antibiotic resistance regardless
of previous exposure to antibiotics [2].

For example, soil microorganisms are carriers of resistance genes to many classes of antibiotics
independently from human-derived antimicrobial pressure. The intrinsic resistome predates the
clinical use of antibiotics posing the question whether AMR occurred earlier than the human antibiotics
production and spread [3]. Naturally occurring AMR is related to the biological pressure of every
ecological environment/niche that implicates the bacteria-bacteria competition or the bacteria-fungi
competition. Penicillin was the first discovered antibiotic and is produced by the fungi of the genus
Penicillium. Therefore, bacteria-fungi co-existence may have been the driver for the initial production
and synthesis of the early forms of beta-lactamases.

Studies based on metagenomics and high-performance genome sequencing broadened the
knowledge about bacterial genomes, leading to the discovery of a high concentration of AMR -related
genes in many ecological niches. However, the detection of antimicrobial-related genes does not
necessarily mean that those genes will be translated into proteins. Antimicrobial genes might be
present within a bacterial consortium in the main genome or in the plasmids of the present species,
but may remain silent, unless their expression is induced by the presence of antimicrobial compounds
in the environment. The genes detected through next generation sequencing (NGS) methods may
belong to bacterial species that are dead or unable to replicate. In order to have a deep knowledge
of the composition and the biological functions of a microbial consortium, different investigation
approaches need to be applied.

The study at protein level (protein expression level) is therefore necessary to assess the full
functionality of a given microbial consortium. Mass spectrometry-based proteomics, and specifically
metaproteomics, supported by the improved bioinformatic tools, allowed the detection of a high
number of different proteins and proteoforms from different organisms in heterogeneous biological
samples [4].

Metaproteomics studies represent a challenge for the computational resources because of the large
dimension of the databases. Despite this challenge, we have already performed metaproteomics studies
which proved to be efficient and reliable for the study of bacterial consortia of hard cheese [5] and of
the gut microbiome of newborn mice [6]. The bacterial consortium of hard pasta cheese was enriched
using an isoelectric precipitation of caseins to be discarded. The proteomics part was achieved using
a bottom-up approach followed by the search against a database including all the bacterial protein
sequences obtained from UNIPROT [7]. A similar approach was used to evaluate the diet-related
shaping of the whole set of microorganisms present in the gut of newborn mice [6].

In case of raw, unpasteurized milk metaproteome, there are few challenges to overcome to
successfully analyze the microbiome. First, unlike metagenomics, it is important to have a robust
enrichment step because of the lack of amplification steps for proteins. Second, residual of both milk
proteins and somatic cells (which include mainly leukocytes) proteins will be retained in the sample to
be analyzed.

For the aforementioned reasons, the challenge of experimentally enriching the raw milk bacterial
consortium was addressed with a rapid agitation step and the selective analysis of the bacterial
proteins with a bottom-up proteomics approach coupled with database filtering. The main goal was
to selectively investigate and demonstrate the expression of proteins related to AMR and, within the
same experimental procedure, to evaluate the whole microbial composition up to the genre level.
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2. Materials and Methods

2.1. Milk Sampling

Two bulk tank milk (BTM) samples were collected (each one in duplicate) at distance of 7 days
in January 2018 from the official research facility for large animals of University of Milan “Azienda
Agraria Didattico-Sperimentale “Angelo Menozzi”—Landriano (Pv)”. The facility counts around 90
lactating cows. These two bulk milk samples were then used for two different extractions named
extraction number 1 and extraction number 2.

For this step, 250 mL were taken from the top of the tank using a clean, sanitized dipper after the
milk was agitated for 5–10 min as suggested [8]. One aliquot of both samples was delivered refrigerated
to ARAL Laboratories for somatic cell count (SCC, 98,000 and 112,000 for the first and the second sample
collected) that was performed by certified methods, currently applied by Italian Breeders Association
(A.I.A.) on a Fossomatic FC (Foss DK) instrument. The second aliquot collected of each sample was
kept at 4 ◦C and processed within 24 h for bacterial enrichment and metaproteomics analysis.

2.2. Bacterial Enrichment for Proteomics Analysis

For each sample, 160 mL of fresh milk were divided into sixteen 15 mL tubes (10 mL each tube)
and horizontally placed over the plate of a FALC F320 stirrer for 10 min at 1600 rpm (Figure 1).

Figure 1. Workflow of the rapid bacterial enrichment method. The experimental phases of the whole
procedure prior to the mass spectrometry analysis are described, starting with the separation of the
bacterial fraction from the lipid fraction, to the collection and enrichment of the bacterial pellets.

After this step, the samples were kept in the same vials and centrifuged for 20 min at room
temperature at 2500× g for cells and bacteria collection. A small red cellular pellet was visible in
the bottom of the tube. The top layer (lipids) was removed with a spatula and the supernatant was
discarded. Four pellets with the small amount of residual liquid were then gently mixed a pipette
and merged in a 2 mL tube. This latter was centrifuged at 12,000× g at 4 ◦C for 20 min. Four of these
obtained pellets (coming from 16 original 10 mL tubes) were then collected in one single 2 mL tube and
centrifuged again at the same speed. The result is a cellular pellet collected from an original amount
of 160 mL of raw milk. This method has been adapted from Brewster and Paul [9]. The supernatant

41



Animals 2020, 10, 2378

was discarded, and the pellet was then solubilized with 300 μL of solubilization sample buffer (7M
UREA, 2M Thiourea, 4% CHAPS). To ensure the complete disruption of the collected bacterial cells
the samples were processed with 6 cycles of 1 min bead beating interspersed by a cycle of centrifuge
(Figure 1). Bead beating steps were performed by adding to the sample the same amount (1:1 v/w)
of 0.1 mm zyrcounium-sylica beads (300 μg beads added to 300 μL of buffer + the volume of the
pellet). The bead beating cycle was performed for 1 min at 4000 rpm in order to avoid overheating.
After this step, the samples were centrifuged for 5 min at 12,000× g at 4 ◦C to chill and disperse the
foam. This cycle was repeated 6 times. After the 6th cycle, the samples were centrifuged for 20 min
and the supernatant was saved in another tube and further processed for proteomics analysis.

2.3. Trypsin Digestion and Mass Spectrometry Analysis

Protein Digestion was performed according to the Filter-aided sample preparation (FASP) protocol
described by Wiśniewski et al. [10] and optimized by Distler et al. [11] combining both the purification
and digestion of the proteins.

Briefly, reduction (DTT 8 mM in urea buffer-8 M urea and 100 mM Tris), alkylation (IAA 50 mM
in urea buffer 8 M urea and 100 mM Tris) and digestion by trypsin (final trypsin concentration of
0.01 μg/μL) were performed on filter tubes (Nanosep centrifugal device with Omega membrane-
10 K MWCO).

Then, 0.25 μg of each digested samples were loaded in triplicate on a Symmetry C18 5 μm, 180 μm
× 20 mm precolumn (Waters Corp., Milford, MA, USA) and subsequently separated by a 120 min
reversed phase gradient at 300 nL/min (linear gradient, 2–40% ACN over 90 min) using a HSS T3 C18
1.8 μm, 75 μm × 150 mm nanoscale LC column (Waters Corp.) maintained at 40 ◦C.

Tryptic peptides were separated on an ACQUITY MClass System (Waters Corp.) and then
separated using a High Definition Synapt G2-Si Mass spectrometer (Waters Corp) directly coupled to
the chromatographic system.

The protein expression was evaluated by a high definition expression configuration mode
(HDMSE), a data-independent acquisition (DIA) protocol where ion mobility separation (IMS) was
integrated into LC-MSE workflow as described by Marini F. et al. [12].

The mass spectrometer parameters were set as: positive survey polarity of electrospray source
(ES+), acquisition mode mass range 50–2000 m/z, capillary source voltage 3.2 kV, source T 80 ◦C, cone
voltage 40 eV, TOF resolution power 20,000, precursor ion charge state 0.2–4, trap collision energy 4 eV,
transfer collision energy 2 eV precursor MS scan time 0.5 s, and fragment MS/MS scan time 1.0 s. All
spectra were acquired in IMS cycles with wave height at 40 V, wave velocity of 650 m/s, transfer wave
height of 4 V, and transfer wave velocity of 175 m/s.

Data were post-acquisition lock mass corrected using the doubly charged monoisotopic ion of
[Glu1]-Fibrinopeptide B (Waters), sampled every 30 s.

2.4. Bioinformatics and Metaproteomics

The LC-MS raw data from three replicate experiments for each sample/extraction were processed
using the software ProteinLynx Global Server v. 3.0.3 (PLGS, Waters Corp.). The qualitative
identification of proteins was obtained by searching two different databases: (i) bacteria (UniProt
KB/Swiss-Prot Protein Knowledgebase restricted to all Bacteria taxonomy) and (ii) The Comprehensive
AMR Database (CARD, https://card.mcmaster.ca/) as FASTA files [13,14].

Search parameters were set as: automatic tolerance for precursor ions and for product
ions, minimum 1 fragment ions matched per peptide, minimum 3 fragment ions matched per
protein, minimum 2 peptide matched per protein, 1 missed cleavage, carbamydomethylation of
cysteines and oxidation of methionines as fixed and variable modifications, and a false discovery rate
(FDR) of the identification algorithm under 1%.

The protein identifications were based on the detection of more than two fragment ions per
peptide, more than two peptides measured per protein.
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In addition, in order to validate the proteins of interest obtained by DIA analysis, a targeted
label-free strategy was carried out using the freely available Skyline tool (MacCoss Lab Software,
https://skyline.ms/project/home/software/Skyline/begin.view).

The qualitative and functional metaproteomics analysis was achieved using the peptides list
obtained with PLGS. The obtained list was analyzed with UNIPEPT (https://unipept.ugent.be/) for
each different extraction for the qualitative analysis [15].

The Venny 2.1.0 online tool (https://bioinfogp.cnb.csic.es/tools/venny/) was used for comparing
lists with Venn Diagrams.

3. Results

3.1. Cow Milk Microbiome Analysis

As described in the methods section, the first experimental step was necessary to enrich the
bacterial fraction. The sample preparation with bacterial enrichment was performed according to the
scheme in Figure 1. Raw unpasteurized milk was vigorously agitated to detach the bacterial fraction
from the lipids fraction. The samples were subsequently centrifuged to collect the bacterial pellet.
This allowed a consistent enrichment of bacteria in a 30-min workflow.

The extraction procedure was performed separately on the first and second sample (extraction 1
and 2, respectively). Each extraction was then analyzed in triplicate via LC-MS/MS DIA integrated
with ion mobility separation (IMS).

In order to identify the whole bacterial proteome, the obtained MS datasets were analyzed
using different databases: UniProt KB/Swiss-Prot restricted to all reviewed Bacteria protein sequences
(UniProt KB) and the Comprehensive Antibiotic Resistance Database (CARD) [14].

The technical replicates of the two different extractions were analyzed independently, and the
results are shown in Figure 2. The composition of the microbiota showed a low degree of variability
between the two extractions. This similarity was consistent up to the genre level (Firmicutes phylum,
Lactobacillus genus). However, a higher degree of variability was found when the metaproteomics
analysis was undertaken at the species level.

The peptide lists were obtained by searching the raw datasets against the whole bacterial database.
The lists were then analyzed to determine the main molecular functions performed by the microbiome
just before bacterial lysis. The 10 most probable functions (attributed by Unipept) executed by the
whole milk microbiota are listed in Table 1.

Table 1. The 10 most represented Gene Ontology (GO) molecular functions of the analyzed microbiome.

Peptides GO Term Name

4001 GO:0005524 ATP binding
1985 GO:0003677 DNA binding
1595 GO:0046872 metal ion binding
1164 GO:0000287 magnesium ion binding
1061 GO:0008270 zinc ion binding
620 GO:0003899 DNA-directed 5′-3′ RNA polymerase activity
514 GO:0016787 hydrolase activity
511 GO:0000049 tRNA binding
481 GO:0005525 GTP binding
473 GO:0046933 proton-transporting ATP synthase activity, rotational mechanism

3.2. Resistome Proteins Analysis

The same raw MS dataset was then searched against the CARD 15 database. Figure 3 shows
the Venn diagram of the proteins identified in the two extractions using the CARD 15 database.
Based on the analytical parameters described in the methods, 35 proteins were identified combining
both extractions. Specifically, 29 proteins were common to the two extractions corresponding to 82.9%
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while 5.7% (2 proteins) and 11.4% (4 proteins) were found specifically in extraction 1 and in extraction
2, respectively.

  

 

  

Figure 2. Metaproteomics (Unipept) analysis at the level of the Bacteria domain, Firmicutes phylum,
and Lactobacillales order obtained using the peptides identified by searching against the UniProt
database restricted to all reviewed bacterial entries.
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Figure 3. Venn diagram of the proteins identified by searching against the “The Comprehensive
Antibiotic Resistance Database” CARD 15.

Table 2 shows the proteins commonly detected in both extractions. Those are mainly represented
by orthologs of β-lactamases from several bacterial species, e.g., Klebsiella pneumoniae and Escherichia
coli. Among other proteins with AMR potential identified using the CARD15 database there is an
isoform of the Aminoglycoside N(6’)-acetyltransferase of Enterococcus hirae.

Table 2. List of the different β-lactamase isoforms detected using the CARD 15 resistome database.

29 Common Elements in “Extraction 1” and “Extraction 2”:

Protein.Entry Protein.Accession Protein.Description Uniprot

ARO:3001066 AAA87176.1 SHV-7 [Escherichia coli] Q46759
ARO:3001077 AAF34333.1 SHV-19 [Klebsiella pneumoniae] Q9LAR9
ARO:3001078 AAF34334.1 SHV-20 [Klebsiella pneumoniae] Q9LAR8
ARO:3001079 AAF34335.1 SHV-21 [Klebsiella pneumoniae] Q9LAR7
ARO:3001076 AAF64386.1 SHV-18 [Klebsiella pneumoniae] Q9LAJ9
ARO:3001073 AAG17550.1 SHV-14 [Klebsiella pneumoniae] Q9F918
ARO:3001087 AAG49894.1 SHV-29 [Klebsiella pneumoniae] Q9AHN9
ARO:3001092 AAK64187.1 SHV-34 [Escherichia coli] Q93LM8
ARO:3001093 AAL68926.1 SHV-35 [Klebsiella pneumoniae] Q8VP57
ARO:3001088 AAT75225.1 SHV-30 [Enterobacter cloacae] Q6DLX7
ARO:3001146 ABN49111.1 SHV-94 [Klebsiella pneumoniae] A3FFR3
ARO:3001148 ABN49112.1 SHV-96 [Acinetobacter baumannii] A3FFR4
ARO:3001182 AEK80394.1 SHV-140 [Klebsiella pneumoniae] G1EC65
ARO:3001183 AFC60795.1 SHV-141 [Klebsiella pneumoniae] H9CTU8
ARO:3001188 AFQ23955.1 SHV-149 [Klebsiella pneumoniae] J7I2U9
ARO:3001190 AFQ23957.1 SHV-151 [Klebsiella pneumoniae] J7I6M7
ARO:3001193 AFQ23960.1 SHV-154 [Klebsiella pneumoniae] J7I2V5
ARO:3001195 AFQ23962.1 SHV-156 [Klebsiella pneumoniae] J7I6N3
ARO:3001197 AFQ23964.1 SHV-158 [Klebsiella pneumoniae] J7I616
ARO:3001198 AFQ23965.1 SHV-159 [Klebsiella pneumoniae] J7I2W1
ARO:3001200 AFQ23967.1 SHV-161 [Klebsiella pneumoniae] J7I616
ARO:3001202 AFQ23969.1 SHV-163 [Klebsiella pneumoniae] J7I622
ARO:3001357 AHA80959.1 SHV-173 [Klebsiella pneumoniae] V5N2H6
ARO:3001364 AJO16042.1 SHV-182 [Klebsiella pneumoniae] A0A0C5C1Y7
ARO:3003156 AJO16047.1 SHV-189 [Klebsiella pneumoniae] A0A0C5C1Z0
ARO:3001204 BAM28879.1 SHV-167 [Klebsiella pneumoniae] I7GSH3
ARO:3002589 CAE50925.1 AAC(6′)-Iid [Enterococcus hirae] Q70E72
ARO:3001337 CAQ03504.1 SHV-99 [Klebsiella pneumoniae] B7FDD8
ARO:3003155 CEA29751.1 SHV-188 [Klebsiella pneumoniae] A0A0A1ISX2
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All the β-lactamase isoforms that are present in the analyzed sample are shown in the phylogenetic
tree in Figure 4.

Figure 4. Phylogenetic tree displaying all β-lactamase isoforms detected in the analysed samples using
the FastTree function of GenomeNet (https://www.bic.kyoto-u.ac.jp/).

In order to validate the DIA results, a targeted label-free strategy was applied to analyze the
peptides related to the identified proteins (Table 3).

Table 3. J7I2U9 and J7I2V5 β-lactamase isoforms specific peptides. Peptides exclusively related to
J7I2U9 and J7I2V5 β-lactamase isoforms are reported.

Protein.Entry
Protein

Description
Uniprot

Accession
Peptides Included Exclusively

RT
Mean %CV

ARO:3001188
SHV-149;
[Klebsiella

pneumoniae]
J7I2U9 LSESRLSGSVGMIEMDLASGR 63.23 1.28

LSGSVGMIEMDLASGR 72.80 1.14
LSGSVGMIEMDLASGRTLTAWR 73.01 1.07

SVLPAGWFIADKTGAGER 65.34 1.16
TGAGERGAR 79.06 0.95

ARO:3001193
SHV-154;
[Klebsiella

pneumoniae]
J7I2V5 LSESQLSGSVGMIEMDLASGR 64.68 1.15

LSESQLSGSVGMIEMDLASGRTLTAWR 91.27 0.76

As shown in Figure 4, it has been possible to differentiate different isoforms of β-lactamase.
The most divergent β-lactamase proteoforms showed a 1.4% variability. This produced a difference
detectable in 7 tryptic peptides as in Figure 5 and Table 3.
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Figure 5. Venn diagram representing the distribution of the tryptic peptides shared between the J7IU9
and J7I2V5 isoforms of β-lactamase.

In Table 3, the peptides typical of J7I2U9 and J7I2V5 isoforms are listed with their respective
retention times.

4. Discussion

Antibiotic resistant bacteria are naturally present in most of the microbial ecosystems.
Their prevalence is greater in niches where antibiotics are used as in human beings, farm animals,
pets, and closely related environments [16–19]. Cows are large animals that carry different biological
environments rich in many diverse microbiomes. As consequence, they can be carriers of high
numbers of antibiotic resistant bacteria and genes. Resistance genes and bacteria commonly do not
represent a problem for dairy products because of the hygiene procedures adopted during food
processing before their sale (pasteurization, heat treatments, microfiltration, and fermentations during
cheese-making) [17]. However, inter- and intra-specific recombination may lead to the creation of single
and multi-drug resistant bacteria that might be harmful for the environment and human health [20–22].
Once resistance genes are introduced inside an organism, it is difficult to track their flow because of
their high rate of genetic recombination [18]. Therefore, it also becomes difficult to link such gene
transfers to an eventual antimicrobial resistant infection that occurs in humans or animals.

The mammary gland is probably a sterile environment only before colostrogenesis and milk
secretion [23,24]. Once these physiological processes are started and colostrum and milk accumulate
into the mammary gland, it becomes an opened environment, and it is colonized by a bacterial
microflora [24]. There is a high level of similarity between the milk and the intra mammary microbiome,
therefore, the milk microbiome represents a good source of information about the intra-mammary
environment. Such environment is altered during mastitis events and produces major changes in the
milk microbiome and in the composition/integrity of the milk proteome [25,26].

The most frequently used approach for the study of the milk microbiome is 16 s rRNA sequencing
which has also been applied to the study of mastitis [27–29]. In the past, it was widely accepted that
mastitis is caused by one or a maximum of two bacterial pathogens. However, with the contribution of
NGS technologies, it was possible to demonstrate that dysbiosis can be considered as a causative factor
for both intra-mammary infections and mastitis itself [24].

Although NGS methods are highly sensitive and accurate in providing information about the
composition of the microbiota, they mostly fail to provide information about the functionality of
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expressed genes. With this technology it is not possible to understand whether these genes are
expressed up to the protein level or not. On the contrary, metaproteomic approaches detect protein
expression and function.

Efficient bacterial enrichment represents the first step for a successful metaproteomic analysis.
For this reason, we adopted a method to enrich the bacterial fraction according to Brewster and Paul [9].
Bacterial binding to the cream layer can be counterproductive for the analysis of the whole bacterial
consortium because a relevant part of the microbiome could partition into the cream layer. The agitation
step introduced at the beginning of the workflow allowed the collection of the bacterial pellet with a
simple centrifugation step. As demonstrated by the aforementioned authors [9], this step facilitates the
bacterial detachment from the cream layer resulting in 95% recovery of the viable form. The remaining
5% may still partition with the cream layer or loose viability. As specified in the Methods section,
three subsequent centrifugation steps allowed the collection of the bacterial fraction of 160 mL of raw,
non-pasteurized, and non-homogenized milk.

Bead beating for bacterial lysis, the FASP method [10,30] for the purification of the protein
digestion and DIA IMS mass spectrometry analysis allowed enough dataset depth to study the
composition of the bacterial consortia. This analysis was possible up to the genus level providing
a qualitative picture of the raw milk’s microbiome (Figure 2). The two different extractions yielded
overlapping results highlighting proteobacteria and firmicutes as the two main fila present and bacilli
and clostridia as the two dominant classes of firmicutes phylum. The genre lactobacillus, together with
streptococcus, were the main genres with aerobic metabolism of firmicutes phylum. ATP binding,
DNA binding, and metal ion binding were the three main represented functions that emerged as
dominant in this analysis.

On the side of AMR, as can be seen in Table 1, computational analysis carried out in the experiment
allowed the detection of at least two proteins involved in AMR. One of them is the β-lactamase that
belongs from Klebsiella pneumoniae, Escherichia coli, or Acinetobacter baumannii. β-lactamase producing
bacteria can be found in the environment as water sources [31], wastewater [32], and drinking water [33].
This poses the concern about the presence of AMR genes as environmental pollutants that could easily
enter the animal and human feeding chain [34]. In this case, the detection of β-lactamase produced by
the milk microbiome provides proof that these resistance genes are present among the libraries of this
bacterial consortium. Surprisingly, these genes are being translated and expressed to protein level at a
considerable amount that can be found with our culture-and induction-free proteomics experiments.
This supports the hypothesis that a constant level of β-lactamic metabolizing activity might be often
present in complex microbiomes. As Figures 4 and 5 demonstrate, β-lactamic activity was not only due
to one isoform of β-lactamase, but to several isoforms. The most divergent isoforms of β-lactamase
have 98.6% homology and are different by 4 amminoacids, including one arginine and one lysine
substitution, which contribute to the different tryptic digestion profile.

Lactamase activity was not the only resistance mechanism that was detected. Even if in minor
amounts, Aminoglycoside N(6′)-acetyltransferase presence was found in the metaproteome of milk.
This protein catalyzes the acetylation of aminoglycosides conferring resistance to antibiotics containing
the purpurosamine ring including amikacin, kanamycin and tobramycin [35].

5. Conclusions

The presented results demonstrated the presence of proteins clearly involved in bacterial resistance.
All experiments were performed without any antibiotic induction except for the ones that might be
already present in the given ecological niche. The separation of bacterial proteins using a modified
precipitation and extraction method combined with bottom-up proteomics allowed the detection of
different β-lactamase isoforms. The simultaneous metaproteomics study provided useful information
about the taxonomy and the physiological functions of the microbiota.

This method could be easily applied to the study of AMR pattern, bacterial composition and
functionality of complex microbiomes. In the field of animal production, it could present an important
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analytical tool for the study of bulk milk. This study is limited by its application to the characterization
of the metaproteome and the resistome of bulk milk of the research facility of University of Milan.
Thus, even if the environment is well controlled, does not take into account the possible temporal and
geographical variability.
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Simple Summary: Chicken meat has been proved to be a suspected source of extraintestinal
pathogenic Escherichia coli (ExPEC), causing several diseases in humans, and bacteria in healthy
chickens can contaminate chicken carcasses at the slaughter; however, reports about the prevalence
and molecular characteristics of ExPEC in healthy chickens are still rare. In this study, among 926
E. coli isolates from healthy chickens in China, 22 (2.4%) were qualified as ExPEC and these ExPEC
isolates were clonally unrelated. A total of six serogroups were identified in this study, with O78
being the most predominant type, and all the six serogroups had been frequently reported in human
ExPEC isolates in many countries. All the 22 ExPEC isolates were multidrug-resistant and most
isolates carried both blaCTX-M and fosA3 resistance genes. Notably, plasmid-borne colistin resistance
gene mcr-1 was identified in six ExPEC isolates, among which two carried additional carbapenemase
gene blaNDM, compromising both the efficacies of the two critically important drugs for humans,
carbapenems and colistin. These results highlight that healthy chickens can serve as a potential
reservoir for multidrug resistant ExPEC isolates, including mcr-1-containing ExPEC.

Abstract: Chicken products and chickens with colibacillosis are often reported to be a suspected
source of extraintestinal pathogenic Escherichia coli (ExPEC) causing several diseases in humans.
Such pathogens in healthy chickens can also contaminate chicken carcasses at the slaughter and then
are transmitted to humans via food supply; however, reports about the ExPEC in healthy chickens
are still rare. In this study, we determined the prevalence and characteristics of ExPEC isolates in
healthy chickens in China. A total of 926 E. coli isolates from seven layer farms (371 isolates), one
white-feather broiler farm (78 isolates) and 17 live poultry markets (477 isolates from yellow-feather
broilers) in 10 cities in China, were isolated and analyzed for antibiotic resistance phenotypes and
genotypes. The molecular detection of ExPEC among these healthy chicken E. coli isolates was
performed by PCRs, and the serogroups and antibiotic resistance characteristics of ExPEC were also
analyzed. Pulsed-field gel electrophoresis (PFGE) and Multilocus sequence typing (MLST) were used
to analyze the genetic relatedness of these ExPEC isolates. We found that the resistance rate for each
of the 15 antimicrobials tested among E. coli from white-feather broilers was significantly higher than
that from brown-egg layers and that from yellow-feather broilers in live poultry markets (p < 0.05). A
total of 22 of the 926 E. coli isolates (2.4%) from healthy chickens were qualified as ExPEC, and the
detection rate (7.7%, 6/78) of ExPEC among white-feather broilers was significantly higher than that
(1.6%, 6/371) from brown-egg layers and that (2.1%, 10/477) from yellow-feather broilers (p < 0.05).
PFGE and MLST analysis indicated that clonal dissemination of these ExPEC isolates was unlikely.
Serogroup O78 was the most predominant type among the six serogroups identified in this study,
and all the six serogroups had been frequently reported in human ExPEC isolates in many countries.
All the 22 ExPEC isolates were multidrug-resistant (MDR) and the resistance rates to ampicillin
(100%) and sulfamethoxazole-trimethoprim (100%) were the highest, followed by tetracycline (95.5%)
and doxycycline (90.9%). blaCTX-M was found in 15 of the 22 ExPEC isolates including 10 harboring
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additional fosfomycin resistance gene fosA3. Notably, plasmid-borne colistin resistance gene mcr-1
was identified in six ExPEC isolates in this study. Worryingly, two ExPEC isolates were found to
carry both mcr-1 and blaNDM, compromising both the efficacies of carbapenems and colistin. The
presence of ExPEC isolates in healthy chickens, especially those carrying mcr-1 and/or blaNDM, is
alarming and will pose a threat to the health of consumers. To our knowledge, this is the first report
of mcr-1-positive ExPEC isolates harboring blaNDM from healthy chickens.

Keywords: characteristics; extraintestinal pathogenic E. coli; healthy chickens; multidrug-resistant

1. Introduction

Escherichia coli is a commensal member of the intestinal tract of warm-blooded animals
and most E. coli strains are harmless; however, a subgroup has possessed the ability to
cause diseases, especially extraintestinal infections caused by the extraintestinal pathogenic
Escherichia coli (ExPEC) [1]. ExPEC strains could colonize the human gastrointestinal
tract, not causing disease; however, diverse infections occur when they enter a normally
sterile body site [2]. For example, ExPEC strains have been the leading cause of urinary
tract infections primarily affecting women [3] and been also the most common cause of
bloodstream infections in humans [4]. Importantly, ExPEC infections would impose a large
economic burden due to both medical costs and lost productivity, besides their association
with morbidity and mortality [5].

A molecular definition of ExPEC is E. coli isolate harboring at least two of five virulence
markers: papA and/or papC, sfa/foc, afa/dra, kpsM II and iutA [6], and this molecular criteria
has been widely applied in epidemiological studies. ExPEC strains have been found in
various water sources, including environmental water [7], wastewater [8] and drinking
water [9]. Retail meats proved to be classic vehicles for several foodborne pathogens,
are also commonly contaminated with ExPEC strains [10,11], posing a potential risk to
consumers. In recent years, researchers found that human and animal-source ExPEC shared
highly similar virulence genes and clonal backgrounds [12,13] and animal-source ExPEC
were capable to adhere or invade human intestinal epithelial [14], suggesting that food-
producing animals have been a potential source of human ExPEC. Investigations of the
ExPEC within poultry were mainly focused on the avian pathogenic Escherichia coli (APEC),
a subset of ExPEC, from poultry with colibacillosis [15,16] and APEC mainly caused
respiratory and systemic disease in poultry; however, the molecular definition criteria of
APEC in those studies was different from that of ExPEC [6,17]. Recently, ExPEC isolates
within diseased chickens were also reported [18,19]. Notably, the feces of healthy chickens
also carried ExPEC isolates [14,20], and the fecal ExPEC isolates could contaminate chicken
carcasses at slaughter, including from rupture of the digestive system during processing,
and then transmitted to humans by the food chain or direct human-animal contact [21].
However, studies focusing on ExPEC isolates in healthy chickens are still rare, especially in
China, which has huge chicken production.

The presence of antibiotic resistance, one of the ten threats to global health for 2019 as
determined by the World Health Organization, among ExPEC isolates has been another
big concern. Antibiotic resistance genes, such as extended-spectrum β-lactamases (ESBLs)-
encoding genes have been reported in ExPEC isolates [22] and ExPEC including those
from poultry can also acquire different resistance genes [18], which would inevitably
reduce the therapeutic options, increase morbidity and mortality of ExPEC infections, and
eventually bring an increased risk to public health [23,24]. Although antibiotics do not
select virulent strains such as ExPEC intrinsically [25], the heavy use of antibiotics in food-
producing animals could facilitate the dissemination of ExPEC because such pathogens
from environment and diseased animals have been often reported to be multidrug resistant
(MDR) [7,14]. However, reports focusing on the antibiotic resistance among ExPEC isolates
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in healthy chickens remain rare, especially in China which has the largest consumption of
antibiotics in the world [26].

Therefore, intense research efforts are warranted to fully understand the character-
istics of ExPEC isolates from healthy animals to devise new strategies to prevent their
dissemination. In this study, we investigated the prevalence of ExPEC isolates among
healthy chickens from farms and live poultry markets in 10 cities in China, and the pheno-
typic and genotypic characteristics of antimicrobial resistance in these ExPEC isolates were
also analyzed.

2. Materials and Methods

2.1. Sampling and Bacterial Isolation

From May 2015 to February 2017, a total of 926 fecal samples were collected from
healthy chickens of seven layer farms (371 samples), one white-feather broiler farm
(78 samples) and 17 live poultry markets (477 samples) in 10 cities of three provinces
(Shandong, Anhui and Shanxi) in China, and 813 samples used in this study were from
Shandong province because Shandong has the first largest broiler and layer production in
China (Table S1). The white-feather broilers were five-weeks old when the 78 fecal samples
were collected, and all the 371 layer fecal samples were from 70-weeks old brown-egg layers
before being rejected. All the chickens in the eight farms would be slaughtered within
one week after sampling. The 477 fecal samples collected from 17 live poultry markets
were from yellow-feather broilers about 12 weeks old sold for consumption and all the
yellow-feather broilers from each market were sampled. The chickens in these farms and
live poultry markets had been fed with non-medicated feed for at least two weeks before
we collected these samples.

A total of 2 g of fecal sample was suspended in 18 ml of trypticase soy broth (Bec-
tonDickinson Co., Cockeysville, MD, USA) and incubated aerobically overnight at 37 ◦C.
The broth was then diluted in series of 1:10 and streaked onto MacConkey agar (Qingdao
Haibo Microorganism Reagent Co., Ltd., Qingdao, China) followed by incubation for 18 h
at 37 ◦C. Suspected colonies were streaked onto eosin methylene blue (EMB) agar (Qingdao
Haibo Microorganism Reagent Co., Ltd., Qingdao, China), and one colony with typical
E. coli morphology was selected from each sample. The E. coli isolates were identified
by classical biochemical methods as previously described [27] and confirmed by API 20E
system (bioMérieux, Marcy l'Étoile, France). Each farm or live poultry market was sampled
only one time when we surveyed the prevalence of antibiotic resistance of E. coli and the
sampling period covered the four seasons.

2.2. Antimicrobial Susceptibility Tests

The minimal inhibitory concentrations (MICs) of 17 antimicrobials—namely,
meropenem, cefotaxime, ceftiofur, ampicillin, ciprofloxacin, enrofloxacin, levofloxacin,
nalidixic acid, amikacin, gentamicin, kanamycin, streptomycin, tigecycline, doxycycline,
tetracycline, florfenicol and fosfomycin—for these isolates were determined by the agar
dilution method following the guidelines of the Clinical and Laboratory Standards Insti-
tute [28]. The MIC of colistin was determined according to the method of 2017 EUCAST
(available at http://www.eucast.org/clinical_breakpoints/ (accessed on 29 June 2018)).
The resistant breakpoints for colistin and tigecycline were recommended by the 2017 EU-
CAST (http://www.eucast.org/clinical_breakpoints/ (accessed on 28 July 2018)), while the
breakpoints for the remaining antimicrobials were recommended by the CLSI [28,29].
E. coli ATCC 25,922 was used as the control strain. Ceftiofur, florfenicol and tigecy-
cline were from Solarbio Life Sciences Co. (Beijing, China) and the remain antimicro-
bials used in this study were purchased from China National Institutes for Drug Control
(Beijing, China).
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2.3. Detection of Antibiotic Resistance Genes

Mobilized colistin resistance genes (mcr-1 to mcr-9) among all E. coli isolates in
this study were identified using multiplex PCRs as previously described [30,31].
Carbapenemase-encoding genes including blaIMP, blaVIM, blaNDM, blaSPM, blaAIM, blaDIM,
blaGIM, blaSIM, blaKPC, blaBIC and blaOXA−48 were detected by PCRs [32]. Plasmid-mediated
tigecycline resistance determinant tet(X4) was amplified as previously described [33].
All E. coli isolates were also screened for the presence of plasmid-mediated quinolone
resistance (PMQR) genes (qnrA, qnrB, qnrS, qnrC, qnrD, qepA, and oqxAB) [34–38]. The
presence of extended-spectrum β-lactamases (ESBLs) (blaCTX-M-1G, blaCTX-M-9G, blaCTX-M-2G,
and blaCTX-M-25G) and plasmid-mediated AmpC β-lactamases (pAmpC) (blaCMY-2 and
blaDHA-1) both conferring resistance to cephalosporins was also analyzed as previously
described [39–42]. Resistance genes rmtB, fosA and fosA3 were also screened as previously
reported [43,44].

2.4. Detection and Serotyping of ExPEC Isolates

All isolates were investigated for the following five key virulence markers: papA
and/or papC (P fimbriae; counted as 1), sfa and/or foc (S and F1C fimbriae, respectively), afa
and/or dra (Afimbrial and Dr-binding adhesion, respectively), kpsM II (group 2 capsule),
and iutA (aerobactin system). The isolates carrying ≥ 2 of the above 5 ExPEC-defining
markers were classified as ExPEC [6]. All PCR amplicons were sequenced to confirm these
virulence genes.

After PCR identification of ExPEC, the 30 most prevalent serogroups including O1,
O2, O4, O6, O7, O8, O9, O15, O18, O21, O22, O25, O26, O45, O55, O78, O83, O86, O101,
O103, O111, O113, O117, O121, O138, O145, O149, O157, O158 and O165, were screened
among these ExPEC isolates by PCRs as previously described [45].

2.5. Pulse-Field Gel Electrophoresis (PFGE) and Multilocus Sequence Typing (MLST)

To determine the genetic relationship between ExPEC isolates, PFGE was carried out
as previously described [46]. Briefly, the ExPEC isolates were grown on Luria–Bertani agar
(Qingdao Haibo Microorganism Reagent Co., Ltd., Qingdao, China) overnight at 37 ◦C and
diluted to an optical density of 0.5. Subsequently, the bacteria dilutions were embedded
in SeaKem Gold agarose (Lonza, Rockland, ME, United States) and culture plugs were
lysed with 100 μg mL−1 protease K (Solarbio, Beijing, China) by incubation in a shaking
water bath at 55 ◦C for 2 h. Then, the lysed plugs were washed using sterilized water and
Tris–EDTA buffer, respectively. The plugs were then digested with XbaI (TaKaRa, Dalian,
China) and subjected to PFGE analysis using Chef Mapper electrophoresis system (Bio-
Rad Laboratories). The gels were run at 6.0 V cm−1 with an initial/final switch time of
2.16 s/54.17 s for 19 h. PFGE patterns were analyzed with BioNumerics software
version 7.0 (Applied Maths, Kortrijk, Belgium) by using Dice coefficients and the unweighted-
pair group method to achieve dendrograms with a 1.5% band position tolerance.
Salmonella enterica serotype Braenderup H9812 standards served as size markers.

The ExPEC isolates were also subtyped by the multilocus sequence typing (MLST)
method using seven house-keeping genes (adk, fumC, gyrB, icd, mdh, recA and purA) of
E. coli as previously described [47]. All the PCR amplicons were sequenced and im-
ported into the E. coli MLST database website (https://pubmlst.org/bigsdb?db=pubmlst_
escherichia_seqdef&page=sequenceQuery (accessed on 29 July 2020)).

2.6. Statistical Analysis

Differences in proportions were compared using the χ2 test implemented in SPSS
software (Version 17.0; SPSS Inc., Chicago, IL, USA). All tests of significance were two-tailed,
and a value of p ≤ 0.05 was considered statistically significant.
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3. Results

3.1. Antimicrobial Susceptibilities

A total of 926 E. coli isolates were obtained including 78 isolates from white-feather
broilers, 371 isolates from brown-egg layers and 477 isolates from yellow-feather broilers
in 17 live poultry markets (Table 1). As shown in Table 1, resistances to tetracyclines were
observed most often among the total 926 E. coli isolates in this study, and 89.3% and 83.8%
of the isolates were resistant to tetracycline and doxycycline, respectively, although none of
the isolates were resistant to the newly tetracyclines drug, tigecycline, a last-resort treat-
ment for infections caused by MDR Gram-negative bacteria in humans. For the β-lactam
drugs, the rate of resistance to ampicillin was the highest (87.1%), followed by ceftiofur
(44.7%), cefotaxime (41.8%), and meropenem (4.9%). Among aminoglycosides, resistance to
streptomycin was the greatest (60.7%), followed by kanamycin (50.5%), gentamicin (31.9%),
and amikacin (8.9%). For quinolones, the old quinolone drug nalidixic acid possessed the
highest resistance rate (77.1%), and the rates of resistance to the three fluoroquinolones
(enrofloxacin, ciprofloxacin, and levofloxacin) varied from 36.3% to 58.4%. Moreover, 20.6%
and 69.1% of these isolates were resistant to fosfomycin and florfenicol, respectively. Wor-
ryingly, 17.0% of the isolates were resistant to colistin, a critically important antimicrobial
for humans (Table 1).

Table 1. Comparison of the resistance rates of E. coli isolates from chickens of different origins.

Antimicrobials

Resistance Rates of Isolates (%) *

Total
(n = 926)

Layer Farms
(n = 371)

White-Feather
Broiler Farms (n = 78)

Live Poultry
Markets (n = 477)

β-lactams - - - -
AMP 87.1 83.0 a 100 b 88.3 c

CTF 44.7 39.4 a 98.7 b 40.0 a

CTX 41.8 26.1 a 100 b 41.5 c

MEM 4.9 1.9 a 48.7 b 0.0 c

Quinolones - - - -
NAL 77.1 77.6 a 96.2 b 73.6 a

ENR 58.4 59.3 a 89.7 b 52.6 a

CIP 48.4 45.8 a 83.3 b 44.7 a

LEV 36.3 40.2 a 51.3 a 30.8 b

Tetracyclines - - - -
TET 89.3 87.3 a 97.4 b 89.5 a

DOX 83.8 81.1 a 97.4 b 83.6 a

TIG 0 0 0 0

Aminoglycosides - - - -
STR 60.7 63.9 a 83.3 b 54.5 c

KAN 50.5 46.6 a 96.2 b 46.1 a

GEN 31.9 26.1 a 73.1 b 29.6 a

AMK 8.9 5.1 a 35.9 b 7.3 a

Polypeptides - - - -
COL 17.0 4.9 a 73.1 b 17.2 c

Others - - - -
FFC 69.1 68.7 a 94.9 b 65.2 a

FOS 20.6 10.5 a 78.2 b 19.1 c

* The different lowercase letters in the same line were considered significantly different (p ≤ 0.05) between
two groups using a χ2 test with SPSS software version 19.0. OLA, olaquindox; COL, colistin; FFC, florfenicol;
DOX, doxycycline; AMP, ampicillin; CTX, cefotaxime; CTF, ceftiofur; CIP, ciprofloxacin; LEV, levofloxacin; FOS,
fosfomycin; MEM, meropenem; NAL, nalidixic acid; GEN, gentamicin; ENR, enrofloxacin; KAN, kanamycin;
STR, streptomycin; AMK, amikacin; TET, tetracycline. TIG, tigecycline.
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For isolates from white-feather broilers, brown-egg layers and yellow-feather broilers
(live poultry markets), respectively, the rates of resistance to ampicillin, tetracycline and
doxycycline were all above 80.0% (Table 1). Notably, except levofloxacin and tigecycline, the
resistance rate for each of the remaining 15 antimicrobials tested among E. coli from white-
feather broilers, was significantly higher than that from brown-egg layers and that from
yellow-feather broilers (p < 0.05) (Table 1). The rate of resistance to ampicillin, cefotaxime,
colistin, and fosfomycin among E. coli from yellow-feather broilers was significantly higher
than that from brown-egg layers, respectively (p < 0.05). For meropenem, levofloxacin and
streptomycin, respectively; however, the E. coli isolates from brown-egg layers possessed
significantly higher resistance rate than that from yellow-feather broilers (p < 0.05) (Table 1).

3.2. Detection of Resistance Genes

Among the 926 E. coli isolates, blaNDM was found in 45 (4.9%) isolates, and no other
carbapenemase-encoding genes was found in this study (Table 2). For the ESBLs-encoding
genes, blaCTX-M-9G found in 222 (24.0%) of the total E. coli isolates was the most prevalent
gene, consisting of 52 (14.0%) from 371 brown-egg layers, 54 (69.2%) from 78 white-feather
broilers and 116 (24.3%) from 477 yellow-feather broilers of live poultry markets. There
were 130 isolates (14.0%) carrying blaCTX-M-1G, including 43, 32 and 55 isolates from layer
farms, broiler farm and live poultry markets, respectively. A total of 22 isolates harbored
both blaCTX-M-1G and blaCTX-M-9G and no other ESBLs-encoding genes was found in this
study. pAmpC-encoding genes blaCMY-2 and blaDHA-1 were found in 53 (5.7%) and 3 (0.3%)
of the 926 isolates. Among the PMQR determinants, qnrS and oqxAB found in 311 (33.6%)
and 181 (19.5%) isolates, respectively, were the two most prevalent genes, followed by
qnrB (34, 3.7%) and qnrD (21, 2.3%) (Table 2). There was no qnrA and qnrC found in this
study. Of the 926 E. coli isolates, plasmid-borne fosfomycin resistance (PFR) genes were
found in 191 isolates, and the number of isolates harboring fosA3 and fosA was 189 and 2,
respectively. Notably, 157 (17.0%) of the isolates were found to harbor mcr-1, consisting
of 22 (5.9%) from 371 brown-egg layers, 53 (67.9%) from 78 white-feather broilers and 82
(17.2%) from 477 yellow-feather broilers, and no other mcr genes were found in this study.
In addition, rmtB was present in 35 isolates (2.8%). Luckily, none of the 926 isolates carried
the plasmid-mediated tigecycline-resistance determinant tet(X4).

The detection rate of blaNDM, blaCTX-M-9G, blaCTX-M-1G, mcr-1, qnrS, fosA3 and rmtB in
E. coli from white-feather broilers, respectively, was significantly higher than that from
layer farms and that from live poultry markets (p < 0.05) (Table 2). For blaCTX-M-9G, blaCMY-2,
mcr-1, oqxAB, qnrB, qnrD, fosA3 and rmtB, respectively, the yellow-feather broilers from live
poultry markets possessed significantly higher detection rate than that from brown-egg
layers (p < 0.05) (Table 2).

3.3. Prevalence of ExPEC Isolates and Their Serogroups

In the present study, 22 (2.4%) of the 926 chicken isolates were qualified as ExPEC. As
shown in Table 3, six ExPEC isolates were found in the white-feather broiler farm, and a
total of six ExPEC isolates were also detected in four of the seven layer farms. The detection
rates of ExPEC ranged from 0.7% to 6.3% among the four layer farms. Chickens harboring
ExPEC in live poultry markets were found in three of the six cities we collected samples
from and the detection rates of ExPEC among the yellow-feather broilers from poultry
markets were 4.4% (3/68) in city Linyi, 3.0% (6/199) in city Qingdao and 1.8% (1/55) in city
Yantai (Table 3). The six ExPEC isolates in Qingdao were from three live poultry markets
(Table 3 and Figure 1). Notably, the detection rate (7.7%, 6/78) of ExPEC among white-
feather broilers was significantly higher than that (1.6%, 6/371) from brown-egg layers
and that (2.1%, 10/477) from yellow-feather broilers (p < 0.05). There was no significant
difference between the detection rate (1.6%, 6/371) of ExPEC among brown-egg layers and
that among yellow-feather broilers (2.1%, 10/477) (p = 0.611) (Table 3).
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Table 2. Prevalence of resistance genes among the 926 E. coli isolates from chickens.

Resistance
Genes

No. of Positive Isolates (%) *

Total
(n = 926)

Layer Farms
(n = 371)

White-Feather Broiler
Farms 9 (n = 78)

Live Poultry Markets
(n = 477)

Carbapenemases - - - -
blaNDM 45 (4.9) 11 (3.0) a 34 (43.6) b 0 (0) c

ESBLs - - - -
blaCTX-M-9G 222 (24.0) 52 (14.0) a 54 (69.2) b 116 (24.3) c

blaCTX-M-1G 130 (14.0) 43 (11.6) a 32 (41.0) b 55 (11.5) a

pAmpC - - - -
blaCMY-2 53 (5.7) 11 (3.0) a 3 (3.8) ab 39 (8.2) b

blaDHA-1 3 (0.3) 1 (0.3) a 0 (0.0) a 2 (0.4) a

MCR - - - -
mcr-1 157 (17.0) 22 (5.9) a 53 (67.9) b 82 (17.2) c

PMQR - - - -
oqxAB 181 (19.5) 41 (11.1) a 22 (28.2) b 118 (24.7) b

qnrB * 34 (3.7) 7 (1.9) a 1 (1.3) ab 26 (5.5) b

qnrS 311 (33.6) 140 (37.7) a 12 (15.4) b 159 (33.3) a

qnrD * 21 (2.3) 3 (0.8) a 0 (0.0) ab 18 (3.8) b

PFR - - - -
fosA3 189 (20.4) 39 (10.5) a 61 (78.2) b 89 (18.7) c

fosA 2 (0.2) 0 (0.0) a 0 (0.0) a 2 (0.4) a

Others - - - -
rmtB 35 (3.8) 2 (0.5) a 19 (24.4) b 14 (2.9) c

* The different lowercase letters in the same line were considered significantly different (p ≤ 0.05) between two
groups using a χ2 test with SPSS software version 19.0.

Table 3. Prevalence and origins of the 22 ExPEC isolates in this study.

Location Origins
No. of

Farms/Markets
Year

ExPEC Isolates (%)/
Total Isolates

Weifang in Shandong White-feather broiler farm 1 2015 6 (7.7%)/78
Hefei in Anhui Layer farm 1 2015 1 (6.3%)/16

Liaocheng in Shandong Layer farm 1 2015 2 (4.9%)/41
Binzhou in Shandong Layer farms 2 2016 1 (0.7%)/135

Xi’an in Shanxi Layer farm 1 2015 2 (2.1%)/97
Qingdao in Shandong Layer farms 2 2017 0/82

Linyi in Shandong Live poultry market 1 2015 3 (4.4%)/68
Qingdao in Shandong Live poultry markets 11 2015 6 (3.0%)/199

Yantai in Shandong Live poultry markets 2 2015 1 (1.8%)/55
Zaozhuang in Shandong Live poultry market 1 2015 0/57

Zibo in Shandong Live poultry market 1 2015 0/67
Weifang in Shandong Live poultry market 1 2015 0/31

- White-feather broiler farm 1 - 6 (7.7%)/78
- Layer farms 7 - 6 (1.6%)/371
- Live poultry markets 17 - 10 (2.1%)/477
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Figure 1. Characteristics and PFGE dendrogram patterns of the 22 ExPEC isolates from healthy chickens in this study.

Among the 22 ExPEC isolates, iutA was the most prevalent ExPEC-defining marker,
followed by kpsM II (18 isolates) and papA (4 isolates) (Figure 1). All ExPEC isolates
carried two of the five ExPEC-defining markers, and no other markers were found in our
study. After the PCR-based serotyping method was applied to the 22 ExPEC isolates, the
serogroups of 16 isolates were successfully identified and they belonged to six serogroups
(O78, O26, O86, O18, O45 and O83). O78 detected in nine of the 22 ExPEC isolates
(40.9%) was the most prevalent serogroup, followed by O26 (9.1%, 2/22) and O86 (9.1%,
2/22) (Figure 1).

3.4. Antimicrobial Resistance Phenotypes and Genotypes of the ExPEC Isolates

An antimicrobial susceptibility test showed that all 22 ExPEC isolates were resistant
to ampicillin (100%) and sulfamethoxazole-trimethoprim (100%), followed by resistance
to tetracycline (95.5%), and doxycycline (90.9%) (Table 4 and Figure 2). All the rates of
resistance to florfenicol, streptomycin, kanamycin and nalidixic acid among these isolates
were 81.8%. For the third-generation cephalosporins, the rates of resistance to cefotaxime
and ceftiofur were both 72.7% (16/22), and the resistance rates to fluoroquinolones ranged
from 45.5% to 59.1% (Figure 2). The number of isolates resistant to amikacin and fosfomycin
were six (27.3%) and ten (45.5%), respectively. A total of six (27.3%) and two (9.1%) ExPEC
isolates were resistant to the two critically important antibiotics colistin and meropenem,
respectively. Notably, two ExPEC isolates WF1-5-13 and WF1-5-40 were resistant to both
colistin and meropenem (Table 4). Luckily, no isolate was resistant to tigecycline. Detailed
results of the antibiotic resistance profiles for the 22 ExPEC isolates were presented in
Table 4. Interestingly, the rate of resistance to cefotaxime, ceftiofur, fosfomycin, amikacin,
kanamycin and streptomycin in ExPEC isolates was significantly higher than that of non-
ExPEC isolates in this study, respectively (p < 0.05) (Figure 2). Worryingly, all the ExPEC
isolates in this study were MDR (resistance ≥ 3 three classes of antibiotics) in nature (Table 4).
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Table 4. Resistance phenotypes and genotypes of the 22 ExPEC isolates in this study.

Strain
(ST Types)

Source City Serotype #
ExPEC-

Defining
Markers

Resistance
Phenotype

Resistance Genes

WF1-3-24 White-feather
broiler farm A Weifang ND KpsM II, iutA

mcr-1, blaCTX-M-1G,
fosA3, rmtB, oqxAB,

floR

COL, CTX, CTF, AMP, FOS,
AMK, GEN, KAN, STR,

NAL, CIP, ENR, LEV, FFL,
DOX, TET, OLA, SXT

WF1-5-10 White-feather
broiler farm A Weifang O86 KpsM II, iutA blaCTX-M-9G, fosA3,

rmtB, floR

CTX, CTF, AMP, AMK, GEN,
KAN, STR, NAL, CIP, ENR,
LEV, FFL, DOX, TET, SXT

WF1-5-13 White-feather
broiler farm A Weifang ND papA, iutA

mcr-1, blaNDM-5,
blaCTX-M-9G,

blaCTX-M-1G, fosA3,
floR

COL, MEM, CTX, CTF, AMP,
FOS, KAN, STR, NAL, CIP,

ENR, LEV, FFL, DOX,
TET, SXT

WF1-5-21 White-feather
broiler farm A Weifang O78 papA, iutA mcr-1, blaCTX-M-9G,

fosA3, rmtB, floR

COL, CTX, CTF, AMP, FOS,
AMK, GEN, KAN, STR,

NAL, FFL, DOX, TET, SXT

WF1-5-40 White-feather
broiler farm A Weifang ND KpsM II, iutA

mcr-1, blaNDM-1,
blaCTX-M-9G, fosA3,

rmtB, floR

COL, MEM, CTX, CTF, AMP,
FOS, AMK, GEN, KAN, STR,

FFL, DOX, TET, SXT

WF1-5-43 White-feather
broiler farm A Weifang O86 KpsM II, iutA blaCTX-M-9G, fosA3

CTX, CTF, AMP, FOS, KAN,
STR, NAL, CIP, ENR, LEV,

DOX, TET, SXT

AH-234 Layer farm B Hefei O78 KpsM II, iutA blaCTX-M-9G,
blaCMY-2, floR

CTX, CTF, AMP, AMK, GEN,
KAN, STR, NAL, CIP, ENR,

LEV *, FFL, TET, SXT

G-1-5 Layer farm C Liaocheng ND KpsM II, iutA mcr-1 COL, AMP, KAN, STR, NAL,
DOX, TET, SXT

GX-J-1-29 Layer farm C Liaocheng O78 KpsM II, iutA qnrS, floR AMP, FFL, DOX, TET, SXT

BZ-J-1-4 Layer farm D Binzhou O78 KpsM II, iutA blaCTX-M-1G, fosA3 CTX, CTF, AMP, FOS, STR,
NAL, FFL, DOX, TET, SXT

XA-8N-7 Layer farm E Xi’an O83 KpsM II, iutA blaCTX-M-1G, floR
CTX, CTF, AMP, KAN, NAL,

ENR, LEV, FFL, DOX,
TET, SXT

XA-3N-1 Layer farm E Xi’an O18 KpsM II, iutA blaCTX-M-1G, floR
CTX, CTF, AMP, KAN, STR,
NAL, CIP, ENR, LEV, FFL,

DOX, TET, SXT

LS-A-3 Live poultry
market 1 Linyi O78 KpsM II, iutA blaCTX-M-9G, fosA3,

floR

CTX, CTF, AMP, FOS, KAN,
STR, NAL, CIP, ENR, LEV,

FFL, DOX, TET, SXT

LS-A-7 Live poultry
market 1 Linyi O78 papA, iutA blaCTX-M-1G, fosA3,

oqxAB, floR

CTX, CTF, AMP, FOS, KAN,
STR, NAL, CIP, ENR, LEV,
FFL, DOX, TET, OLA, SXT

LS-A-27 Live poultry
market 1 Linyi O78 KpsM II, iutA blaCTX-M-9G, floR

CTX, CTF, AMP, KAN, STR,
NAL, ENR, FFL, DOX,

TET, SXT

YJ-JC-8 Live poultry
market 2 Qingdao O78 papA, iutA oqxAB

AMP, AMK, GEN, KAN,
STR, NAL, CIP, ENR, LEV,
FFL, DOX, TET, OLA, SXT

JS-JC-2 Live poultry
market 3 Qingdao O26 KpsM II, iutA floR

CTX, CTF, AMP, FOS, GEN,
KAN, STR, NAL, CIP, ENR,
LEV, FFL, DOX, TET, SXT
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Table 4. Cont.

Strain
(ST Types)

Source City Serotype #
ExPEC-

Defining
Markers

Resistance
Phenotype

Resistance Genes

JS-JC-4 Live poultry
market 3 Qingdao ND KpsM II, iutA qnrS AMP, KAN, STR, NAL,

DOX, TET, SXT

JS-JC-7 Live poultry
market 3 Qingdao O26 KpsM II, iutA qnrS AMP, STR, DOX, TET, SXT

JS-JC-9 Live poultry
market 3 Qingdao ND KpsM II, iutA blaCTX-M-9G, qnrS CTX, CTF, AMP, KAN, STR,

FFL, DOX, TET, SXT

L2-JC-34 Live poultry
market 4 Qingdao O45 KpsM II, iutA mcr-1, blaCTX-M-9G,

fosA3, floR
COL, CTX, CTF, AMP, FOS,
GEN, KAN, NAL, FFL, SXT

HY-1-4 Live poultry
market 5 Yantai O78 KpsM II, iutA - AMP, NAL, ENR, FFL, DOX,

TET, SXT

# ND, not determined; * Intermediate resistance; AMP, ampicillin; MEM, meropenem; CTX, cefotaxime; CTF, ceftiofur; CAZ, Ceftazidime;
ETP, ertapenem; IPM, imipenem; NAL, nalidixic acid; CIP, ciprofloxacin; ENR, enrofloxacin; LEV, levofloxacin; STR, streptomycin; KAN,
kanamycin; GEN, gentamicin; AMK, amikacin; TET, tetracycline; DOX, doxycycline; FOS, fosfomycin; FFC, florfenicol; TIG, tigecycline;
SXT, sulfamethoxazole-trimethoprim (SMZ-TMP).

Figure 2. Comparison of the antibiotic resistance rates between the ExPEC and non-ExPEC isolates in this study.

Among the 16 ExPEC isolates resistant to cefotaxime, blaCTX-M was found in 15 isolates
(10 blaCTX-M-9G and 6 blaCTX-M-1G), including one isolate WF1-5-13 carrying both blaCTX-M-9G
and blaCTX-M-1G (Table 4). blaCTX-M-9G and blaCMY-2-type pAmpC-encoding gene were
present in isolate AH234 from layer farm B, accounting for the resistances to the third-
generation cephalosporins. fosA3 was found in ten ExPEC isolates resistant to fosfomycin
and this gene was only distributed among blaCTX-M-positive isolates. For the six colistin
and two meropenem resistant ExPEC isolates, the presence of mcr-1 and blaNDM could
account for their corresponding resistance, respectively. Notably, the two ExPEC isolates
(WF1-5-13 and WF1-5-40) harboring both mcr-1 and blaNDM, carried additional blaCTX-M,
fosA3 and floR genes, and isolate WF1-5-40 also possessed rmtB (Table 4).
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3.5. Genetic Relationships of the ExPEC Isolates

All 22 ExPEC isolates could be successfully analyzed by PFGE and 20 different PFGE
profiles were obtained indicating that clonal dissemination of these ExPEC isolates was
unlikely (Figure 1). As shown in Figure 1, 12 types were identified by the MLST subtyping
method along with one new ST (6-6-804-10-9-1-6 in isolate G-1-5) not previously registered
in the E. coli MLST database. The most prevalent ST types were ST117 (four) and ST93
(four), followed by ST569 (three), ST1485 (two) and ST2944 (two). Most isolates sharing
the same ST types had different PFGE profiles and were from different farms or markets
of different cities (Figure 1). For example, the four isolates (AH234, L2-JC-34, WF1-5-
10 and LS-A-3) belonging to ST93 were from four chicken markets/farms in four cities
and had different PFGE patterns. Notably, the two ExPEC isolates WF1-5-13 and WF1-
5-21 from the same chicken farm in city Weifang shared identical PFGE pattern and ST
type; however, different resistance genotypes and phenotypes were found in these two
isolates (Figure 1 and Table 4). Different resistance phenotypes were also found in isolates
JS-JC-4 and JS-JC-7, which were from the same market and possessed identical PFGE
pattern and ST type (Figure 1 and Table 4).

4. Discussion

The presence of ExPEC colonizing healthy chickens could be a huge threat to both
animal and human health. For China, having the largest consumption of antibiotics in the
world, the prevalence and antibiotic resistance of ExPEC among healthy chickens urgently
need to be studied. In this study, we investigated the resistance of E. coli isolates from
healthy chickens of seven layer farms, one white-feather broiler farm and 17 live poultry
markets in China, and the ExPEC among these commensal isolates were also characterized.

Both the rates of resistance to tetracycline and doxycycline among isolates in this
study were above 80.0%, consistent with that from chickens in China after 2012 [48]. The
high resistance rates to these drugs could be attributed to the heavy usage of tetracyclines
in poultry, because oxytetracycline, tetracycline, chlortetracycline and doxycycline have
been heavily used for decades in animal production including poultry [49]. Tigecycline, a
last-resort treatment for human infections caused by MDR Gram-negative bacteria, has
never been used in animal husbandry. Luckily, isolate resistant to tigecycline was not
found in our E. coli isolated during 2015–2017; however, the heavy usage of tetracyclines in
animals could increase the prevalence of newly mobile tigecycline-resistance gene tet(X4)
in E. coli and this should be paid more attention [33]. The resistance rates to meropenem
(4.9%) and colistin (17.0%), two critically important antimicrobials in human medicine,
among the 926 isolates in our study could be well accounted for the presence of blaNDM
(4.9%) and mcr-1 (17.0%), respectively (Tables 1 and 2). qnrS was the most prevalent PMQR
gene in this study, differing from that in humans [50] and animals [51], in which the most
prevalent PMQR gene was oqxAB. In some countries, qnrB was the most prevalent type [52].
The prevalence of CTX-M-type ESBLs (35.6%) in healthy chickens in this study was similar
to that (38.5%) in E. coli isolates from chickens in China [48], but lower than that in chicken
production of India [53]. Notably, except levofloxacin and tigecycline, the resistance rate
for each of the 15 antimicrobials tested among E. coli from white-feather broilers, was
significantly higher than that from brown-egg layers and that from yellow-feather broilers
(p < 0.05) (Table 1). Such phenomena could be attributed to that consumption of antibiotics
in white-feather broilers is the largest among the three types of chickens. The rate of
resistance to ampicillin, cefotaxime, colistin, and fosfomycin among E. coli from yellow-
feather broilers was significantly higher than that from brown-egg layers, respectively
(p < 0.05). This might because that β-lactams and colistin are often used in early feeding
period of the yellow-feather broilers while almost all antimicrobials are forbidden in layer
farms during the laying period.

Based on the molecular criteria of Johnson et al. [6], 2.4% (22/926) of the healthy
chicken fecal E. coli isolates were qualified as ExPEC in this study. The ExPEC could
asymptomatically colonize the gut of a fraction of healthy animal population and survive
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in extra-intestinal environments, causing diseases in animals and humans through the food
chain [54]. The threat to human health posed by the healthy chicken ExPEC isolates in this
study could been further proved by that healthy poultry ExPEC were capable to adhere or
invade human intestinal epithelial [14]. In this study, virulence markers iutA and KpsM
II were the two most prevalent genes among the ExPEC isolates from healthy chickens,
consistent with the finding about MDR E. coli in healthy chickens in Brazil [14]. Besides
isolation methods, geographic locations and management practices, different classification
criteria for ExPEC has been the main factor contributing to differences in frequency of
ExPEC between studies. We will focus the studies using the same PCR-based screening
method for ExPEC as that in our study. The detection rate of ExPEC in our samples was
2.4%, similar to that (4.7%, 5/108) among chicken egg E. coli isolates (p > 0.05), but lower
than that (21.5%, 130/606) in chicken meat isolates reported in the USA (p < 0.05) [55].
Notably, the prevalence of ExPEC isolates (2.4%, 22/926) in our study was also significantly
lower than that (13.2%, 40/304) from farmed healthy chickens in Quebec, Canada [20].
This might be explained by that boiled DNA extracts from total cultures of samples were
initially screened for all possible ExPEC strains in the previous study, contributing to
a high recovery rate of ExPEC. In this study, the detection rate (7.7%, 6/78) of ExPEC
among white-feather broilers was significantly higher than that (1.6%, 6/371) from brown-
egg layers and that (2.1%, 10/477) from yellow-feather broilers in live poultry markets
(p < 0.05). The phenomenon could be attributed to the selective pressure on the dissemi-
nation of ExPEC posed by antimicrobials frequently used in white-feather broilers. This
was proved by that highly similar PFGE patterns were found in the two ExPEC isolates
WF1-5-13 and WF1-5-21 from the same Farm (Figure 1).

In this study, the most two prevalent ST types of the 22 ExPEC isolates were ST117 and
ST93 (Figure 1). Since ST117 and ST93 types of ExPEC had been found to be associated with
meningitis of humans in Brazil in 1999 (http://enterobase.warwick.ac.uk/species/ecoli/
search_strains?query=st_search (accessed on 7 October 2020)), both ST types of E. coli have
caused sepsis among humans [56,57] and disseminated among humans around the world
including the European countries and China (http://enterobase.warwick.ac.uk/species/
ecoli/search_strains?query=st_search (accessed on 7 October 2020)). Besides ST2944,
all other STs in this study have been also found in human isolates
(http://enterobase.warwick.ac.uk/species/ecoli/search_strains?query=st_search (accessed
on 7 October 2020)). Serogroups of the ExPEC isolates from animals were rarely studied,
although the APEC isolates from diseased poultry were often serotyped. In this study,
O78 was the most predominant serogroup among ExPEC isolates from healthy chickens,
followed by O26 and O86. This was slightly different from that of a previous study about
APEC from Korea in which O78 was the most prevalent serogroup followed by O2 and
O53 [15], both of which were not identified in our study. Notably, O78 was also a common
serogroup among human ExPEC isolates from neonatal meningitis in Europe [58]. The
distribution rate of each serogroup in this study was also different from that of APEC
obtained between 2005 and 2008 in Guangdong, China [59]. The presence of serogroup O86
in two ExPEC from healthy chickens in this study are of interest since this serogroup was
only identified in human ExPEC strains in Brazil rather than in strains from poultry in a
previous report [57]. In the present study, one ExPEC isolate from healthy chicken belonged
to O18 serogroup, which was frequently found in APEC from diseased avian in the United
States and also the main serogroup of ExPEC isolates causing newborn meningitis in the
Europe [58,60,61]. O83 and O45, which were prevalent in neonates with E. coli meningitis
from the Netherlands [61] and France [62], respectively, were also found in our ExPEC
isolates. All these results show that the ExPEC isolates from healthy chickens in this study
might transmit to humans and the prevalence of ExPEC isolates in healthy animals should
be monitored in the future.

Notably, all the ExPEC isolates in this study were MDR isolates. Although the use
of antibiotics in animals does not select ExPEC strains intrinsically [25], it will favor the
dissemination of ExPEC with MDR phenotypes among healthy animals, contributing to
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the emergence of MDR ExPEC in human infections [22]. Almost all ExPEC isolates in
this study were resistant to ampicillin (100%), sulfamethoxazole-trimethoprim (100%),
tetracycline (95.5%), and doxycycline (90.9%), which were all used extensively in animal
husbandry in China, further favoring the dissemination of ExPEC among animals and
humans by co-selection. In recent years, ExPEC isolates producing ESBLs or AmpC in
human infections have been increasing [63], and such pathogens have been also found in
healthy poultry in Brazil recently [14]. In our study, CTX-M-type ESBLs were found in 15
of the 22 ExPEC isolates from healthy chickens. The increase in ESBLs or AmpC among
ExPEC from poultry will inevitably reduce the therapeutic options of ExPEC infections
in humans, because cephalosporins are important to human medicine. Fosfomycin has
been widely recommended for treating uncomplicated urinary tract infection especially
caused by ESBLs-producing or fluoroquinolone-resistant ExPEC isolates [64]. However,
ten ExPEC isolates in this study harbored the fosfomycin resistance gene fosA3 and all
ten isolates also carried blaCTX-M, among which six were resistant to fluoroquinolones
(Table 4). Such pathogens in healthy chickens will pose a great threat to human health be-
cause they will compromise the efficacies of fosfomycin, fluoroquinolones and cephalosporins.
For ExPEC from different markets/farms, three isolates (YJ-JC-8, WF1-5-21 and LS-A-7)
carrying virulence genes papA and iutA belonged to serogroup O78 and they were all
ST117 type, however, different PFGE and resistance profiles were present in the three
isolates (Figure 1 and Table 4). This indicates that the ExPEC isolates have undergone a
complex evolutionary process resulting in genetically diverse isolates although they share
identical ST type and serogroup at the beginning. Even for ExPEC isolates with identical
PFGE pattern and ST type from the same farm, such as WF1-5-13 and WF1-5-21, different
resistance genotypes and phenotypes were also observed, further proving the complex
evolutionary process within ExPEC.

Worryingly, besides mcr-1 and blaNDM, the two ExPEC isolates WF1-5-13 and WF1-5-40
carried additional blaCTX-M, fosA3 and floR genes, with isolate WF1-5-40 also harboring rmtB
(Table 4). The presence of such ExPEC isolates co-harboring blaNDM and mcr-1 in healthy
chickens in this study will threaten the health of consumers because such pathogens will
not only compromise the efficacies of cephalosporins, fosfomycin and aminoglycosides, but
also threaten the usage of carbapenems and colistin, two critically important antimicrobials
used for serious infections caused by MDR ExPEC [65]. mcr has been also found in
two ExPEC isolates from diseased poultry in Brazil [18] and two ExPEC isolates from
healthy ducks in China [66]. All four ExPEC isolates carrying mcr from animals in the
two previous reports were susceptible to carbapenems, although NDM-producing ExPEC
isolates susceptible to colistin have been reported in humans [67]. To the best of our
knowledge, this is the first report about mcr-1-positive ExPEC isolates harboring blaNDM
from healthy chickens.

5. Conclusions

In conclusion, we observed that the resistances in E. coli from white-feather broil-
ers were more serious than those from layer farms and those from live-poultry markets
in China, respectively. This study also reported that 2.4% of these E. coli isolates from
healthy chickens were qualified as ExPEC using a molecular detection method. The most
predominant serogroup of these ExPEC isolates was O78, followed by O26 and O86, and
almost all serogroups identified in our study were frequently reported in human ExPEC
isolates in many countries, suggesting that ExPEC isolates from healthy poultry could
be a source of potentially virulent ExPEC causing multiple diseases in humans. Notably,
all the ExPEC isolates in this study possessed MDR phenotypes and most showed resis-
tances to cephalosporins and fosfomycin, which made co-selection of these ExPEC possible
when corresponding drugs were used. More worryingly, six ExPEC isolates in this study
carried mcr-1, including two harboring both blaNDM and mcr-1, which could compromise
both the efficacies of carbapenems and colistin. The presence of MDR ExPEC isolates in
healthy chickens, especially those carrying mcr-1 and/or blaNDM, is alarming and will
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pose a serious health threat to consumers. Interventions need to be taken to reduce these
pathogens in the chicken intestine and prevent clinical ExPEC infections in humans by
reducing transmission via poultry products. Further studies are required for monitoring
the prevalence of MDR ExPEC in healthy chickens in China and other countries. To our
knowledge, this is the first report of mcr-1-positive ExPEC isolates harboring blaNDM from
healthy chickens.
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Simple Summary: Biofilm formation represents one of the most effective forms of bacterial persis-
tence in surfaces where nutrients are available or in the tissues of living hosts as humans or animals.
Such persistence is due to the high rate of antimicrobial resistance of this shell conformation. It
often represents a burden when the pathogen colonizes niches from where it is not removable such
as food facilities, farm facilities or parts of living organisms. In this study, we investigated biofilm
formation mechanisms and enhanced antimicrobial resistance of 6 different S. aureus strains. The
detected mechanisms were primarily related to the control of catabolites, the production of proteins
with moonlighting activities and the detoxification of compounds with antimicrobial activities (i.e.,
alcohol). Glycolysis and aerobic metabolisms were found to be less active in the biofilm conformation.
Consequently, less H2O2 production from aerobic metabolism was translated into a measurable
under-representation of catalase protein.

Abstract: Antimicrobial resistance (AMR) represents one of the most critical challenges that humanity
will face in the following years. In this context, a “One Health” approach with an integrated
multidisciplinary effort involving humans, animals and their surrounding environment is needed
to tackle the spread of AMR. One of the most common ways for bacteria to live is to adhere to
surfaces and form biofilms. Staphylococcus aureus (S. aureus) can form biofilm on most surfaces
and in a wide heterogeneity of environmental conditions. The biofilm guarantees the survival of
the S. aureus in harsh environmental conditions and represents an issue for the food industry and
animal production. The identification and characterization of biofilm-related proteins may provide
interesting insights into biofilm formation mechanisms in S. aureus. In this regard, the aims of this
study were: (i) to use proteomics to compare proteomes of S. aureus growing in planktonic and
biofilm forms in order to investigate the common features of biofilm formation properties of different
strains; (ii) to identify specific biofilm mechanisms that may be involved in AMR. The proteomic
analysis showed 14 differentially expressed proteins among biofilm and planktonic forms of S. aureus.
Moreover, three proteins, such as alcohol dehydrogenase, ATP-dependent 6-phosphofructokinase,
and fructose-bisphosphate aldolase, were only differentially expressed in strains classified as high
biofilm producers. Differentially regulated catabolites metabolisms and the switch to lower oxygen-
related metabolisms were related to the sessile conformation analyzed.

Animals 2021, 11, 966. https://doi.org/10.3390/ani11040966 https://www.mdpi.com/journal/animals71
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1. Introduction

Humanity is already facing a challenge related to antimicrobial resistance (AMR). Such
a burden will become worse due to the massive use of antimicrobials such as alcohol-based
products for hands and workplaces sanitization necessary to mitigate the transmission of
coronavirus disease 2019 (COVID-19). These key precautions may create an ecological pres-
sure on microorganisms and contribute to the emergence of AMR in microbial populations
that can colonize human body and the environment.

The use of biocides in the environment (such as farms and food industries) has
already created a phenomenon known as AMR cross-resistance [1–3]. Biofilm formation
contributes to enhance AMR resistance by physical and biochemical means [4]. A biofilm
is defined as “a microbially derived sessile community characterized by cells that are
irreversibly attached to a substrate or interface or to each other, are embedded in an auto-
produced matrix of extracellular polymeric substances (which is composed of protein,
DNA and polysaccharide) and exhibit an altered phenotype with respect to growth rate
and gene transcription” [5]. It is well known that bacteria growing as biofilms might
be physiologically distinct from the same bacteria growing as free-swimming planktonic
cells [6,7].

Briefly, biofilms allow bacteria to better resist harsh environmental conditions [8].
Such a conformation can be found everywhere where there is a source of nutrients such
as in the food-processing environment or zootechnical industry (food-processing equip-
ment, milk collection and storage facilities) [9]. Biofilms-enhanced resistance to disinfec-
tants/antimicrobials/antibiotics represents a threat for food industries and farms [10].
The biofilm, in fact, protects the bacteria from detaching by cleaning agents and from
being killed by disinfectants [11]. However, biofilm protection mechanisms appear to be
different from those responsible for resistance to conventional antibiotics [12]. First, the
extracellular polymeric substances (EPS) matrix delays or prevents antimicrobial action,
either by limiting disinfectants diffusion or by chemical interaction/inactivation with
proteins and extracellular polysaccharides [13]. Other factors can play a role in this fea-
ture, such as the bacterial growth rate, the heterogeneity within the biofilm, the general
stress response, quorum sensing mechanisms, the induction of a certain biofilm phenotype
and the over-expression of efflux pumps [14]. In addition, biofilm activities include the
upregulation of virulence factors and secretion of extracellular polymers [15]. Horizontal
gene transfer plays an important role in AMR. The small intra-cellular distance typical of
biofilms facilitates the spread of resistance genes and generates the presence of extracellular
DNA in the biofilm matrix [16].

Among bacteria, Staphylococcus aureus (S. aureus) is able to form biofilm on most
surfaces and under almost all the environmental conditions found in food industries [17]. It
is a commensal and opportunistic pathogen and under certain conditions, may cause a wide
range of infectious diseases such as skin infections, bacteremia, endocarditis, pneumonia
and food poisoning. S. aureus biofilm mode of growth is regulated by complex genetic
factors and can produce at least two different types of biofilm: ica operon-dependent (i.e.,
promoted by the ica operon) and ica operon-independent [17]. A study carried out by
Resch et al. (2005) identified more than 160 genes that were significantly over-expressed
during biofilm growth conditions. Those genes encoded for binding factors, polysaccharide
intracellular adhesion (PIA) and peptidoglycan modeling factors [7]. Additionally, many
proteins have been implicated as important components in cellular adhesion and biofilm
matrix development [18]. These include surface-associated proteins (protein A), fibrinogen-
binding proteins (FnBPA and FnBPB), biofilm-associated protein (Bap) and clumping
factor B (ClfB).
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Considering the concerns for food safety associated with S. aureus biofilms and the
high cost of managing this issue in the food industry, a better knowledge of the mechanisms
involved in S. aureus biofilm growth mode is essential. To date, several studies have focused
on pathogenicity and only a few have addressed differences in protein expression of S.
aureus due to biofilm formation [19,20]. The identification and characterization of proteins
linked with biofilm could provide interesting insights on the mechanism and/or process of
biofilm formation in S. aureus.

According to this premise, the aims of this study were: (i) to compare proteomes of
S. aureus growing in planktonic and biofilm forms, in order to investigate the common
features of biofilm formation properties of six different strains; and (ii) to identify possible
biofilm mechanisms that may be involved in AMR. The employment of 6 different strains
will help with the comprehension of biofilm formation mechanisms more representative of
the S. aureus species rather than be focused on mechanisms typical of a single strain.

2. Materials and Methods

2.1. Bacterial Strains

A total of six biofilm-forming S. aureus strains were analyzed in this study. In details,
three S. aureus reference strains (ATCC 35556, ATCC 12600, ATCC 29213) and three food-
related isolates (wild-types) were used in the experiment. The food related-strains were
isolated from food (n.1) and food handlers (n.2), respectively.

Stock cultures were stored at −80 ◦C. All strains were incubated for 24 h at 37 ◦C
in tryptone soy broth (TSB, Oxoid S.p.A., Milan, Italy) before each experiment. All
these strains have been grown both in the planktonic and in the sessile form (biofilm
cultures) and analyzed through 2D electrophoresis coupled with matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS).

The sessile (biofilm cultures) and planktonic cells were prepared as follows:

- Biofilm cultures

The ability of S. aureus isolates to produce biofilms was determined according to
the protocol described by Di Ciccio et al., 2015 [21]. In all cases, all experiments were
repeated in triplicate. Briefly, polystyrene tissue culture plates (6 wells—961 mm2) were
used as substratum for biofilm formation at 37 ◦C. Cultures of S. aureus were prepared,
from overnight tryptone soy agar (TSA, Oxoid S.p.A., Milan, Italy) growth, in TSB by
incubating at selected temperature: 37 ◦C. Cultures were then washed three times with
sterile phosphate-buffered saline (PBS; pH 7.3) (Sigma-Aldrich S.r.l., Milan, Italy) and
diluted with fresh TSB to reach a concentration of about 108 colony-forming units (CFU)
mL−1 by reading the optical density (OD) level at 550 nm (UV Mini-1240—Shimadzu, Long
Beach, CA, USA). Three milliliters (ml) of the standardized inoculum were then added to
polystyrene tissue culture plates (well—35 mm diameter). Samples were then incubated at
37 ◦C. After 24 h incubation, non-adherent cells were removed by washing each well three
times with sterile PBS. After adding sterile PBS (3 mL), biofilm in wells was dislodged
mechanically by scraping vigorously using a sterile cell-scraper. Finally, the cells were
harvested by centrifugation (4000 rpm, 10 min., 4 ◦C, Beckman, J2-MC, centrifuge). The
resulting pellets, washed and resuspended in sterile PBS, were centrifuged again (4000 rpm,
10 min., 4 ◦C). The cells were washed several times and pelleted by five centrifugations.
Finally, the supernatant was removed and the pellet from the biofilm cultures grown was
stored at −80 ◦C until use for proteomic studies (the pellets from the biofilm cultures had a
weight of 50 mg).

- Planktonic cells

S. aureus reference strains (ATCC 35556, ATCC 12600, ATCC 29213) and food-related
isolates S. aureus (281, 402, 184) were used. An overnight culture was created by inoculating
a colony of S. aureus into 5 mL of TSB for 24 h at 37 ◦C. After incubation, the S. aureus
culture was centrifuged for 10 min at 4000 rpm, 4 ◦C. The supernatant was then replaced
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with sterile PBS, and pellet was resuspended by thoroughly mixing with pipette. The cells
were washed several times and pelleted by five centrifugations (4000 rpm, 10 min, 4 ◦C).
Finally, the supernatant was removed and the pellet from the overnight cultures grown was
stored at −80 ◦C until use for proteomic studies (the pellets from the planktonic cultures
had weights: 50 mg).

2.2. Proteomic Analysis

- Protein Extraction and 2-Dimensional Electrophoresis (2-DE)

We diluted 50 milligrams of cellular pellet of the different S. aureus strains in 700 μL of
2DE buffer containing 7 M urea, 2 M thiourea, 4% CHAPS, 1% DTT, and protease inhibitors
(GE-Healthcare) according to manufacturer instructions.

To ensure the complete disruption of the collected bacterial cells, the samples were
processed with 6 cycles of 1-min bead beating interspersed by a cycle of centrifuge. For
this purpose, into the sample was added the same amount (1:1 v/w) of 0.1 mm zyrcounium-
silica beads (300 μg beads added to 300 μL of buffer + the volume of the pellet). The bead
beating cycle was conducted at 4000 rpm for 1 min with the purpose to avoid overheating.
Then, the samples were centrifuged at 12,000× g for 5 min at 4 ◦C in order to chill and
disperse the foam. This operation was repeated 6 times. After the 6th cycle, samples were
centrifuged for 20 min and the supernatant was stored in another tube for subsequent
proteomics analysis.

Two-dimensional (2D) electrophoresis was run in all samples: 100 micrograms of
protein were loaded on a 7 cm strip through active rehydration performed overnight
at 50 V in a buffer containing 7 M urea, 2 M thiourea, 2% CHAPS, 0.5% ampholytes
3–10 Amersham, and 26 mM DTT. For isoelectric focusing (IEF), the following protocol
was applied: 100 V/1 h linear, 250 V/2 h linear, 4000 V/5 h linear, 4000 V step/50,000 total
volt-hours (VhT), using a protean IEF platform.

Once the final amount of VhT was reached, immobilized pH gradient (IPG) strips
were frozen up to the next step or directly equilibrated in two steps of 15 min under gentle
stirring. The first step of equilibration was performed in buffer (6 M UREA, 2% SDS, 0.05 M
Tris-HCl pH 8.8, 20% glycerol) supplemented with 1% DTT w/v and the second step was
performed in a buffer with the addition of 2.5% w/v iodoacetamide. The IPG strips were
put in a 12% home-made acrylamide gel and IEF run under constant amperage of 15 mA
per gel, until the bromophenol blue (BFB) reached the front. The gels were then eliminated
from the plates, washed three times with double-distilled water and spotted overnight
(ON) with Coomassie Brilliant Blue.

Using an Imagescanner III (GE Healthcare) the gels were digitalized. The image
analysis was performed using SameSpots software (Version 4.5, Nonlinear Dynamics
U.K.). All imported images were checked for quality (saturation, ending) and spots, with a
p-value lower than 0.05, were manually excised for subsequent mass spectrometry (MS)
analysis and protein identification. If the MALDI MS/MS identification was obtained with
a MASCOT score higher than 40, the protein was analyzed via GO for the comprehension
of its function/role.

- Protein Identification by Matrix-Assisted Laser Desorption/Ionization Time-of-Flight
Mass Spectrometry (MALDI-TOF/TOF MS) Analysis

Protein identification was performed according to previous studies [22,23].
Briefly, after different steps of dehydration, reduction and alkylation, the excided

single spots were digested with a solution of 0.01 μg/μL of porcine trypsin (Promega,
Madison, WI, USA) at 37 ◦C o.n., and peptides were concentrated using C18 ZipTip
(Millipore, Bedford, MA, USA). they were then co-crystallized with a solution of αciano-
4-hydroxycinnamic acid and spotted on a Ground Steel plate (Bruker-Daltonics, Bremen,
Germany).

The MS analysis was performed on a Ultraflex III MALDI-TOF/TOF spectrometer
(Bruker-Daltonics) in positive reflectron mode.
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External calibration was performed using the standard peptide mixture calibration
(m/z: 1046.5418, 1296.6848, 1347.7354, 1619.8223, 2093.0862, 2465.1983, 3147.4710; Bruker-
Daltonics).

FlexAnalysis 3.3 software (Bruker-Daltonics) was used for the selection of the monoiso-
topic peptide masses of each mass spectra. After an internal calibration on autolysis peaks
of porcine trypsin (m/z: 842.509 and 2211.104) and exclusion of contaminant ions (known
matrix and human keratin peaks), the created peak lists were analyzed by MASCOT v.2.4.1
algorithm (www.matrixscience.com, accessed on 23 March 2021) searching against Swis-
sProt 2021_database restricted to Firmicutes and Staphylococcus aureus (11,196 sequences)
taxonomy.

The parameters used for database search are the following: carbamidomethylation of
cysteines and oxidation on methionine as fixed and variable modifications respectively;
one missed cleavage site allowed for trypsin; 70 ppm as maximal tolerance.

Mascot protein scores greater than 50 were considered significant (p < 0.05) for protein
identification assignment.

To confirm the identifications, MS/MS spectra were also acquired by switching the
instrument in LIFT mode with 4–8 × 103 laser shots. For the fragmentation, precursor ions
were manually selected, and the precursor mass window was automatically set. Spectra
baseline subtraction, smoothing (Savitsky–Golay) and centroiding were operated using
Flex-Analysis 3.3 software.

The parameters used for the database search are the following: carbamidomethylation
of cysteines and oxidation on methionine as fixed and variable modifications respec-
tively; one missed cleavage; 50 ppm and 0. 5 Da as mass tolerance for precursor ions
and for fragments respectively. The taxonomy was restricted to Staphylococcus aureus
(10,227 sequences).

The confidence interval for protein identification was set to 95% (p < 0.05) and only
peptides with an individual ion score above the identity threshold were considered correctly
identified.

3. Results

The proteomic analysis was performed in order to discover the mechanisms of biofilm
formation common to all analyzed S. aureus strains. Six different strains with differ-
ent biofilm formation indexes were analyzed in the planktonic form and the biofilm
form. For each strain, biofilm formation, expressed as BPI, was calculated as follows:
“BPI = [ODmean biofilm surface (mm2)−1] × 1000”. All isolates were defined in different cat-
egories (weak, moderate or strong producers) on the basis of their BPIs values (Table 1).

Table 1. Biofilm formation index (BPI) of S. aureus strains on polystyrene at 37◦ included in this study.

Strains Source BPI

A—S. aureus ATCC n.35556 ATCC n.35556 0.758
B—S. aureus ATCC n.12600 ATCC n.12600 0.405

C—S. aureus n.281 Food 1.019
D—S. aureus n.402 Food-handler 0.311
E—S. aureus n.184 Food-handler 0.290

F—S. aureus ATCC 29213 ATCC n.29213 0.260

The analyzed strains included: S. aureus ATCC 35556, already described as a strong
biofilm producer [24,25]; S. aureus ATCC 12600, classified as moderate biofilm producer [21];
three food isolates of S. aureus classified as strong (281), moderate (402) and weak biofilm
producer (184); S. aureus ATCC 29213 measured as weak biofilm producer. BPI on
polystyrene at 37 ◦C was used as the measure for all the experimental procedures in
this work. All the strains with BPI below 0.300 were considered weak biofilm producers.
In these cases, the biofilm layer was phenotypically barely visible and not stable in its
structure. Such a phenotype was confirmed by the extremely low BPI below 300. For
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this reason, four strains (A, B, C and D) were considered as part of the moderate/high
biofilm-producing group, while the remaining two (E and F) showed a phenotype closer to
the low/non-forming biofilm group.

Proteomics analysis was carried out to compare the sessile versus the planktonic
phenotype; however, a separated analysis was performed, including only the moderated to
strong biofilm producers. The differentially represented proteins were chosen according to
the Progenesis SameSpots provided analysis of variance (ANOVA) p-value. The topmost
significant ones were chosen to be analyzed via MALDI-TOF MS/MS peptide mass finger-
printing (PMF) and peptide fragment fingerprinting (PFF) if necessary. Of the chosen spots,
only the ones successfully identified with a MASCOT score higher than 40 were considered
for subsequent Gene Ontology (GO), metabolism and pathway analysis.

As reported in Table 2, 14 proteins were differentially expressed among S. aureus plank-
tonic and sessile groups. Of these, 11 were differentially expressed when considering all
the strains together with a p-value ≤ 0.05 (column: regulation in planktonic vs. sessile). Al-
cohol dehydrogenase, ATP-dependent 6-phosphofructokinase and Fructose-bisphosphate
aldolase differential expression were significant for the medium/high biofilm-forming
sub-group (high biofilm producers’ column). This classification was done according to the
observation of the datasets that clearly showed how the representation trend of some of
the differentially expressed proteins was clearly not following the same path in the weak
biofilm forming strains. As previously mentioned, this was the case for alcohol dehydroge-
nase, ATP-dependent 6-phosphofructokinase and fructose-bisphosphate aldolase.

If considering the entirety of the differentially regulated proteins, five were found
to be over-represented in the sessile versus planktonic group, and 9 proteins were found
to be under-represented. This low number of detected proteins might be due to the
high heterogeneity of the different strain analyzed. Three of the five over-represented
proteins were involved in carbon metabolism or in stress response. Interestingly, alcohol
dehydrogenase and 30 s ribosomal proteins are involved in antimicrobials resistance
mechanisms, i.e., detoxification.

On the other hand, under-represented proteins such as 2,3-bisphosphoglycerate-
dependent phosphoglycerate mutase, alkyl hydroperoxide reductase subunit C, ATP-
dependent 6-phosphofructokinase, catalase etc. were mostly involved in energy and
oxygen-related metabolism.

All data are shown in Table 2 and the image of the differentially represented proteins
is shown in Figure 1a. For each protein, it is represented the related figure from the image
analysis software. Table 2 indicates the p-values obtained from the built-in ANOVA test
of the Progenesis SameSpots software. For each protein it is provided with the UNIPROT
name and accession number (first two columns of the table); the SameSpots coding number,
which represents the code provided by the image analysis software; the Mascot score
identification obtained by the combined MALDI peptide mass fingerprint together with the
peptide fragment fingerprint for the MS/MS identification; the number of matched peptides
and the mascot score; and the ANOVA p-value obtained by comparing the planktonic
and sessile form of all strains and just moderate/high biofilm producers (last column,
the values of normalized volume for each spot are provided in Supplementary Materials,
Table S1).
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Table 2. List of differentially represented proteins among the six different strains analyzed under planktonic and biofilm
conditions. As in the last two columns, the analysis was performed, including all the analyzed strains and, subsequently,
excluding the low biofilm producers (last column). OS= organism name. Every significant p-value (lower than 0.05) is
printed in bold.

Uniprot
Name/Accession

Number

Uniprot
Name

SameSpots
Coding
Number

Protein Name
Mascot
Score

Sequence
Coverage

(%)

N of
Matched
Peptides

Regulation
in Sessile vs.
Planktonic

High Biofilm
Producers
(Sessile vs.
Planktonic)

Q2FJ31 ADH_STAA3 820 alcohol dehydrogenase 66 35 9/59 ↑0.070 ↑0.018

A7X656 GPMA_STAA1 824

2,3-bisphosphoglycerate-
dependent phosphoglycerate
mutase OS = Staphylococcus

aureus

116 51 11/52 ↓0.001 ↓0.016

P0A0H0 RS12_STAA8 836 30S ribosomal protein S12 68 37 4/45 ↑0.026 0.135

Q2FJN4 AHPC_STAA3 838
Alkyl hydroperoxide reductase
subunit C OS = Staphylococcus

aureus
67 39 6/31 ↓0.028 0.137

A6U2G5 PFKA_STAA2 840
ATP-dependent

6-phosphofructokinase OS =
Staphylococcus aureus

121 35 11/31 ↓0.084 ↓0.007

A7WZR9 CLPP_STAA1 842
ATP-dependent Clp protease

proteolytic subunit OS =
Staphylococcus aureus

76 30 9/23 ↓0.008 0.084

Q5HF38 CCPA_STAAC 845 Catabolite control protein A OS
= Staphylococcus aureus 76 26 9/35 ↑0.001 ↑0.004

Q9L4S1 CATA_STAAU 846 Catalase OS = Staphylococcus
aureus GN = katA PE = 3 SV = 1 40 16 ↓0.041 ↓0.041

Q9L4S1 CATA_STAAU 848 Catalase OS = Staphylococcus
aureus GN = katA PE = 3 SV = 1 68 30 6/40 ↓0.021 ↓0.027

Q9L4S1 CATA_STAAU 851 Catalase OS = Staphylococcus
aureus GN = katA PE = 3 SV = 1 98 47 11/40 ↓0.012 ↓0.004

Q2FDQ4 ALF1_STAA3 853
Fructose-bisphosphate aldolase

class 1 OS = Staphylococcus
aureus

112 40 17/67 ↑0.096 ↑0.0002

Q2YSZ4 GCSPB_STAAB 855

Probable glycine
dehydrogenase

(decarboxylating) subunit 2 OS
= Staphylococcus aureus

68 26 9/50 ↓0.037 ↓0.013

A7X395 ENGB_STAA1 856
Probable GTP-binding protein

EngB OS = Staphylococcus aureus
_12042016_

68 16 4/16 ↓0.007 0.060

Q7A551 Y1532_STAAN 858
putative universal stress protein

SA153 (782)
OS = Staphylococcus aureus

86 36 6/35 ↑0.010 0.094

Figure 1a provides a graphic representation of the Coomassie Brilliant Blue stained
entire proteins as detected by the image analysis software. The top four rows show high
and moderate biofilm producers’ spots, while the two rows at the bottom indicate the low
biofilm producers.

Figure 1b shows the graphic representation of the most relevant differentially regulated
proteins and metabolisms among the two analyzed S. aureus phenotypes. Biological
functions were manually checked after each GO search and subsequently reported in the
scheme in Figure 1b.
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4. Discussion

Biofilms growth is the preferred strategy for the expansion and survival of many
clinically and environmentally relevant microorganisms [5]. S. aureus is one well-known
biofilm-forming pathogen capable of colonizing medical devices [26], food contact sur-
faces [21] and farm industry facilities [27]. In the biofilm form, S. aureus can successfully
cope against strong stress conditions [28] and persist on the surfaces of food-processing
plants [4], leading to recurrent contamination of both fresh and processed foods world-
wide [29–32]. From this perspective, biofilm formation represents a severe threat because of
its difficult removal linked to the extremely high tolerance to antimicrobials and antibiotics.
Improving knowledge about its formation mechanisms and pathways is mandatory to bet-
ter design possible and practical intervention strategies. Studies performed on single strains
(strain-specific mechanisms) documented the over-representation of fibrinogen-binding
protein and the accumulation-associated protein (Aap) in S. aureus cells growing embedded
in the biofilm matrix in comparison to those growing in the planktonic form [33,34]. Also,
increased production of staphylococcal accessory regulator A (SarA) was shown in biofilm
formation [20].

All these and many other studies extensively describe the physiology of S. aureus
biofilm formation that is specific to the strain analyzed. However, it is not considered
that diverse S. aureus strains may have different mechanisms and pathways of biofilm
formation.

In the current study, we employed a comparative proteomic approach to understand
better the process of biofilm formation and the possible mechanisms involved in the
enhancement of antimicrobial resistance. To achieve this result, we performed a differential
proteomics analysis of planktonic versus sessile S. aureus isolates and ATCC strains. Six
different strains with a wide range of biofilm formation indexes were employed in order to
maximize the possibility to detect general mechanisms more representative of the S. aureus
specie.

The whole comparison allowed the discovery of 14 proteins differentially regulated
between the planktonic and sessile group and, three of those (alcohol dehydrogenase,
ATP-dependent 6-phosphofructokinase and fructose-bisphosphate aldolase) were specific
to the high biofilm-producing strains.

Ribosomal proteins are involved in biofilm regulation/formation and enhanced an-
timicrobial resistance [35,36]. Interestingly, changes at the ribosomal protein isoforms
can shape the response to antibiotics by modifying the affinity of tetracyclines, chloram-
phenicol, macrolides (e.g., erythromycin) and aminoglycosides (e.g., streptomycin) for
the transcription machinery. Hence, a switch in the composition of ribosomal subunits
could be involved in biofilm formation and the different susceptibility to antimicrobial
molecules [37].

Fructose bisphosphate aldolase and catabolite control protein A (ccpA) are over-
represented in the biofilm conformation versus the sessile condition. The first is an es-
sential enzyme of the glycolytic pathway with virulence functions shaped according to
its cellular localization (i.e., moonlighting properties) [38]. As a moonlight protein, it is
often expressed in the bacterial surface [39] where it has been linked to virulence in several
bacterial pathogens, such as Francisella [40], by directly affecting cell migration through its
interference with the actin polymerization process.

Similarly, fructose bisphosphate aldolase expression is induced in oxygen depletion
conditions, and it has also been associated with transcriptional regulator functions [39].
Catabolite control protein A (ccpA) was found to be massively over-represented in both
high and low biofilm producers growing in the sessile conditions. This might be explained
by the requirements of the typical multi-layered packed structure of the biofilm, which
needs a tight control of nutrients availability, catabolites and secondary metabolites (e.g.,
ethanol, reactive oxygen species (ROS) etc.). Indeed, nutrients depletion or catabolites accu-
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mulation would exert toxic/detrimental effects on the bacterial community itself. In Gram+
bacteria, ccpA expression regulates the synthesis of capsular polysaccharides, toxigenic ex-
oproteins and promotes biofilm formation [25]. Similarly, S. epidermidis biofilm formation is
positively regulated by ccpA and causes tricarboxylic acid (TCA) cycle repression [41]. This
demonstrates that the management of carbon and energy flow by regulating the enzymes
involved in glycolytic/fermentative metabolism [42] represents an essential element for
the proper formation of biofilm. Accordingly, previous evidence reported that environmen-
tal acidification or other phenomena associated with rapid metabolism of carbohydrates
occurring in bacteria growing in sessile conditions are regulated by ccpA throughout the
modulation of pfka and gpma expression [42,43]. Moreover, the structural organization of
the biofilm is likely to result in the accumulation of toxic secondary metabolites such as
ethanol from fermentation processes. This may explain the detected increased expression
of alcohol dehydrogenase (adh) in the sessile growing strains. The oxygen depletion in the
biofilm’s inner layers may cause a metabolic shift towards the mixed alcoholic fermentation
with increased ethanol concentration that needs to be promptly detoxified by the induction
of adh [44–46]. The hypothesis of the metabolic shift towards fermentation and ethanol
production is also supported by the under-expression of PfkA and gpmA, which are active
in pyruvate production. By limiting the production of pyruvate, sessile cells control the
pathways towards any possible fermentative process. Thus, the reduced abundance of
PfkA and gpmA in the sessile bacteria might represent the effect of a negative feedback
modulation of the fermentative process to protect the bacteria from the toxicity of their
secondary metabolites. Analogously, the reduced abundance of catalase, the enzyme active
in ROS detoxification, may be a consequence of the reduced oxygen availability in the
bacterial samples growing in biofilm form [47]. Such a reduction in the hydroperoxide
detoxification power is confirmed by the down-regulation of 3 different catalase isoforms
and of alkyl hydroperoxide reductase subunit C (Q2FJN4). This may help to explain the
high power of low doses of hydrogen peroxide to dissolve the biofilm conformation [48].

5. Conclusions

The comparative top-down proteomics (2D-electrophoresis–MALDI TOF) approach
used here identified some possible biofilm formation mechanisms of S. aureus strains
with a wide range of biofilm formation indexes. Biofilm is one of the essential strategies
for bacterial virulence and persistence over a wide variety of surfaces and unfavourable
conditions and it facilitates survival and resistance in the presence of antimicrobial com-
pounds [49]. Comparison of high- and low-biofilm forming strains in sessile and planktonic
form highlighted common mechanisms as the catabolite control and the modulation of the
detoxification machinery aimed at avoiding self-inhibition/toxicity (i.e., ethanol detoxifica-
tion). Glycolysis and aerobic metabolisms seem to be down-regulated in favor of possible
fermentation pathways that might be responsible for ethanol production and, possibly, for
the induction of alcohol dehydrogenase production.

This study is characterized by using a top-down proteomics approach that led the
differential quantification of intact proteofoms. On the other hand, this approach limits the
detection of differentially represented, less-abundant proteins. Complementing these data
with shotgun proteomics and metabolomics is desired to support the observed evidence and
to discover potential biomolecular targets to contrast and/or attenuate this phenomenon.
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Simple Summary: The prevalence of extended-spectrum cephalosporin (ESC)-resistant Salmonella
is of great concern, as these strains with the same β-lactamase (bla) genes were found in human
and poultry. The objective is to characterize ESC-resistant Salmonella isolated from chicken and
to determine the transferability of β-lactamase gene-harboring plasmid in vitro and in vivo. ESC
resistance genes in Salmonella isolated from chickens and presented a comprehensive analysis of
the highly frequent transfer of the blaCMY-2 gene in vitro and in vivo. In addition, this study has
demonstrated the ease with which a blaCMY-2 gene-harboring plasmid can be rapidly transferred
between Salmonella and pathogenic E. coli within the intestinal tracts of mice, even without antimicro-
bial selective pressure. Given the potential risk of the frequent transfer of the blaCMY-2 gene via the
food chain to the human digestive tract, the molecular mechanism involved in the dissemination
and maintenance of ESC resistance genes should be studied as further research in greater detail, and
enhanced surveillance should be implemented to prevent the widespread of ESC resistant strains.

Abstract: A total of 136 Salmonella isolates from chicken feces and meat samples of the top 12 inte-
grated chicken production companies throughout Korea were collected. Among the 17 ESC-resistant
Salmonella; blaCTX-M-15 was the most prevalent gene and two strains carried blaTEM-1/blaCTX-M-15

and blaCMY-2, respectively. The transferable blaCTX-M-15 gene was carried by IncFII plasmid in three
isolates and the blaCMY-2 gene carried by IncI1 plasmid in one isolate. blaCMY-2 gene-harboring strain
was selected as the donor based on the high frequency of blaCMY-2 gene transfer in vitro and its
transfer frequencies were determined at 10−3 transconjugants per recipient. The transfer of blaCMY-2

gene-harboring plasmid derived from chicken isolate into a human pathogen; enteroinvasive Es-
cherichia coli (EIEC), presented in mouse intestine with about 10−1 transfer frequency without selective
pressure. From the competition experiment; blaCMY-2 gene-harboring transconjugant showed variable
fitness burden depends on the parent strains. Our study demonstrated direct evidence that the
blaCMY-2 gene harboring Salmonella from chicken could frequently transfer its ESC-resistant gene to
E. coli in a mouse intestine without antimicrobial pressure; resulting in the emergence of multidrug
resistance in potentially virulent EIEC isolates of significance to human health; which can increase
the risk of therapeutic inadequacy or failures.

Keywords: Salmonella; chicken; extended-spectrum cephalosporin; blaCMY-2; mouse; frequent transfer
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1. Introduction

Recently, an increasing occurrence of extended-spectrum cephalosporins (ESC)-resistant
strains has been recognized as a serious threat to human health [1]. Resistance to β-lactam
antimicrobials is mainly caused by the production of antimicrobial inactivation enzymes
called β-lactamases [2]. Extended-spectrum β-lactamases (ESBL) and AmpC β-lactamase
(AmpC) are the major β-lactamases detected in ESC-resistant strains worldwide [3]. These
enzymes are frequently encoded by genes that are located on a plasmid, which is a mo-
bile genetic element that can transfer horizontally within and between different bacterial
species [4]. Various studies have suggested that food-producing animals as a reservoir for
ESBL/AmpC-producing strains that could promote the transmission of resistance determi-
nants to humans [2]. Similar or identical ESC-resistant isolates or ESBL/AmpC plasmids
were found in chicken meat and patients, suggesting poultry and poultry products play a
pivotal role in the spread of ESC resistance genes to humans [2].

The fact that the same plasmid is observed in several bacterial strains isolated from
poultry and humans confirms that antimicrobial resistance genes can be transferred from
poultry to humans [2]. A previous study observed the possibility using in vitro human gut
simulation model that there is a transfer from food-borne ESC resistant isolates to other
commensal and pathogenic bacteria [5]. However, there is a lack of actual evidence that ESC
resistance genes and particularly the blaCMY-2 gene transfer from poultry to human-origin
pathogenic isolates in vivo could cause considerable risks, such as the high possibility of
inadequate treatment or therapeutic failures. Antimicrobial resistance, by the acquisition
of a mobile genetic element or by mutation, is generally thought to induce a competitive
fitness disadvantage on host bacteria in the absence of selective pressure for resistance
phenotypes [6]. However, few studies have examined the fitness advantage of their host
bacteria after acquired resistance plasmids [7].

This study aimed to clarify the characteristic of ESC-resistant Salmonella isolated
from chicken and to determine the transferability of ESC resistance-determining plasmid
in vitro and in vivo. We also examined the ability to donate ESC resistance genes and
how frequently they are transferred from chicken isolates to human pathogens in the
mammalian mouse intestine. As antimicrobial resistance is a widely acknowledged factor
affecting plasmid persistence in the absence of selective pressure [8], we attempted to
identify the contribution of ESC-resistant plasmid in in vitro fitness by competition between
susceptible and resistant isolates. Our goals were to assess the interspecific horizontal
gene transfer (HGT) of ESC resistance from animal-derived Salmonella to human-derived
bacteria in vitro and in vivo, also to evaluate the impact of ESC resistance genes acquisition
on bacteria fitness.

2. Materials and Methods

2.1. Bacterial Isolates

A total of 136 Salmonella isolates isolated from chicken feces and chicken meat samples
from 2017 to 2018 were collected from the top 12 integrated chicken production companies
throughout Korea. The isolation and serotyping of Salmonella were conducted as described
previously [9]. Among 136 Salmonella isolates, those showing either ESBL or AmpC
phenotype were used in this study. Salmonella strains that are resistant to ceftiofur are
considered ESBL/AmpC-producing strains. To select a recipient for the in vivo transfer
experiment, we obtained a total of 10 strains (Table S1), which were isolated from human
patient’s stool samples and categorized as pathogenic Escherichia coli, from the National
Culture Collection for Pathogens (NCCP) South Korea.

2.2. Antimicrobial Susceptibility Test

The antimicrobial susceptibility of all isolates was evaluated by the minimum in-
hibitory concentrations (MICs) of the test antimicrobial agents amoxicillin/clavulanic acid
(AMC), cefoxitin (FOX), cefepime (FEP), ceftazidime (TAZ), ceftiofur (XNL), trimetho-
prim/sulfamethoxazole (SXT), sulfisoxazole (FIS), chloramphenicol (CHL), ampicillin
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(AMP), ciprofloxacin (CIP), nalidixic acid (NAL), streptomycin (STR), gentamicin (GEN),
tetracycline (TET), meropenem (MERO), and colistin (COL) using the KRNV5F (TREK
Diagnostic Systems, Korea). Escherichia coli ATCC 25922 was used as the reference strain
for quality control. The susceptibility breakpoints of most antimicrobials were interpreted
according to the CLSI guidelines [10]. Since CLSI breakpoints were not available for colistin,
ceftiofur, and streptomycin, MICs were determined according to the European Commit-
tee on Antimicrobial Susceptibility Testing (EUCAST) guidelines [11] for colistin and to
Centers for Disease Control and Prevention [12] for the ceftiofur and streptomycin.

2.3. Identification of β-Lactamases

After phenotypic screening, PCR were implemented regarding ceftiofur resistant
isolates for detecting the presence of β-lactamase genes encoding CTX-M, TEM, and CMY-
type following a previous protocol [13,14]. Genomic DNA templates for PCR were prepared
using fresh Salmonella colonies on MacConkey agar (Difco laboratories, Sparks, Maryland,
USA) plates by adding 100 μL of sterile distilled water and boiling in a heater block at
100 ◦C for 15 min. The sequencing reactions were performed by an external company
(Solgent, Daejeon, Korea). The obtained amino acid sequences were compared with those
in the GenBank nucleotide database using the BLAST online service, provided by the
National Center for Biotechnology Information (www.ncbi.nlm.nih.gov/BLAST, accessed
on 21 March 2020), to determine the specific types of β-lactamase genes.

2.4. Plasmid Replicon Typing

Plasmid DNA was extracted using HiYield™ Plasmid Mini Kit (RBC Bioscience, Taipei,
Taiwan) according to the manufacturer’s instructions. Plasmid incompatibility groups
were determined by the PCR-based replicon typing (PBRT) method [4]. For plasmids such
as IncF, IncI1, IncHI2, and IncHI plasmids were subtyped by plasmid MLST (pMLST)
(http://pubmlst.org/plasmid/, accessed on 10 April 2020).

2.5. In Vitro Conjugation Experiment

A conjugation experiment was performed according to previously reported meth-
ods with some modification [15]. In vitro mating was performed in liquid media, and
cephalosporin-susceptible Escherichia coli J53 (sodium azide-resistance) and selected E. coli
NCCP isolate (certain antimicrobial resistance) were used as recipients. Briefly, overnight
cultures of donor and recipient strains were re-cultured in logarithmic phase (OD 600 nm
of 0.5) at 37 ◦C in fresh tryptic soy broth (Difco Laboratories, Detroit, MI, USA) medium
for 4 h. Next, 1 mL of the donor and 4 mL of the recipient were mixed and incubated
without shaking for 1 h at 37 ◦C. The culture was spread on MacConkey agar plates con-
taining sodium azide (200 μg/mL) and ceftiofur (8 μg/mL) for detecting E. coli J53-derived
transconjugants. MacConkey agar plates containing certain antimicrobial and ceftiofur
(8 μg/mL) were used for detecting E. coli NCCP isolate-derived transconjugants. The exper-
iment was repeated three times, and three putative transconjugant colonies were randomly
selected from each experiment. For verifying the transconjugant, the transconjugant was
evaluated by the MICs with the method described above, and the presence of a marker
gene of an ESC-resistant plasmid was confirmed by PCR, as previously described [14].
Conjugation frequency was calculated as the ratio of the number of transconjugants per
recipient (Tc/R). Recipient isolate counts were calculated by subtracting transconjugant
colony counts from the number of colonies obtained on agar plates, which included both
recipients and transconjugants.

2.6. In Vivo Transfer Experiment

When selecting the recipient for the transfer experiment in vivo, one recipient for the
in vivo transfer experiment was selected based on the results of the conjugation frequency
test. Enteroinvasive E. coli (EIEC) NCCP 13719 carried the virulence gene of ipaH [16],
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which was ceftiofur-susceptible but tetracycline-resistant and showed the highest frequency
of transfer, was selected as the recipient for the in vivo transfer experiment.

The animal experiment was conducted in accordance with the requirements of the
Animal Care and Ethics Committees of Jeonbuk National University and were approved
by the National Association of Laboratory Animal Care (JBNU 2021-06). Female SPF 6-
week-old BALB/c mice (Samtako, Osan, Korea) were randomly housed in four groups of
five animals each, and each group was kept in a separated isolator (Three-Shine, Daejeon,
Korea). Before the inoculation of donor and recipient, fecal samples from all mice in each
group were pooled, and the absence of resistant strains was confirmed by spreading onto a
plate that we used in this study. In addition, fecal samples were also checked to be free of
the blaCMY-2 gene and ipaH gene. The experimental groups were as follows: streptomycin-
treated control group (G1), streptomycin-treated and then donor-inoculated group (G2) for
monitoring donor strain colonization, streptomycin-treated and then recipient-inoculated
group (G3) for monitoring recipient strain colonization, and streptomycin-treated and
then donor and recipient simultaneously inoculated group (G4). Before inoculation, strep-
tomycin at a dose of 20 mg per mouse was pretreated to eliminate the circumstance of
microbial competition and induce the colonization of inoculating isolates (Figure 1) [17].
Food and water were discontinued 4 h before oral administration of streptomycin. Then,
food and water were made available to be consumed ad libitum. At 20 h after streptomycin
administration, food and water were ceased again for 4 h before the mice were inoculated
orally by gavage with 0.2 mL of 108 CFU/mL of donor and recipient. As for G4, the
recipient was inoculated 30 min after inoculating the donor. Then, water was offered imme-
diately and food was made available 2 h after infection ad libitum. On 1, 2, 4, and 7 days
after infection, fresh fecal samples were collected from each mouse. The samples were
weighed and diluted five-fold and then finally homogenized by vortexing in phosphate
buffer saline (PBS). For colony counting, 10-fold serially diluted samples were inoculated
onto appropriate agar plates, including antimicrobials for each group. For verification of
transconjugant isolates, putative colonies were sub-cultured onto antimicrobial selective
agar plates, and genomic DNA was extracted according to the boiling method as described
above for using PCR analysis to test for the possession of marker gene (β-lactamase gene
from donor and virulence gene from the selected recipient). As for G4, transfer frequency
was calculated as the ratio of the number of transconjugants per recipient (Tc/R).

Figure 1. Schematic representation of in vivo transfer experiment set up.

2.7. Competition Experiment In Vitro

To assess the fitness effect of resistance plasmid carriage, competition assays be-
tween resistance plasmid-harboring transconjugant and its parental isolates, E. coli J53 and
E. coli NCCP 13719, were conducted. The competition experiment was carried out as
previously described [18] and repeated five times. Briefly, parental isolates were incu-
bated overnight at 37 ◦C with shaking at 200× g rpm in 10 mL of lysogeny broth (LB).
Transconjugants were cultured in LB with the addition of 8 μg/mL ceftiofur to ensure the
expression of ESC-resistant genes. Overnight cultures of two pairwise strains (Escherichia
coli J53/transconjugant of E. coli J53, E. coli NCCP 13719/transconjugant of E. coli NCCP
13719) were adjusted to OD 600 nm of 0.5, were diluted 10−4, and were then mixed 1:1 in
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LB broth at 0 h. After 24 h of incubation at 37 ◦C, the mixed isolates were again 10−4 diluted
into a fresh LB medium. This procedure was repeated every 24 h until the competition
experiment had lasted for 72 h. The total number of isolates were determined by dropping
10 μL of properly diluted samples onto antimicrobial-free and antimicrobial-supplemented
selective MacConkey agar plates in triplicate at 24 h, 48 h, and 72 h. The number of CFUs
growing on the MacConkey agar plate including ceftiofur (8 μg/mL) was subtracted from
the number of CFUs growing on the antimicrobial-free plate to determine the number
of ESC-resistant gene-free isolates in the mixed population. To assess the relative fitness
of transconjugants compared with its parental strains, an in vitro competitive ratio was
calculated using a previously described method [17]. The competitive ratio was defined as
the ratio of the number of CFU of the transconjugants vs. the parental strain at 24, 48, and
72 h.

3. Results

3.1. Characterization of Bacterial Strains

Based on the results of antimicrobial susceptibility assessment of 136 isolates, 17 out of
136 (12.5%) Salmonella spp. were consistent with an ESBL/AmpC phenotype and genotype
(Table 1). The frequency of ESBL β-lactamase production with CTX-M gene was 11.8%
(16/136) in Salmonella isolates, which was significantly (p < 0.05) higher than AmpC β-
lactamase production (0.7%, 1/136) with CMY gene in Salmonella isolates. The four serovars
isolated were Salmonella Enteritidis (52.9%), Salmonella Virchow (35.5%), Salmonella Albany
(5.9%), and Salmonella spp. (5.9%). CTX-M (94.1%) was the most commonly detected β-
lactamase family, and S. enteritidis had CTX-M and TEM gene combination while S. Albany
was CMY-positive. All strains showed multidrug resistance. For all 17 strains, a conjugation
experiment was implemented regarding the transfer of the ESC-resistant gene, and seven
(41.2%) out of 17 strains were successfully conjugated in a wide range of frequencies from
<10−7 to ≥10−3 (transconjugant/recipient). Among the transconjugants, one strain, which
the harbored blaCMY-2 gene, showed high transfer frequency (≥10−3) [19,20]. On analysis
using PCR-based replicon typing for conjugative plasmids, IncFIIS plasmids harboring
CTX-M-15 were found in three S. Enteritidis isolates, and IncI1 plasmid harboring CMY-
2 was found in one S. Albany isolate. IncI1 plasmids were further submitted to pMLST
and assigned to a sequence type of ST12. The remaining three isolates were indicated as
non-typeable plasmids.

3.2. In Vitro Transfer

Using the liquid mating method, transconjugant with its parental strains, E. coli
J53 (Tc.J53), and E. coli NCCP 13719 (Tc.13719) displayed ESC resistance profile corre-
sponding to the acquisition of the blaCMY-2 gene (Table 2). Tc.J53 and Tc.13719 expressing
of the blaCMY-2 gene were resistant to ampicillin, cefoxitin, ceftiofur, ceftazidime, and
amoxicillin/clavulanic acid (AMC), however, remind to susceptive to fourth-generation
cephalosporins of cefepime, which is consistent with an AmpC phenotype. The blaCMY-2
carrying transconjugants of Tc.J53 did not show any resistance to non–β-lactam antibiotics,
suggesting that no other resistance genes were located on this IncI1 plasmid.

The conjugation frequency of blaCMY-2 IncI1 plasmid from Salmonella to E. coli J53 and
E. coli NCCP 13719 was determined to be 1 × 10−3 ± 1 × 10−7 and 2 × 10−3 ± 1 × 10−3 on
an agar plate with 200 μg/mL sodium azide and 8 μg/mL ceftiofur, 100 μg/mL tetracycline
and 8 μg/mL ceftiofur, respectively.
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3.3. In Vivo Transfer

To get the information on the efficiency of bacterial intergenic plasmid transfer in
the mammalian intestine and to better mimic the in vivo situation, streptomycin-treated
mice were used in this study. One-day after inoculation with donor and recipient (G4),
the concentration of donor from each mouse ranged from 107 CFU/g to 109 CFU/g and
that of recipients ranged from 102 CFU/g to 104 CFU/g (Figures 2 and S1). The frequency
of plasmid transfer at 1-day post-infection (dpi) from G4 was estimated at an average of
2 × 10−1 ± 4 × 10−1 with the ratio of transconjugants per recipient. This showed that the
blaCMY-2 IncI1 plasmid was indeed efficiently transferred from the Salmonella isolate to the
EIEC in the gut of streptomycin-treated mice. The number of transconjugants did not reach
detectable levels at 7 dpi in four out of five mice.

Figure 2. Bacterial counts of the donor, recipient, and transconjugant from mouse fecal samples in
group 4 (G4), expressed as the log number of CFU per gram of feces.

3.4. Fitness Cost Assessment by Competition Experiment

The impact of harboring the blaCMY-2 gene on host fitness was evaluated by a pairwise
competition experiment (Figure 3). Our results showed that the ceftiofur-sensitive strains
were out-competing resistant strains in the absence of selective pressure with the value of
transconjugant per parent strain at below 0, indicating that the blaCMY-2 gene-harboring
plasmid-free strain dominated. In E. coli J53 with the blaCMY-2 gene-harboring plasmid, a
slight fitness decrease was observed, and the fitness was stable following continuous pas-
sage until 72 h. A greater reduction in fitness was observed in E. coli NCCP 13719 compared
with E. coli J53 in the serial passage, with a reduction of more than 3 log units for lasting
72 h. Regarding the value of the log ratio of resistant versus susceptible strains, the blaCMY-2
gene-harboring plasmid imposed a slight fitness cost to E. coli J53 from about log −0.89 at
24 h to −0.97 at 72 h. In contrast, the transconjugant from E. coli NCCP 13719 showed quite
a high fitness cost from about log −2.02 at 24 h to −5.58 at 72 h.

Figure 3. Competitive growth kinetics. Dynamics of replicate competition experiments for parent
strains, E. coli J53 and E. coli NCCP 13719, and their transconjugant containing the blaCMY-2 gene.
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4. Discussion

Since the first finding of the CTX-M-type gene from Korea in 2001, the prevalence of
the blaCTX-M-15-producing Salmonella in humans and chickens has rapidly increased over
the years in Korea [3]. In the present study, the blaCTX-M-15 gene was the most frequently
detected but showed low frequencies at <10−7 transconjugants per recipient, which is
consistent with a previous study [21]. The blaCTX-M-15 genes belonging to IncFII plasmid
are known to be highly prevalent and involved in the concurrent transfer of antimicrobial
resistance and virulence genes, which increases co-selection and probably leads to the
emergence or outbreaks of virulent and multidrug-resistant (MDR) clones [22].

Conversely, the blaCMY-2 gene was observed from one strain in this study. The first
report of the blaCMY-2 gene was described in the 1990s [23], and now, it is one of the
most common and widely disseminated genes by plasmid-mediated AmpC β-lactamase
from humans and chickens [2]. Regarding the transfer frequency of the blaCMY-2 gene
between bacteria, the results of this study explain how frequently their resistance gene gets
transferred to other bacterial species. Frequent transfer of the IncI1 plasmid carrying the
blaCMY-2 gene was measured with the ratio of over 10−3 transconjugants per recipient in
this study. This result is higher than previous findings wherein the transfer frequencies
of blaCMY-2 and blaTEM-1 genes from the Salmonella isolated from poultry meat were in the
ratio of 6.0 × 10−8 to 2.4 × 10−4 transconjugants per recipient [24]. The high frequency
of transfer and their possibility to exchange genes within and between species might
have resulted in the increasing prevalence of the blaCMY-2 gene in animals and humans,
and its rapid dissemination may constitute a significant risk to public health. To our
knowledge, this is the first description of the transfer of a blaCMY-2 gene-harboring plasmid
from chicken-origin Salmonella enterica to pathogenic E. coli isolated from a human patient
in a mammalian model. Identifying the transfer of antimicrobial-resistant plasmids and
their frequency in a mouse model, which is an adequate way to predict the risk of the
dissemination of antimicrobial resistance genes with a perspective of food safety. From
this point of view, we used a streptomycin-pretreated mouse model, which provides more
realistic results than any in vitro or gnotobiotic study because the normal microflora barrier
and the present immune system give the tested animal model advantages in mimicking the
human gut [25]. In this study, E. coli transconjugant appeared in all mice fecal samples 1 dpi
in G4, and the high transfer frequency observed with the mean ratio of transconjugants
per recipient was about 2 × 10−1 and per donor was 4 × 10−6, which support statements
on the rapid transfer of the blaCMY-2 gene. Although there is a lack of in vivo studies
focused on the blaCMY-2 gene, several studies for conjugal transfer of ESBL genes have been
reported. blaTEM gene from Salmonella was transferred to E. coli recipient with the ratio of
transconjugant per donor being 6.5 × 10−5 in mice without selective pressure [26], and
blaCTX-M-9 gene derived from chicken-origin Salmonella to E. coli at a frequency range of
about 5.4 × 10−5 in gnotobiotic rats [27]. It is important to emphasize that it demonstrated
not only the capability of transfer of blaCMY-2 gene with high frequency but also showed
that the ratio of transconjugants per recipient in vivo was 2 log units higher than in vitro.
Similar findings were reported wherein the rate of plasmid transfer between Enterococcus
faecium strains was up to 8 log units higher in the germ-free mice model than in vitro [28].
The high frequencies of plasmid transfer in vivo may be due to the constant mixing of
bacteria by the peristaltic movements in the gastrointestinal tract, stimulating a donor with
more access to recipients than during in vitro mating, wherein the bacterial movement is
much lesser [29]. These results emphasized the necessity of in vivo test for transferability
and transfer frequency to figure out the potential risk of the presence of resistant strains in
the digestive tract to humans.

Our result could be a direct evidence that the ESC resistant Salmonella from chicken-
related products can transfer their resistance gene to other pathogens, thus leading to the
possibility of inappropriate antimicrobial selection and limited treatment options resulting
in therapeutic failure [5]. A case of treatment failure due to the emergence of resistance to
ceftriaxone, a 3rd generation of cephalosporin, has been reported. The originally susceptible
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pathogen developed ceftriaxone resistance via the acquisition of a plasmid containing the
ceftriaxone resistance gene during the 3rd ESC treatment, which finally caused therapeutic
failure in the patient [30]. In addition, even if resistant bacteria transiently colonize, it
may quickly transfer resistance plasmid into the human gastrointestinal tract; normal
microbiota and the nutrient-rich environment make the gastrointestinal tract offer an
ideal condition for gene exchange [28]. In this study, two days after inoculation, about
>104 CFU/g of ceftiofur resistant E. coli isolates, regarded as normal flora-derived strain,
were observed from one mouse in G2, which was inoculated only with Salmonella (donor).
Likewise, the intestinal microbiota can act as a massive reservoir of antimicrobial resistance
genes, thus prolonging the spread of MDR bacteria and resulting in therapeutic failure.
Consequently, secondary infections would occur more often, indicating a serious threat to
human health [31].

In vitro direct competition studies of the blaCMY-2 gene-harboring plasmid and two
recipient E. coli showed that a variable fitness cost depends on the parent strains, and
we observed that susceptible strains can outcompete resistant strains consistent with
a previous study [17]. Normally, the acquisition of a plasmid often imposes a fitness
burden on a bacterial cell [6]. Since E. coli NCCP 13719 in this study has the virulent gene
ipaH, which may be encoded by a large plasmid, carrying another plasmid may present
an adverse situation for the bacteria [6]. Conversely, the stable inheritance of bacterial
plasmids without any selective pressure was also observed from transconjugants from E.
coli J53 during the 72 h of experiment time. This phenomenon suggests that strains with
low fitness costs even with the acquisition of plasmids from other strains may exist. For
further studies, the mechanism of sustaining resistance plasmid with low fitness cost is
expected to be a key research topic for suggesting the way to control the dissemination of
antimicrobial resistance genes.

There are several limitations that we examined the characteristic of blaCMY-2 gene-
harboring bacteria with a single strain; however, it may serve as fundamental data that
defined the characteristics, and further studies with a greater number of resistant bacteria
harboring the blaCMY-2 gene are required due to their increasing trend of emergence recently.
In addition, mice are often naturally resistant to non-mice-origin E. coli colonization [32]
as seen in our results, and thus, decreasing the number of bacteria is an inevitable phe-
nomenon; however, it can be presented as a model that is sufficiently able to establish
the transferability and frequency of antimicrobial resistance genes and emphasize that
colonizing bacteria may transfer resistance plasmids readily in the intestinal tract [28].
To confirm the persistence of resistant genes through the colonization of antimicrobial-
resistant bacteria in vivo and subsequent transfer of the gene to normal flora, changes in
test strain or replacement of the in vivo model are required.

5. Conclusions

This study showed the prevalence of ESC resistance genes in Salmonella isolated from
chickens and presented a comprehensive analysis of the highly frequent transfer of the
blaCMY-2 gene in vitro and in vivo. In addition, this study has demonstrated the ease with
which a blaCMY-2 gene-harboring plasmid can be rapidly transferred between Salmonella
and pathogenic E. coli within the intestinal tracts of mice, even without antimicrobial
selective pressure. Notably, we observed that once blaCMY-2 gene-harboring strains enter
the mammalian intestinal tract, their dissemination could be more rapid and frequent
than it would be in vitro, and even they could be transferred to the indigenous intestinal
microbiota, threatening future treatments of infections. Since the use of cephalosporin
in the poultry industry has increased over the last decade in Korea [33], the increasing
emergence of ESBL/AmpC producing ESC resistant Salmonella spp. isolated from poultry
is of concern. There is a risk for consumers related to exposure to ESBL/AmpC genes by
contaminated food, so the application of guidelines for prudent antimicrobial usage in the
poultry industry is urgently needed. Given the potential risk of the frequent transfer of the
blaCMY-2 gene via the food chain to the human digestive tract, the molecular mechanism
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involved in the dissemination and maintenance of ESC resistance genes should be studied
as further research in greater detail, and enhanced surveillance should be implemented to
prevent the widespread of ESC resistant strains.
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Simple Summary: Haemonchus contortus is an important gastrointestinal nematode parasite of the
tropical and sub-tropical regions that cause haemonchosis in small ruminants like goats and sheep. It
causes low production, reduced growth and may cause death of the infected animals. Due to the
resistance development and environmental issues, the use of anthelmintics can be replaced with
biological control, which is an environment friendly alternative. In the present study, three bacteria
viz; Comamonas testosteroni, C. jiangduensis and Pseudomonas weihenstephanesis showed significant
effect on nematode mortality and egg hatch inhibition. It was also observed that the anthelmintic
activity of these bacteria was dose dependent, where 100% bacterial metabolite concentration showed
the highest activity. It is suggested that these bacteria may included in the integrated nematode
management.

Abstract: Haemonchosis is a parasitic disease of small ruminants that adversely affects livestock
production. Haemonchus contortus is one of the most prevalent nematode parasites that infect the
abomasum of small ruminants. This parasite reduces milk production, overall growth and sometimes
causes the death of the infected animals. The evaluation of the biocontrol potential of some abomasum
bacterial isolates against H. contortus is investigated in this study. Out of which, three isolates—
Comamonas testosteroni, Comamonas jiangduensis, Pseudomonas weihenstephanesis—show significant
effect against the nematode L3, adult, and egg hatch inhibition assays. Various concentrations of
metabolites from these bacteria are prepared and applied in different treatments compared with
control. In the case of adult mortality assay, 50% metabolites of C. testosteroni and P. weihenstephanesis
show 46% adult mortality, whereas C. jiangduensis shows 40% mortality. It is observed that decreasing
the concentration of bacterial metabolite, lowers nematode mortality. The minimum nematode
mortality rate is recorded at the lowest filtrates concentration of all the bacterial isolates. The same
trend is observed in egg hatch inhibition assay, where the higher concentration of bacterial culture
filtrates shows 100% inhibition of H. contortus egg. It is concluded that the effect of bacterial culture
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filtrates against H. contortus is dose-dependent for their activity against nematode L3, adult, and
inhibition of egg hatchment.

Keywords: small ruminants; H. contortus; abomasum; fecal samples; bacterial culture filtrates

1. Introduction

Gastrointestinal parasites are considered as the main cause of economic losses in
the livestock sector. Among gastrointestinal parasitic infections, haemonchosis is im-
portant and dominant that greatly destroys livestock production, particularly the small
ruminants [1]. This disease is caused by three species of the genus Haemonchus, namely,
H. similis, H. placei, and H. contortus. Among these, H. contortus is one of the most prevalent
nematode parasites that infect the abomasum of small ruminants worldwide [2]. It is
commonly known as a red stomach worm, the wire worm, or the barber’s pole worm.
It belongs to phylum Nematoda, family Trichostrongyloidae, class Secernentea, and the
order Strongylida. The highly susceptible part of ruminant’s stomach to H. contortus is
the abomasum, in which adult worms are present. This parasite causes low production,
decreased growth, lower body weight, and sometimes, cause the death of the infected host.
This parasite is most prevalent in Africa; however, many cases have been reported in North
America as well [3].

Haemonchus contortus mostly affects young animals, having hypo immunological
response, showing low resistance to the parasite [4]. Primary symptoms of haemonchosis-
include pallor, anemia, edema, ill thrift, lethargy, and depression, which may cause sudden
death in acute infection. Another prominent symptom of haemonchosis is the accumulation
of fluid in the submandibular tissue, a phenomenon commonly called “bottle jaw” [5].
When the L3 larvae resume development in spring, the threat of haemonchosis increases.
The young and pregnant or lactating mothers are highly susceptible to H. contortus, because
of their low immunogenic response against the parasite infection [6]. A heavy infection
(20,000–30,000 worms) of Haemonchus species can kill sheep and goats very quickly [7].
Haemonchosis can be diagnosed based upon the characteristic clinical signs of anemia,
low Packed Cell Volume (PCV), pale mucous membranes dehydration, weakness, retarded
growth, and edema. [8].

Haemonchus contortus is distributed throughout the world, where warm and humid cli-
mate prevails; hence, haemonchosis is a major threat in tropical and subtropical regions. [9].
Haemonchus species are prevalent in Pakistan and are reported almost from every district
of Pakistan by different researchers with varying percent prevalence [10–12]. In Khyber
Pakhtunkhwa and central Punjab, 72% prevalence of H. contortus was reported, while
other researchers recorded its prevalence with varying percentages in many districts of
Pakistan [13–15].

It is not advisable to eliminate the parasites from livestock, but to keep the population
under a threshold, in a sustainable state [16]. To control the nematode parasites, different
management practices, such as the use of chemical anthelmintics, sanitation, vaccination,
various plant extracts, and biological control, are in common practice [17]. The helminths
infection in man and animals is mostly treated by chemotherapy. Gastrointestinal nematode
infections can be managed by using chemical anthelmintics, which are used as prophylactic
measures. Due to the over-use of chemical anthelmintics, they reduce their effectiveness
and emerge resistance in nematodes [18]. The H. contortus infection can also be effectively
treated with the wire particles of copper oxide (COWP) and copper sulfate (CuSO4). Using
copper oxide wire particles 2.5 g to 5 g in sheep, H. contortus eggs number was significantly
reduced. These anthelmintics have been found to reduce the parasite population in small
ruminants with low resistance development. Presently, it is used along with chemical
antihelmintics to combat resistance development in H. contortus [19].
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Limited information available regarding the anthelminthic activity of bacteria an-
tagonists against parasitic nematodes. Some species, including Bacillus sp., have been
reported to have nematocidal activity. A soil bacterium, Bacillus thuringienisis, is widely
used as a biological control agent against different pathogens because of its low mam-
malian toxicity and the species specificity by particular endotoxin groups [20]. Bacillus sp.
Produce a variety of toxic proteins that are vigorous against different parasites [21]. A
number of toxins produced during vegetative growth show lethal activity; however, this
lethal activity mainly results from the production of delta endotoxin that is synthesized
during sporulation [22,23]. The production of other factors that might contribute to the
toxic effects observed, such as proteases, chitinase, exotoxins, and lipases [24].

Little is known about the microbial diversity in the abomasum of the sheep, an
important site of nematode infection, and the correlation between the microbial diversity
and GIN resistance. Thus, this work aimed to isolate bacteria from the abomasum of sheep
and goats to test the anthelmintic activity of metabolites of these bacterial isolates against
H. contortus.

2. Materials and Methods

The present research work was carried out in the Department of Microbiology, Kohat
University of Science and Technology Kohat. All the processes were performed in the
aseptic environment.

2.1. Collection of Abomasal Content and Fecal Samples

Abomasum content, as shown in Figure 1a–c, was collected from slaughtered goats
and sheep at a slaughterhouse in Kohat, Pakistan. A total of 50 samples of the abomasum
and 50 samples of feces were taken from goats and sheep, and the samples were brought to
Microbiology Laboratory for further processing.

Figure 1. (a) Abomasum, (b) opened of abomasum, (c) adult Haemonchus contortus in abomasum.

2.2. Isolation and Identification of Bacteria from Abomasal Contents

Bacteria were isolated by serial dilution method, taking abomasal fluid in 100 mL
of distilled water. After that, 1 mL from the suspension was taken and put in a test tube
containing 9 mL of distilled water. Different bacterial dilutions 10−1–10−6 and sterile
distilled water (control) were used. Streaks were made from 10−3, 10−4, 10−5, and 10−6

bacterial dilutions on petri dishes containing nutrient agar. The plates were incubated at
37 ◦C for 24 h. The bacterial isolates were subcultured and identified by colony morphology
and biochemical tests, and finally, through genomic DNA sequencing [25].

2.2.1. Colony Morphology

Size, shape, colony consistency, margins, and elevation are included in the colony
morphology.
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2.2.2. Gram Staining

Smear from each bacterial isolate was organized on a glass slide, and it was heat-fixed
by passing it over the flame. Crystal violet was added drop by drop on the smear and left
for 60 s. The slide was washed with tap water. For 45 s, iodine was overlaid on the slide
and washed with distilled water. The slide was washed for 10 to 15 s with a decolorizer
(alcohol). Smear was rinsed for few seconds with distilled water and counter-stained with
safranin and air-dried. Deep violet or purple color emerged for Gram positive bacteria,
while Gram negative bacteria appeared purple or red.

2.2.3. Biochemical Characterization of the Bacterial Isolates

For the identification of bacterial isolates, various biochemical tests were performed,
such as Oxidase test, Indole test, Sugar fermenter test, Motility test, Catalase test.

Catalase Test
A drop of hydrogen peroxide was added to a slide. A loop filled with each of the

bacterial isolates was mixed into the droplet. Bubble formation indicated a positive cata-
lase test.

Oxidase Test
A smooth filter paper was put on a petri plate, and a drop of oxidase reagent was

added. Bacterial culture was stretched on the droplet of the oxidase reagent, using an
inoculating loop. The formation of the reagent’s dark purple color confirmed the oxidase
positive test [26].

Indole Test
Bacterial colonies were inoculated into individual tubes of 2 mL tryptone water,

incubated at 37 ◦C for 24 h, and tested for indole production with Kovac’s reagent. If the
reagent showed a cherry red color layer, then it confirms the positive test.

Sugar fermenter
The sugar fermentation test was performed by inoculating a loop full of a nutrient

broth culture of the organisms into the tubes containing different sugar media (five basic
sugars, such as dextrose, sucrose, lactose, maltose, and mannitol) and incubated for 24 h at
37 ◦C. The sugar fermenter was shown by a color change from reddish to yellow and the
formation of gas bubbles in the inverted test tubes.

Motility Test
One drop of bacterial culture, grown on nutrient broth, was placed on the coverslip.

The same was placed inverted over around the concave depression of the hanging drop
slide to make hanging drop preparation and sealed with Vaseline to prevent airflow and
evaporation of the fluid. The hanging drop slide was then examined under 100× objective
of a compound microscope using immersion oil. The motile and nonmotile organisms
were identified by observing motility with to and from the movement of bacteria [27].

2.3. Isolation of Haemonchus Contortus Adults and Larvae from Abomasum

The abomasum of the freshly slaughtered goats and sheep were taken to pick adult
H. contortus and larvae in the slaughterhouse of Kohat district, Pakistan. The worms were
collected from the abomasum by washing with distilled water, and it was transferred into
Phosphate Buffer Saline (PBS) with pH 7.4. The PBS was prepared by dissolving 8 g NaCl,
0.2 g KCl, 1.44 g Na2HPO4, and 0.24 g of KH2PO4 in 800 mL of distilled water, and distilled
water was added to adjust the volume to one litter.

2.4. Isolation of H. contortus Eggs from Faecal Sample

In a petri plate (Figure 2), about 4 g of feces were taken, and 60 mL floatation liquid
was poured into the container by mixing feces carefully with a moving device. The resultant
fecal suspension was poured over a filter of 200 μm into another vessel. The fecal contents
were poured into a test tube. Then the test tube was topped gently with the interruption, a
curved meniscus was formed at the top of the tube and placed a coverslip carefully. After
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20 min, the droplet of liquid sticks to it. Under 10× and 40× of the compound microscope,
the slides were observed [28].

Figure 2. Fecal Samples of Sheep and Goats Containing Haemonchus contortus Eggs.

2.4.1. Estimation of Eggs in the Fecal Samples

The eggs of H. contortus in the animal’s fecal samples were calculated by using the
McMaster counting chamber method [29]. In this procedure, Fresh feces of 3 g were taken
and mix them in 42 mL of saturated sodium chloride solution. Through a tea filter or
strainer, passed the suspension three times. Then both compartment of the McMaster
counting chamber was filled with suspension and wait for 3–5 min and observed the
McMaster chambers under the 10× of a light microscope.

Eggs seen in 1st and 2nd chambers were calculated as:

(Eggs seen in chamber 1 + Eggs seen in chamber 2) × 50 = Eggs per Gram (EPG)

The nematode eggs were taken from the feces of sheep and goats. Eggs from the
highest EPG were isolated by dissolving 5 g of feces in 10 mL of distill water. The diluted
feces were filtered through a 100 mesh and transferred into another flask. Then the
saturated salt solution was added into filtrate in the threefold volume of the flask. On top
of the container, placed a clear plastic sheet; hence, the surface of the solution could touch
the plastic sheet and placed it for 60 min. The eggs were adhered to its lower surface, and it
was carefully washed away by tap water in a clean container. By removing the upper layer
of the water, the eggs were settled down at the end of the container after one hour [30].

2.4.2. Culture Filtrate Collection from the Bacterial Isolates

The nutrient broth, containing 0.5% Peptone and 0.3% beef extract/yeast extract in
distilled water, was autoclaved, and inoculated with bacterial isolates, and incubated in a
shaking incubator at 37 ◦C for 7 days. The broth culture was centrifuged at 1000 rpm for
15 min. The pellet was discarded. With the help of Whatman filter paper, the supernatant
was filtered and again filter through Miller HA syringe filters (pore size = 0.45 μm). The
secondary metabolites were obtained. To check the presence of bacterial cells in metabolites,
it was again inoculated on nutrient agar plates at 37 ◦C for 24 h. Extract of metabolites were
mixed with phosphate buffer saline and distilled water to make different concentrations.

The extracts were considered as 100% concentrated, while the bacterial extracts with
PBS and anthelmintic agent were considered as a positive control (PC), whereas only PBS
and worms were considered as a negative control (NC).
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2.5. In Vitro Bioassays

Various concentrations of the bacterial culture filtrates were used to evaluate their
anthelmintic effect on adult and larval mortality and egg hatch inhibition of H. contortus,
by using the standard techniques as per the protocol of Kotze [20].

2.5.1. Adult Mortality Assay (AMA)

Adult worms were taken from the abomasum of freshly slaughtered sheep and goats
to perform the adult mortality assay (AMA). Culture filtrate, obtained from three bacterial
isolates Abomasum Bacteria with Pinkish Colony (ABP), Abomasum Bacteria with Yellow
Colony (ABY), and Abomasum Bacteria with Creamy White Colony (ABCW), were diluted
in PBS, as 100%, 50%, 25%, 12.5%, and 6.25% in 48 well plates, into which five adults’
nematodes were transferred into each well. The treatments were repeated five times.
The bacterial culture filtrates were taken alone with worms, were considered as a 100%
concentrated. For negative control, PBS with worms was used, whereas, for positive
control, levasole (AgriLabs) 25 μg/mL in PBS with worms was used. Data on the adult
nematode mortality were taken after every hour of the treatment, until all the worms were
found dead in control. The treated worms were placed in warm PBS and observed their
possible motility [31].

The percent nematode mortality was calculated by the following formula:

Percentage mortality = P test/P total × 100

P test: number of dead worms
P total: number of dead worms + number of live worms

2.5.2. Larval Mortality Assay (LMA)

Larvae (L3) of H. contortus were taken from the abomasum of freshly slaughtered
sheep and goats to perform the Larval Mortality Assay (LMA). Various concentrations
of the bacterial metabolites (100%, 50%, 25%, 12.5%, and 6.25%) were prepared in PBS.
The concentration was considered as 100% with L3 larvae and with metabolites. Well
containing larvae and 2.5 mL phosphate buffer saline were considered as a negative control.
The larvae to which an antihelmintic agent of 2.5 mL levasole (25 μg/mL) was added,
considered as a positive control. The plates were placed in an incubator for 3 h at 37 ◦C.
Under 10× of a stereo microscope, data on the larvae mortality were taken after three hours
of treatments, until all the larvae were found dead in control. The treated worms were
placed in warm PBS and observed their possible motility [32].

The percent larvae mortality was calculated as:

Percentage mortality of larvae = P check/P total

P check: number of dead larvae
P total: number of dead larvae + number of live larvae

2.5.3. Egg Hatch Inhibition Assay

Egg hatch inhibition assay was performed to evaluate the inhibitory effect of the
metabolites of the bacterial isolates ABP, ABY, and ABCW. This assay was repeated in
triplicate following the protocol given by Coles et al. [33].

Nematode eggs were placed in 15 mL of sterile distilled water, and by the McMaster
technique, their quantity was adjusted to 100–200 eggs in 75 μL of water and was added
into each well of a 24 well titration plate. Metabolites of each bacterial isolates were added
to each well at various concentrations of 100%, 50%, 25%, 12.5%, 6.25%, and 3.125%. Wells
with nematode eggs, having no metabolites, were considered as a negative control, while
0.025 mg/mL Oxfendazole (Zenith Pharma, Karachi, Pakistan), in 0.3% DMSO, served as a
positive control. The plates were incubated at 37 ◦C for 24 h. A droplet of Lugol’s iodine
was added to maintain the process for 24 h. Under 10× of an inverted microscope, the
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total number of hatched and unhatched eggs were counted. The experiment was replicated
five times [34].

The percent egg hatch inhibition was calculated as:

Inhibition of eggs = P test/P total × 100

P test: number of unhatched or hatched eggs.
P total: number of unhatched or hatched eggs + Larvae (L1)

2.6. Genomic DNA Extraction

DNA from the abomasal bacteria were extracted by the standard protocol of the
phenol chloroform method. Fresh bacterial broth cultures were centrifuged at 13,000 rpm
for 5 min. The supernatant was discarded, and pellets were resuspended in 550 μL of
Tris-EDTA buffer with the addition of 30 μL of 10% SDS and 5 μL Proteinase K. Vortexed
properly and incubated at 37 ◦C for 1 h. After incubation, 100 μL of 5 M NaCl and 80 μL
of CTAB/NaCl were added and mixed properly and incubated again at 65 ◦C in a water
bath for 10 min. An equal volume of phenol, chloroform, and isoamyl alcohol (25:24:1)
was added, mixed properly, and centrifuged at 13,000 rpm for 5 min to purify DNA. The
supernatant was transferred to a 1.5 mL fresh Eppendorf tube. To this tube, an equal
volume of chloroform and isoamyl alcohol, was added and centrifuged at 13,000 rpm
for 5 min. The supernatant was transferred to a 1.5 mL Eppendorf tube, and for the
precipitation of DNA, 0.6 volume of chilled isopropanol was added and placed at −20 ◦C
for 20 min. DNA was pelleted by centrifugation at 13,000 rpm for 5 min and washed the
pellet with 70% ethanol, and then dried at room temperature. Finally, DNA was dissolved
in 50 μL Tris-EDTA buffer overnight incubation at 37 ◦C. The DNA concentration was
measured using a spectrophotometer by taking absorbance at 260 nm and diluted for
polymerase chain reaction (PCR).

2.6.1. DNA Confirmation and 16S RNA Amplification

The purified genomic DNA was verified through gel electrophoresis by mixing 4 μL
genomic DNA with 2 μL loading dye and then load it in 1% agarose gel. The gel was run in
a gel tank for 30 min at 120 volts and observed under UV transilluminator for DNA band.
The amplification of the 16S RNA gene, universal primers, as shown in Table 1, were run
on genomic DNA samples.

Table 1. Primer name and Sequence.

Primer Sequence Type

Forward 5-GGAGGCAGCAGTAGGGAATA-3 16s RNA (Universal)

Reverse 5-TGACGGGCGGTGAGTACAAG-3 16s RNA (Universal)

2.6.2. PCR Conditions

The PCR tubes were put in the thermal cycle. The amplification was performed,
following the condition given in Table 2.

Table 2. PCR condition for 16s RNA universal primers.

Initial Denaturation Denaturation Annealing Extension Final Extension

Temperature Time Temperature Time Temperature Time Temperature Time Temperature Time

94 ◦C 5 min 94 ◦C 1 min 50 ◦C 40 s 72 ◦C 90 s 72 ◦C 5 min
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2.6.3. Gel Electrophoresis for PCR Products

The PCR products were confirmed on 1.5% agarose gel in TBE buffer containing 3 μL
of ethidium bromide and run for 30 min at 100 voltages and 300 milli Ampere current. The
bands were visualized by the Gel Doc system [35].

2.7. Statistical Analysis

The information acquired from the bioassays, i.e., adult nematode mortality, nematode
larval mortality, and eggs hatch inhibitions assays, were evaluated by P Test via Statistic
version 9.

3. Results

3.1. Isolation and Identification of Bacterial Isolates from Abomasal Contents

Three different colonies were subcultured based on different morphological characteristics.

3.1.1. Colony Morphology

The colony morphology of the bacterial isolates are shown in Table 3. The colonial
morphology of the ABP bacterial isolate (Figure 3a appeared as irregular with an entire
margin, and its elevation was flat and pinkish in color. Similarly, the colony morphology of
ABY bacterial isolate was regular with a filamentous margin, and its elevation was flat and
yellow. The colony morphology of the ABCW isolate was irregular in shape and creamy
white, as shown in Figure 3b.

Table 3. Colony Morphology and Gram Staining of Bacterial Isolates.

Bacterial Isolates
Colony Morphology

Gram Staining
Color Shape Elevation

ABP Pinkish Irregular Flat Gram Negative Rods
ABY Yellow Regular Flat Gram Negative Rods

ABCW Creamy Yellow Irregular Flat Gram Negative Rods

Figure 3. (a) Bacterial Isolate ABP colony; (b) bacterial Isolate ABY and ABCW colony.

3.1.2. Gram Staining

Gram staining revealed that all the bacterial isolates ABP, ABY, and ABCW, were Gram
negative rods, as shown in Table 4.

Table 4. Biochemical Tests for Bacteria Identification.

Bacterial Isolates Oxidase Indole Sugar Fermenter Motility Catalase

ABP Negative Negative Positive Motile Negative
ABY Positive Negative Negative Non motile Positive

ABCW Positive Negative Negative Non motile Positive
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3.1.3. Biochemical Identification

Selected bacterial isolates ABP, ABY, and ABCW were identified by various biochemi-
cal tests as given in Table 4. Bacterial isolate ABP was negative for oxidase, catalase, and
indole production, while positive for sugar fermenter and amotility test. The biochem-
ical tests showed that the bacterial strain ABP was identified as Comamonas testosteroni.
Bacterial isolate ABY was positive for catalase, oxidase test, and negative for motility
test, indole, and sugar fermenter. Based on biochemical tests, the isolated bacterial strain
ABY was reported as Comamonas jiangduensis. Bacterial isolate ABCW was positive for
catalase and oxidase, while negative for sugar fermenter, motility test, and indole pro-
duction. Based on the biochemical tests, the bacterial strain ABCW was considered as
Pseudomonas weihenstephanesis.

3.2. In Vitro Bioassay
3.2.1. Adult Mortality Assay (AMA)

Data regarding the mortality rate of H. contortus by various concentrations of bacterial
culture filtrates are given in Table 5 and Figure 4. Bacterial isolate C. testosteroni caused
the highest nematode mortality rate (100%) at 100% metabolite concentration. At 50%
metabolite concentration, the nematode mortality was recorded as (46%). The lowest
mortality rate (26%) was recorded at 6.25% metabolite concentration. Analysis of the
data, regarding the adult nematode mortality by C. jiangduensis, showed that the bacterial
metabolite had a significant effect on nematode mortality. The highest mortality rate
(100%) was recorded at 100% concentration, followed by 50% metabolite concentration,
where it was noted as 40%. While the minimum mortality rate (6%) was recorded at the
metabolite concentration of 6.25%. As for the nematocidal effect of the bacterial isolate
P. weihenstephanesis is concerned, the maximum adult nematode mortality rate (100%) was
also recorded at 100% bacterial metabolite concentration. At 50% metabolite concentration,
the mortality rate was recorded as 46%. The lowest adult nematode mortality of 6% was
found at the lowest metabolite concentration, as with the case C. jiangduensis. The positive
control in all cases showed the maximum activity of adult nematode mortality. While
negative control shows no activity in all cases. Interestingly it was noted in all the above
cases that the adult nematode mortality was found to be metabolite dosage-dependent.

Table 5. Adult nematodes mortality by metabolite concentrations of the bacterial isolates.

Bacterial
Metabolites

Conc. (%)

Adult Nematodes
Mortality (n = 15)

Standard Errors p-Value

ABP ABY ABCW ABP ABY ABCW ABP ABCW ABY

100 5.0 5.0 5.0 - - - - - -
50 2.3 2.0 2.3 0.33 0.57 0.33 0.01 0.01 0.07
25 2.0 1.3 1.6 0.57 0.88 0.66 0.07 0.12 0.26

12.5 1.6 1.0 1.3 0.88 0.57 0.66 0.19 0.18 0.22
6.25 1.3 0.3 0.3 0.33 0.33 0.33 0.05 0.42 0.42
N.C - - - - - - - - -
P.C 5.0 5.0 5.0 - - - - - -

Note: p-value < 0.05 was considered significantly significant. NC: Negative Control; PC: Positive Control.

3.2.2. Larval Mortality Assay (LMA)

Larval Mortality Assay of H. contortus, was carried out on 3rd stage larva (L3) by treat-
ing with different concentrations of metabolites extract from C. testosteroni, C. jiangduensis,
and P. weihenstephanesis with an exposure time of six hours. The results are given in Table 6
and Figure 5. Analysis of the data revealed that the highest 100% metabolite concentration
of C. testosteroni caused 100% L3 mortality, followed by 60% with 50% metabolite concen-
tration. The minimum nematode larval mortality (13%) was reported to be caused by the
bacterial metabolite at a 6.25% concentration.

103



Animals 2021, 11, 1843

Figure 4. Percent adult nematode mortality by the bacterial isolates, after six hours of treatment.

Table 6. Nematodes larval mortality is caused by various metabolite concentrations of the bacterial isolates.

Con. of Bacterial
Metabolites (%)

Mean Nematode Larval Mortality
(n = 15)

Standard Errors p-Value

ABP ABY ABCW ABP ABY ABCW ABP ABY ABCW

100 5.0 5.0 5.0 - - - - - -
50 3.0 2.3 2.3 - 0.88 0.33 - 0.11 0.01
25 2.0 2.0 1.3 - 0.57 0.33 - 0.07 0.05

12.5 1.0 1.0 1.3 - 0.57 0.66 - 0.22 0.18
6.25 0.6 0.6 1.0 0.66 0.66 - 0.42 0.42 -
N.C - - - - - - - - -
P.C 5.0 5.0 5.0 - - - - - -

Note: p-value < 0.05 was considered significantly significant.

Figure 5. Percent nematode larval mortality by the bacterial isolates after six hours of treatment.

Comamonas jiangduensis showed 100% larval mortality at 100% bacterial metabolite
concentration; at a 50% concentration the mortality was recorded as 46%, while the lowest
dose (6.25%) of metabolite concentration caused the lowest (13%) mortality of L3 larvae.
Analysis of the data showed that P. weihenstephanesis with 100% metabolite concentration
caused 100% mortality of H. contortus’ L3 larvae, which was followed by a 46% mortality
rate, where 50% bacterial metabolite concentration was used. The lowest concentration
of P. weihenstephanesis showed the lowest L3 mortality (20%), as in the case with the other
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bacterial isolates. The 100% concentration of all the bacterial isolates and the positive
control showed the maximum L3 larva mortality, while the negative control showed no
activity at all.

3.2.3. Egg Hatch Inhibition Assay (EHA)

The results of egg hatch inhibition assay are presented in Figure 6. Analysis of the
data showed that all the bacterial culture filtrates showed similar (100%) nematode egg
hatch inhibition at 100% metabolite concentration. It was noted that the 50% metabolite
concentration of C. testosteroni and C. jiangduensis inhibited 100% H. contortus eggs from
hatching, while the same concentration of P. weihenstephanesis caused 80% nematode’s egg
hatch inhibition. It was observed that lowering the bacterial metabolite concentration,
lowers the egg hatch inhibition, and at the lowest metabolite concentration of 3.125%,
showed the minimum (20%) egg hatch inhibition. The positive control (Oxfendazole)
produced complete egg hatch inhibition, even at a very low concentration (0.025 mg/mL),
while there was no egg hatch inhibition in the negative control.

Figure 6. Percent Inhibition of eggs hatching, three days after treatment.

3.3. Genomic DNA Extraction

16S rRNA genes verified the bacterial isolates, and each gene fragment was effec-
tively amplified and sequenced by a polymerase chain reaction from their DNA. On the
gel, isolated groups of molecular DNA were noted for separate bacterial isolates. The
recognized protein marker below 1 kb size was compared for molecular weight. The
pattern of the band, found on agarose gel, revealed that the bacterial isolates ABP, ABY,
and ABCW were nearly comparable and about 1000 bp of molecular weight, as shown in
the Figure 7. The nucleotide sequences of three isolates were compared with the sequences
of nearly linked isolates of 16S rRNA genes. The result revealed that ABP bacterial isolate
showed resemblance to Comamonas testosteroni was provided by the server and ABY bacte-
rial isolate showed resemblance to Comamonas jiangduensis, while ABCW bacterial isolate
showed resemblance to Pseudomonas weihenstephanesis as provided by the server (Figure 7
and Table 7).
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Figure 7. DNA bands of the bacterial isolates.

Table 7. Molecular Identification of bacteria strain.

Strain ID
Number of Nucleotides of

16S rRNA Gene
Closely Related Validly

Published Taxa
Similarity (%) of 16S rRNA Sequence with

Closely Related Species

ABP 832 Comamonas testosteroni 98.2

ABY 798 Comamonas jiangduensis 97.06

ABCW 856 Pseudomonas weihenstephanesis 96.0

Phylogenetic Analysis

Two forward and two reverse sequences for each sample were aligned using Bionumer-
ics v3.5 (Applied Maths) to obtain a composite sequence. The quality of each sequence trace
was visually assessed, and the poor-quality sequence was edited and removed. Organisms
were identified for each assay, by comparing consensus sequences to a database library of
known 16S rRNA gene sequences in GenBank (http://www.ncbi.nlm.nih.gov/blast/Blast.
cgi, accessed on 3 April 2021) by multiple sequence alignment. The bacterial source of the
sequence was identified by matching it with a sequence with the highest maximum identity
score from the GenBank database. Where more than one bacterial species had the same
highest score, all species were recorded in the results (Figures 8 and 9). Sequences with
96% similarity to hits from the GenBank database were of poor quality and were excluded
from this study (Figure 10).

The phylogenetic tree was constructed on the origin of 16S rRNA gene sequences for
the bacterial isolates using MEGA 6 software. Phylogenetic analysis showed (Figure 11)
that ABP was identified as Comamonas testosteroni and ABY Comamonas jiangduensis.
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Figure 8. Sequence similarity of ABP with Comamonas testosteroni.

Figure 9. Sequence similarity of ABY with Comamonas jiangduensis.
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Figure 10. Sequence similarity less than 96% of ABCW, and hence, excluded.

Figure 11. Phylogenetic Tree of Comamonas testosteroni (ABP) and Comamonas jiangduensis (ABY).

4. Discussion

Haemonchus contortus has a great financial significance causing serious disease and
death of cattle and ruminants [2]. Resistance to the available antihelmintic drugs has
become a severe threat to livestock production [7]. To decrease the use of chemical an-
thelmintics, an alternative method is a biocontrol by using bacteria and fungi against the
nematode parasites. Duddingtonia flagrans is as wide as nematophagous fungi, which is
being explored to regulate intestinal nematodes in livestock [32]. Bacillus thuringiensis is
one of the most commonly used bacterial antagonists in biological control of H. contortus
that may promote insecticidal crystal proteins, commonly used to control pests and also
due to its low mammalian toxicity [23].

The current study tried to explore the bacterial abilities to reduce the population of
H. contortus at eggs, larval and adult stages. Bacterial isolates were collected from the
abomasum of small ruminants. Different bacterial culture filtrate concentrations (100%,
50%, 25%, 12.5%, 6.25%, and 3.125%) were prepared and applied on three life stages of
H. contortus to observe the mortality of adult, larvae, and egg hatch inhibition. Higher
concentration 100% and 50% of C. testosteroni, C. jiangduensis, and P. weihenstephanesis
showed 100% nematode eggs hatch inhibition. To our knowledge, these bacterial isolates
have never been used against H. contortus. Some researchers worked on the effect of Bacillus
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thuringiensis on various life stages of H. contortus [30]. Earlier reports of leaf ethyl acetate
and methanol extract of A. squamosa, E. prostrata, S. torvum, and C. roseus and acetone extract
of T. chebula showed more consistent results on egg hatch inhibition of H. contortus [36].

Previous studies showed the larvicidal effect of various species of Bacillus, such
as Bacillus circulans (Bcir), B. thuringienisis var. osvaldocruzi (Bto), B. thuringienisis var.
israelensis (Bti), and B. thuringienisis var. kurstaki (Btk) on L3 stage of Haemonchus sp.
among the tested bacteria, B. circulans and B. thuringienisis var. israelensis showed the best
in vitro larvicidal efficiency of 90% and 94%, respectively, against the tested nematodes [37].
In our research studies, H. contortus larvae were treated with different bacterial metabolite
concentrations, which cause 100% nematode mortality. These results are in line with the
earlier reports on the control of nematodes in naturally infected sheep and goats, suggesting
that the use of bacteria as an alternative control method for H. contortus larvae [21,37].

In the case of egg hatch inhibition assay, the highest bacterial culture filtrates of
C. testosteroni and C. jiangduensis at 100% and 50% bacterial metabolite concentration,
resulted in 100% inhibition of H. contortus eggs. The extract of the Annona muricata plant has
also been used to inhibit the eggs hatch and mortality of H. contortus larvae and adults [38].

This study has extended the findings by showing that the tested bacteria species are
effective against all stages of the nematode parasite. The metabolites of bacterial species
C. testosteroni and C. jiangduensis showed a greater effect than filtrates, obtained from
P. weihenstephanesis. Similarly, C. jiangduensis and C. testosteroni showed a higher mortality
rate of L3 and adult nematodes as compared to P. weihenstephanesis. However, all the
bacteria isolates showed a similar impact on eggs hatch inhibition. The positive control
in all cases showed the maximum larva mortality, while the negative control exhibited no
nematocidal activity at all. It was concluded that the larval and adult nematode mortality,
as well as the nematode egg hatch inhibition, have a positive correlation with the doses or
concentration of the metabolites, extracted from the bacterial isolates.

5. Conclusion

The present study was conducted to know the antihelmintic capabilities of metabolites
extracted from abomasum bacteria Comamonas testosteroni, C. jiangduensis, and Pseudomonas
weihenstephanesis against H. contortus eggs, larvae, and adults. It was noted that increasing
the concentration of bacterial culture filtrates, increased nematode mortality. The same
trend was observed in egg hatch inhibition assay bacterial culture filtrates. The effect of
bacterial culture filtrates against H. contortus was found as dose-dependent. However, fur-
ther in vivo bacterial culture filtrates investigation is recommended to seethe anthelmintic
activity against various developmental stages of H. contortus.
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Simple Summary: Mastitis remains one of dairy cattle’s most perplexing and expensive diseases.
This study is the first to look into the virulence traits, antimicrobial and biocide resistance, and
epidemiological typing of Streptococcus uberis (S. uberis) isolated from bovine clinical mastitis in dairy
farms of diverse hygienic interventions in Egypt. The overall S. uberis infection rate was 20.59%;
all were multidrug-resistant (MDR). The sua gene was the most frequent virulence gene (42.02%),
followed by pauA (40.57%), cfu (21.73%), skc (20.28%), and opp (11.59%). The erm(B) gene serves as the
predominant antimicrobial-resistant gene (75.36%), followed by fexA (52.63%) and tet(M), blaZ, and
aac(6′)aph(2′′) genes (46.38% each). Of note, 79.71% of S. uberis isolates carried qac genes; among them,
55 (79.71%), 54 (78.26%), and 13 (18.84%) harbored qacED1, qacC/D, and qacA/B genes, respectively.
Restriction fragment length polymorphism–polymerase chain reaction (RFLP–PCR) indicated that all
analyzed isolates were S. uberis type I by their unique RFLP pattern. This study shows a significant
variation in the occurrence of virulent S. uberis in dairy cows with clinical mastitis regarding the
prospective hygienic concerns. Furthermore, MDR coupled with the existence of biocide resistance
genes indicates the importance of S. uberis surveillance and the prudent use of antimicrobials in
veterinary clinical medicine to avoid the dissemination of antimicrobial resistance.

Abstract: Mastitis remains a serious problem for dairy animals. The misappropriation of antimicro-
bial agents helps accelerate resistance, which poses a serious challenge in controlling environmental
S. uberis infection. Here, we study the virulence attributes, antimicrobial and biocide resistance,
and epidemiological typing of S. uberis recovered from bovine clinical mastitis in dairy farms of
diverse hygienic interventions in Egypt. The overall S. uberis infection rate was 20.59%; all were
multidrug-resistant (MDR). The sua gene was the most frequent virulence gene (42.02%), followed
by pauA (40.57%), cfu (21.73%), skc (20.28%), and opp (11.59%). The erm(B) gene served as the pre-
dominant antimicrobial-resistant gene (75.36%), followed by fexA (52.63%) and tet(M), blaZ, and
aac(6′)aph(2′′) genes (46.38% each). Of note, 79.71%, 78.26%, and 18.84% of S. uberis isolates harbored
qacED1, qacC/D, and qacA/B genes, respectively. All analyzed isolates were S. uberis type I by their
unique RFLP–PCR pattern. In conclusion, the sustained presence of pauA and sua genes throughout
the investigated farms contributes to a better understanding of the bacterium’s pathogenicity. Fur-
thermore, MDR coupled with the existence of biocide resistance genes indicates the importance of
S. uberis surveillance and the prudent use of antimicrobials in veterinary clinical medicine to avoid
the dissemination of antimicrobial resistance.
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1. Introduction

Mastitis is a significant concern affecting dairy animals worldwide, causing great
losses to breeders and impacting the country’s national income [1,2]. Environmental
streptococci, notably Streptococcus uberis (S. uberis), are among the main contributing agents
of mastitis in many countries and have increased their significance for udder health in
recent decades [3]. This pathogen is not obligatorily adapted to the udder but is ubiquitous
as it is considered an environment-associated straw bedding and pasture pathogen [4].
Since S. uberis is the prime pathogen in a dairy herd, frequent antimicrobial treatments and
several environmental factors favor the development of this form of mastitis [3].

Streptococcus uberis has previously been categorized into two distinct types, I and
II; both were isolated from bovine mastitis cases, the latter being reclassified as Strepto-
coccus parauberis (S. parauberis) [5]. It is impossible to differentiate between S. uberis and
S. parauberis using phenotypic methods [6]. However, S. uberis isolates were verified by 16S
rRNA gene restriction fragment length polymorphism (RFLP) using the HhaI restriction
endonuclease for further identification of the S. uberis genetic variation [7].

Despite the economic effect of the high prevalence of environmental streptococci
in dairy herds, virulence factors related to the pathogenicity of S. uberis are not well
characterized; these comprise a significant existential threat to the implementation of
control strategies [8]. Various potentially virulence factors were identified for S. uberis,
among these, sua, cfu, opp, skc, and pauA, that play prominent roles in the adherence and
early colonization of bovine mammary epithelial cells [9–11].

Antimicrobial resistance is one of the world’s leading threats to human and animal
health [12]. It appears to have an extreme occurrence among streptococcal isolates of mastitis
in Egypt [13] and S. uberis in many countries [4,14,15]. However, this susceptibility can
vary from one region to another. Even within the same region, it is necessary to monitor
the pathogens’ resistance to the antimicrobials used in the treatment of mastitis in various
areas [16]. In Egypt, most bovine mastitis studies have focused on the inclusion of Escherichia
coli, Staphylococcus aureus, Streptococcus agalactiae, and, infrequently, S. uberis [13,17,18].

Disinfectants based on quaternary ammonium compounds (QACs) have a wide range
of veterinary medicine implementations and are critical in controlling animal diseases.
They are widely used worldwide, which can contribute to bacterial resistance [19].

In Egypt, there has been no exploration of the existence of S. uberis-associated vir-
ulence genes in mastitic dairy cows and the plausible allocation of virulence dynamics
in the distinct hygiene measures applied in dairy farms. Moreover, there are few studies
on S. uberis resistance to antimicrobials as well as biocides. Therefore, this study was
designed to explore the following points: (i) ascertaining the infection rate of S. uberis in
dairy cows and the hygiene correlation with its abundance, (ii) detecting the most prospec-
tive virulence-associated, antimicrobial and antiseptic resistance genes in environmental
S. uberis isolates using conventional PCR, and (iii) determining the genotypic variation
among the virulent S. uberis isolates using RFLP–PCR.

2. Materials and Methods

2.1. Lactating Cows and Husbandry Practices

The lactating cows under study were chosen from dairy farms of three distinct hy-
gienic interventions in Alexandria (A) and Sharkia Governorates (B), as well as some
individual smallholder cases in different villages of Sharkia Governorates (C and D), over
a year, from July 2017 to August 2018. The udder of each lactating cow was screened for
recurrent clinical mastitis. Hygienic interventions were based entirely on the following
criteria: (i) periodic monitoring of mastitis by an indirect field check during the lactation
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season, such as the California mastitis test, (ii) pre-milking procedures, such as udder
washing and pre- and post-milking teat dipping with antimicrobial dip; and (iii) dry period
treatment after the last lactation, bedding materials, and environmental hygiene as well
as balanced food. In the first farm (A; n = 75), lactating cows were milked three times
daily through a computerized system using pre- and post-teat dipping. This farm followed
the standard routine management, vaccination program, and control measures against
infectious diseases with the implementation of all hygienic measures. On the second farm
(B; n = 50), cows were milked three times daily using a machinery system with post-milking
teat dipping and fair, moderate hygienic measures; the cows were placed in straw-bedding
barns. The cows of the third farm (C; n = 120) and smallholder cows (D; n = 90; reared
by local farmers in the villages of Sharkia Governorate) were grazed; thus, infection with
S. uberis from environmental pasture reservoirs was expected. These animals lived in
unhygienic environments and were fed on low nutrient rations. The cows were milked
twice daily by hand, and there was no disinfection during the milking process.

2.2. Milk Sampling and Isolation of S. uberis

Three hundred and thirty-five milk samples were collected aseptically, just before
treatment, from the affected mammary quarters that had clinical signs of abnormal secre-
tions, containing clots or flakes, with udders showing inflammatory symptoms, with or
without systemic reaction appearing on the cows. These samples were placed in sterile
screw-capped test tubes, kept in an insulated icebox, then transported to the laboratory
for further bacteriological and molecular investigations. Bacteriological analysis of milk
samples was carried out following conventional protocols [20]. A milk sample loopful was
plated onto Edward’s agar medium (Oxoid, Hampshire, UK) and incubated at 37 ◦C for
24 h. A single, well-isolated colony was subcultured onto a blood agar base (Oxoid, Hamp-
shire, UK) enriched with 7% sterile defibrinated sheep blood and incubated aerobically at
37 ◦C for 24–48 h. The bacterial isolates were described based on their classic morphological
and hemolytic characteristics. Suspected streptococci isolates microscopically appeared as
Gram-positive cocci, either in long or short chains. Standard biochemical tests, including
catalase, sodium hippurate, and esculin hydrolysis, were carried out [21]. A Christie,
Atkins, and Munch-Petersen (CAMP) test was applied [22]. Growth in the presence of 6.5%
NaCl at 10 or 45 ◦C and pH 9.6, combined with resistance to bile salt, was investigated [23].

2.3. Antimicrobial Susceptibility Testing

The Kirby-Bauer disc diffusion test was used to determine the antimicrobial suscep-
tibilities of S. uberis isolates [24]. Commercial discs with the following antimicrobials
(Oxoid, Hampshire, England, UK), commonly used in veterinary practices or for public
health issues, were selected to perform the antibiogram: penicillin (10 IU), ampicillin
(10 μg), amoxicillin (25 μg), amoxicillin–clavulanic acid (20/10 μg), cloxacillin (1 μg), cef-
operazone (75 μg), ceftriaxone (30 μg), cephalexin (30 μg), imipenem (10 μg), tetracycline
(30 μg), clindamycin (2 μg), erythromycin (15 μg), streptomycin (10 μg), neomycin (30 μg),
gentamycin (10 μg), kanamycin (30 μg), novobiocin (30 μg), ciprofloxacin (5 μg), chloram-
phenicol (30 μg), and trimethoprim–sulphamethoxazole (23.75/1.25 μg). The interpretive
criteria used for categorizing an isolate as sensitive or resistant to an antimicrobial agent
are established in the Clinical and Laboratory Standards Institute guidelines [25]. Iso-
lates showing resistance to at least three different antimicrobial classes are categorized as
multidrug-resistant (MDR) [26]. MAR indices were estimated for each antimicrobial and
isolate [27].

2.4. DNA Extraction and Molecular Identification of S. uberis

Streptococcus uberis isolates were cultured in tryptone soya broth (TSB, Oxoid, Hamp-
shire, England, UK) at 37 ◦C for 24 h. Bacterial DNA was extracted using a QIAamp
DNA mini kit (Qiagen GmbH, Hilden, Germany), as recommended by the manufacturer.
PCR amplification of the tuf gene of Streptococci species [28] and the 16S rRNA gene of
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S. uberis [29] was performed using the oligonucleotide primer pairs listed in Table S1 to
confirm the conventional bacteriological identification.

2.5. PCR Amplifications of Virulence Attributes and Antimicrobial and Biocide Resistance Genes

Virulence genes for S. uberis, cfu (encoding for CAMP factor), opp (oligopeptide bind-
ing protein), sua (S. uberis adhesion molecule), pauA (plasminogen activator), and skc
(streptokinase activator), were investigated [9,11,30]. The occurrence of antimicrobial resis-
tance genes, conferring resistance to penicillins (blaZ), phenicols (fexA), aminoglycosides
(aac(6′)aph(2′′)), tetracyclines (tet(M), tet(O), tet(L) and tet(K)), macrolides (erm(A), erm(B)
and erm(C)), sulfonamide (sul1), and trimethoprim (dfrA) was examined [31–40]. Moreover,
PCR targeting qac genes, qacA/B, qacC/D, and qacED1, conferring a high level of resistance
to antiseptics, was applied [41,42]. Oligonucleotide primer sets and thermal cycling profiles
are described in Table S1. The amplification reaction for each gene was conducted with a
final volume of 25 μL of the following reaction mixture: 12.5 μL DreamTaq Green PCR Mas-
ter Mix (2X) (Thermo Fisher Scientific, Waltham, MA, USA), 1 μL of each primer (20 pmole),
2 μL template DNA, and 8.5 μL water nuclease-free in a programmable thermal cycler
PTC-100 TM (MJ Research Inc., Waltham, MA, USA). S. uberis ATCC® 27958™ was used
as a reference strain. PCR products were analyzed by agarose gel electrophoresis, stained
with ethidium bromide (0.5 μg/mL), and visualized using an ultraviolet transilluminator
(Spectroline, Wesbury, Meadville, PA, USA).

2.6. PCR–RFLP

Epidemiological typing of recovered S. uberis isolates was then performed using HhaI
restriction endonuclease (Thermo Fisher Scientific, Waltham, MA, USA), as described
previously [7]. Aliquots of the amplified restriction endonuclease-digested fragments
were electrophoresed on 0.5 μg/mL ethidium bromide (Sigma-Aldrich, Chemie GmbH,
Schnelldorf, Germany) stained agarose gel with a 100 bp standard DNA molecular weight
ladder (Fermentas, Inc., Hanover, NH, USA). The numbers of DNA fragments and their
sizes in base pairs were then assessed using Pro-Score/RFLP software version 2.39 (DNA
ProScan, Inc.; Nashville, TN, USA).

2.7. Bioinformatics and Statistical Analysis

The overall distribution of the antimicrobial resistance phenotypes, virulence-associated
genes, and antimicrobial and biocide resistance genes in S. uberis isolates was visualized
using a heatmap. The clustering pattern of the isolates and various features were deter-
mined by hierarchical clustering dendrogram [43]. These analyses were done using R
software (version 3.4.2, R Foundation for Statistical Computing, Vienna, Austria), package
pheatmap. To estimate the similarity among S. uberis isolates from various farms, the binary
distances were calculated among isolates based on the presence or absence of the four
studied features (virulence, resistance phenotype/genes, and biocide resistance genes).
This analysis was done using the functions dist and hlcust in the R environment. Correlation
analyses were done on the raw data after data conversion to binary outcomes (1 = feature
presence, 0 = feature absence). The correlation was estimated on a scale from +1 to −1. The
significance of the correlation was assessed at a significance level of 0.05. The variables that
have similar occurrences in all isolates were excluded from this analysis. The correlation
analyses and visualization were done using R packages corrplot, heatmaply, hmisc, and
ggpubr [44–46]. Fisher’s exact two-tailed test [47] was used to study the infection rates of
S. uberis among farms of varying hygiene interventions and their antimicrobial resistance;
p- values < 0.05 were statistically significant.

3. Results

3.1. Infection Rate and Characterization of S. uberis in Clinically Mastitic Dairy Cows

The overall infection rate of S. uberis was 20.59% (69/335), which significantly (p < 0.05)
differed between farms, being 8.8% (11/125) in animals living in farms with adequately
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applied hygiene measures and 27.61% (58/210) in animals living on low hygiene, hand
machine farms and smallholders. On Edward’s media, S. uberis isolates appeared as color-
less dewdrop-like, pinpoint rounded colonies. Phenotypic characteristics of the isolates
denoted Gram-positive cocci, arranged mainly in chains and, sometimes, in diplococci.
They showed β or γ hemolytic colonies on blood agar media. CAMP-like hemolytic activi-
ties were determined, together with beta-toxin-producing Staphylococcus aureus, on sheep
blood agar in 60 out of 69 (86.9%) S. uberis isolates. Biochemically, S. uberis isolates were
catalase-test-negative, whereas all isolates were positive for sodium hippurate and bile-
esculin hydrolyses tests. The isolates fail to grow on MacConkey’s agar, media containing
6.5% NaCl, or at 45 ◦C, which is characteristic for S. uberis.

3.2. Antimicrobial Resistance Patterns of S. uberis Isolates

The antimicrobial resistance of S. uberis isolates (n = 69) was validated against 21 an-
timicrobials of 12 chemotherapeutic classes. As shown in Table 1 and Figure 1, S. uberis ex-
hibited 100% resistance to cloxacillin, ceftriaxone, cephalexin, clindamycin, and novobiocin.
Moreover, high levels of resistance were reported for ampicillin (89.85%), streptomycin
(86.96%), penicillin (79.71%), and erythromycin (73.91%). On the other hand, kanamycin
(30.43%), cefoperazone (26.04%), ciprofloxacin (21.74 %), and gentamycin (20.28%) showed
the lowest resistance levels, and none of the isolates exhibited imipenem resistance. Of
note, all S. uberis isolates were MDR, with MAR indices ranged from 0.38–0.81, whereas
the MAR indices for tested antimicrobials were up to 0.048. Statistical analysis revealed
a significant variation in the resistance levels of S. uberis isolates to various antimicrobial
agents (p < 0.05).

Table 1. Antimicrobial resistance of S. uberis isolated from lactating cows with clinical mastitis.

Antimicrobial Class AMA
No. of Resistant

Isolates (%)
MAR Index

Fisher Exact
p-Value *

Beta-lactams CX 69 (100.00) 0.048 NE
AMP 62 (89.85) 0.043 0.007
AX 48 (69.57) 0.033 <0.001
P 55 (79.71) 0.038 <0.001

Beta-lactamase inhibitor AMC 24 (34.78) 0.017 <0.001
Cephalosporins CRO 69 (100.00) 0.048 NE

CFP 18 (26.09) 0.012 <0.001
CL 69 (100.00) 0.048 NE
FEP 69 (100.00) 0.048 NE

Non-beta Lactams
(Carbapenems) IPM 0 (00.00) 0.00 <0.001

Lincomycins DA 69 (100.00) 0.048 NE
Fluoroquinlones CIP 15 (21.74) 0.010 <0.001

Tetracyclines TE 45 (65.22) 0.031 <0.001
Macrolides E 51(73.91) 0.035 0.001

Aminoglycosides S 60 (86.96) 0.041 0.002
GEN 14 (20.28) 0.009 <0.001
NEO 28 (40.57) 0.019 <0.001

K 21 (30.43) 0.014 <0.001
Phenicols C 38 (55.07) 0.026 <0.001

Aminocoumarins NV 69 (100.00) 0.048 NE
Sulfonamides SXT 33 (47.83) 0.023 <0.001

MAR, multiple antibiotic resistance index; AX, amoxicillin; AMC, amoxicillin–clavulanic acid; CX, cloxacillin;
CRO, ceftriaxone; CFP, cefoperazone; CL, cephalexin; FEP, cefepime; IPM, imipenem; S, streptomycin; DA,
clindamycin; CIP, ciprofloxacin; TE, tetracycline; E, erythromycin; NEO, neomycin; P, penicillin; NV, novobiocin;
AMP, ampicillin; GEN, gentamycin; C, chloramphenicol; K, kanamycin; SXT, trimethoprim–sulfamethoxazole;
NE, not estimated. * p-value < 0.01 was considered highly statistically significant.
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Figure 1. Overall occurrence and clustering of S. uberis isolates (n = 69) in the investigated farms, their virulence attributes,
and antimicrobial and biocide resistance patterns. The heatmap shows the occurrence of features in all isolates. The
dendrogram indicates the hierarchical clustering of features and isolates. Different farms and feature categories are color-
coded, as shown in the label. GEN, gentamycin; CFP, cefoperazone; K, kanamycin; NEO, neomycin; SXT, trimethoprim-
sulfamethoxazole; CIP, ciprofloxacin; AMC, amoxicillin–clavulanic acid; C, chloramphenicol; AMP, ampicillin; P, penicillin;
E, erythromycin; S, streptomycin; AX, amoxicillin; TE, tetracycline.

3.3. Molecular Characteristics and Virulence Gene Profiling of S. uberis

Conventional identification of S. uberis isolates (n = 69) was confirmed by PCR-based
amplification of the genus-specific tuf gene (DNA fragment ~196 bp). Further, the 16S
rRNA gene identified S. uberis at the species level (DNA product ~854 bp). S. uberis isolates
were tested by PCR for the existence of five major genes potentially involved in virulence
(Table 2). The most frequent gene was sua (42.02%), followed by pauA (40.57%), cfu (21.73%),
and skc (20.28%). In contrast, the opp gene was detected with a low percentage (11.59%).
The frequency of putative virulence gene patterns among S. uberis isolates is summarized in
Table 3. Most of the examined isolates (58/69; 84.06%) harbored at least one virulence gene.
Moreover, 11 of 69 isolates (15.94%) possessed simultaneously 3 to 4 virulence-associated
genes, and 7 (10.14%) S. uberis isolates carried 2 different virulence-related genes. The most
frequent virulence gene pattern was sua + pauA + skc + cfu, which was observed in 8 of
69 isolates (11.59%) from 2 different herds (C and D) of low hygiene measures.

118



Animals 2021, 11, 1849

Table 2. Virulence traits and antimicrobial and biocide resistance profiles of S. uberis (n = 69) isolated from dairy cows of
different hygiene interventions.

Isolate No. Herd
Virulence

Pattern

Antimicrobial Resistance Profile Biocide Resistance
GenesPhenotype Resistance Genes

1 A ND CX, CRO, CL, FEP, S, DA, TE, E, SXT, AMP, NV tet(M), erm(B), sul1 ND

2 pauA, cfu, opp AX, CX, CRO, CL, FEP, S, DA, TE, E, SXT, AMP,
NV, C tet(L), erm(B) qacED1

3 pauA, cfu, opp AX, CX, CRO, CL, FEP, DA, TE, E, SXT, NV tet(M), erm(B), sul1 ND

4 pauA, cfu, opp AX, AMC, CX, CRO, CL, FEP, S, DA, TE, E, SXT, P,
AMP, NV, K, C blaZ, fexA, tet(M), sul1 qacED1, qacC/D

5 sua AX, AMC, CX, CRO, CL, FEP, S, DA, E, P,
AMP, NV blaZ, erm(B) ND

6 pauA CX, CRO, CL, FEP, S, DA, TE, NV tet(M) ND

7 pauA AX, CX, CRO, CL, FEP, S, DA, CIP, TE, SXT, P,
AMP, NV, NEO

blaZ, aac(6′)aph(2′′),
tet(K), sul1 ND

8 B ND AX, AMC, CX, CRO, CL, FEP, S, DA, TE, E, SXT,
AMP, NV tet(M), erm(B) ND

9 pauA AX, CX, CRO, CL, FEP, S, DA, SXT, P, NV blaZ, sul1 qacC/D

10 sua, pauA AX, AMC, CX, CRO, CL, FEP, S, DA, TE, AMP,
NV, K tet(M) ND

11 skc AX, CX, CRO, CL, FEP, S, DA, SXT, AMP, NV, C sul1 qacED1, qacC/D

12 sua, pauA CX, CRO, CL, FEP, S, DA, E, NV, NEO aac(6′)aph(2′′), erm(B) ND

13 sua, pauA CX, CRO, CFP, CL, FEP, S, DA, E, AMP, NV, K, C erm(B) qacED1

14 sua, pauA CX, CRO, CL, FEP, DA, E, AMP, NV, NEO, C aac(6′)aph(2′′), erm(B) qacED1, qacC/D

15 pauA AX, CX, CRO, CL, FEP, S, DA, TE, E, SXT,
AMP, NV tet(M), erm(B), sul1 qacC/D

16 skc AMC, CX, CRO, CL, FEP, S, DA, TE, SXT, P, AMP,
NV, K blaZ, tet(L), sul1 ND

17 C ND CX, CRO, CFP, CL, FEP, S, DA, TE, E, SXT, P, AMP,
NV, NEO

blaZ, aac(6′)aph(2”),
tet(M), erm(B), sul1

qacA/B, qacED1,
qacC/D

18 ND AX, CX, CRO, CL, FEP, S, DA, E, SXT, P, AMP, NV,
C

blaZ, fexA, erm(B),
sul1 qacED1, qacC/D

19 sua CX, CRO, CL, FEP, DA, E, P, AMP, NV, C fexA, erm(B) qacC/D

20 sua AX, CX, CRO, CL, FEP, S, DA, CIP, E, P, AMP,
NV, K erm(B) qacED1, qacC/D

21 sua AX, AMC, CX, CRO, CL, FEP, S, DA, TE, E, SXT, P,
AMP, NV, C

blaZ, fexA, tet(M),
erm(B), sul1 qacED1

22 sua AX, CX, CRO, CL, FEP, S, DA, E, AMP, NV, NEO, C aac(6′)aph(2′′), erm(B) qacA/B, qacED1,
qacC/D

23 sua AX, CX, CRO, CL, FEP, S, DA, AMP, NV, C ND qacED1, qacC/D

24 sua AX, CX, CRO, CL, FEP, S, DA, TE, E, P, AMP, NV, C fexA, tet(M), erm(B),
sul1 qacC/D

25 sua AX, CX, CRO, CFP, CL, FEP, S, DA, TE, E, SXT, NV,
NEO, C

fexA, aac(6′)aph(2′′),
tet(M), erm(B), sul1 qacED1, qacC/D

26 sua, pauA, skc, cfu CX, CRO, CL, FEP, S, DA, E, SXT, P, AMP, NV,
NEO, K, C

blaZ, fexA,
aac(6′)aph(2′′), erm(B) qacA/B, qacED1

27 sua, pauA, skc, cfu AX, AMC, CX, CRO, CL, FEP, S, DA, TE, E, P, AMP,
NV, C

blaZ, fexA, tet(M),
erm(B), sul1 qacC/D

28 sua, pauA, skc, cfu AX, CX, CRO, CFP, CL, FEP, S, DA, TE, E, SXT, P,
AMP, NV, K, C

blaZ, fexA, tet(M),
erm(B) qacED1, qacC/D

29 pauA CX, CRO, CL, FEP, DA, E, P, AMP, NV, GEN, C fexA, aac(6′)aph(2′′),
erm(B) qacED1, qacC/D

30 pauA AX, CX, CRO, CL, FEP, S, DA, TE, AMP, NV, K, C tet(M) qacED1, qacC/D

31 opp AX, AMC, CX, CRO, CL, FEP, S, DA, TE, E, P, AMP,
NV, C tet(K), erm(B) qacED1, qacC/D
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Table 2. Cont.

Isolate No. Herd
Virulence

Pattern

Antimicrobial Resistance Profile Biocide Resistance
GenesPhenotype Resistance Genes

32 pauA, skc AX, CX, CRO, CL, FEP, S, DA, TE, E, P, AMP, NV,
K, C fexA, tet(M), erm(B) qacA/B, qacED1

33 pauA AX, CX, CRO, CFP, CL, FEP, S, DA, TE, E, SXT, P,
NV, GEN, NEO, K, C

fexA, aac(6′)aph(2′′),
tet(M), erm(B), sul1 qacED1, qacC/D

34 cfu AMC, CX, CRO, CFP, CL, FEP, S, DA, P, AMP,
NV, C fexA qacED1

35 opp AX, CX, CRO, CL, FEP, S, DA, TE, SXT, P, AMP,
NV, NEO, C

fexA, aac(6′)aph(2′′),
tet(M), sul1 qacED1, qacC/D

36 pauA, skc AMC, CX, CRO, CFP, CL, FEP, S, DA, TE, E, P,
AMP, NV, GEN

aac(6′)aph(2′′), tet(L),
erm(B) qacED1, qacC/D

37 sua AX, CX, CRO, CFP, CL, FEP, S, DA, TE, E, P,
AMP, NV tet(M), erm(B) qacA/B, qacED1,

qacC/D

38 pauA AX, AMC, CX, CRO, CFP, CL, FEP, S, DA, TE, E, P,
AMP, NV, NEO, C

aac(6′)aph(2′′), tet(L),
erm(B) qacED1, qacC/D

39 cfu CX, CRO, CL, FEP, DA, P, AMP, NV tet(M) qacED1, qacC/D

40 pauA, skc AX, AMC, CX, CRO, CL, FEP, S, DA, CIP, TE, E,
SXT, P, AMP, NV tet(M), erm(B), sul1 qacED1, qacC/D

41 pauA AX, CX, CRO, CL, FEP, S, DA, TE, P, AMP, NV,
GEN, NEO aac(6′)aph(2′′), tet(L) qacA/B, qacED1,

qacC/D

42 D ND AX, CX, CRO, CL, FEP, S, DA, TE, E, P, AMP,
NV, NEO

aac(6′)aph(2′′), tet(M),
erm(B) qacED1, qacC/D

43 ND AX, CX, CRO, CL, FEP, DA, CIP, SXT, P, AMP, NV,
GEN, NEO aac(6′)aph(2′′), sul1 qacED1, qacC/D

44 ND AMC, CX, CRO, CFP, CL, FEP, S, DA, CIP, TE, E,
SXT, P, AMP, NV, NEO

aac(6′)aph(2′′), tet(M),
erm(B), sul1 qacED1, qacC/D

45 ND AX, AMC, CX, CRO, CFP, CL, FEP, S, DA, CIP, TE,
E, SXT, P, AMP, NV, K erm(B), sul1 qacED1, qacC/D

46 ND AX, AMC, CX, CRO, CFP, CL, FEP, S, DA, TE, E, P,
AMP, NV, GEN, K aac(6′)aph(2′′), erm(B) qacED1, qacC/D

47 ND CX, CRO, CL, FEP, S, DA, CIP, TE, E, SXT, P, AMP,
NV, K

blaZ, tet(M), erm(B),
sul1 qacED1, qacC/D

48 ND AX, CX, CRO, CL, FEP, S, DA, TE, E, SXT, P, AMP,
NV, NEO

blaZ, aac(6′)aph(2′′),
tet(M), erm(B), sul1 qacED1, qacC/D

49 pauA AX, CX, CRO, CL, FEP, DA, CIP, TE, E, SXT, P,
AMP, NV blaZ, erm(B), sul1 qacA/B, qacED1,

qacC/D

50 sua, opp AX, AMC, CX, CRO, CL, FEP, S, DA, TE, E, SXT, P,
AMP, NV, GEN, NEO

blaZ, aac(6′)aph(2′′),
tet(L), erm(B), sul1 qacED1, qacC/D

51 cfu AX, AMC, CX, CRO, CL, FEP, S, DA, CIP, E, P,
AMP, NV, NEO aac(6′)aph(2′′), erm(B) qacED1, qacC/D

52 pauA CX, CRO, CL, FEP, S, DA, TE, E, P, AMP, NV, NEO aac(6′)aph(2′′), tet(M),
erm(B) qacED1, qacC/D

53 pauA AX, CX, CRO, CL, FEP, S, DA, CIP, TE, SXT, P,
AMP, NV, NEO

blaZ, aac(6′)aph(2′′),
tet(M), sul1 qacED1, qacC/D

54 cfu AX, AMC, CX, CRO, CL, FEP, S, DA, CIP, TE, E,
SXT, P, AMP, NV

blaZ, tet(M), erm(B),
sul1 qacED1, qacC/D

55 sua, opp AX, CX, CRO, CFP, CL, FEP, S, DA, SXT, P, AMP,
NV, C blaZ, sul1 qacA/B, qacED1,

qacC/D

56 sua AX, AMC, CX, CRO, CFP, CL, FEP, S, DA, CIP, TE,
E, P, AMP, NV, GEN, C

blaZ, aac(6′)aph(2′′),
erm(B) qacED1, qacC/D

57 sua, pauA, skc, cfu AX, AMC, CX, CRO, CFP, CL, FEP, S, DA, CIP, SXT,
P, AMP, NV, GEN, NEO, C

blaZ, aac(6′)aph(2′′),
sul1 qacED1, qacC/D

58 sua, pauA, skc, cfu AMC, CX, CRO, CFP, CL, FEP, S, DA, CIP, TE, E, P,
AMP, NV, GEN, NEO, C

blaZ, aac(6′)aph(2′′),
tet(M), erm(B) qacED1, qacC/D
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Antimicrobial Resistance Profile Biocide Resistance
GenesPhenotype Resistance Genes

59 sua, pauA, skc, cfu CX, CRO, CFP, CL, FEP, S, DA, TE, E, P, AMP,
NV, C blaZ, tet(M), erm(B) qacED1, qacC/D

60 sua, pauA, skc, cfu CX, CRO, CL, FEP, DA, TE, E, P, AMP, NV, K, C blaZ, fexA, tet(K),
erm(B) qacED1, qacC/D

61 sua, pauA, skc, cfu AX, CX, CRO, CL, FEP, S, DA, TE, E, SXT, P, AMP,
NV, GEN, NEO, K, C

blaZ, fexA,
aac(6′)aph(2′′), tet(M),

erm(B), sul1
qacED1, qacC/D

62 sua AX, AMC, CX, CRO, CL, FEP, S, DA, TE, SXT, P,
AMP, NV, NEO, K, C

blaZ, fexA,
aac(6′)aph(2′′), tet(K),

sul1

qacA/B, qacED1,
qacC/D

63 sua CX, CRO, CFP, CL, FEP, S, DA, TE, E, SXT, P, AMP,
NV, NEO, K, C

blaZ, fexA,
aac(6′)aph(2′′), tet(M),

erm(B), sul1

qacA/B, qacED1,
qacC/D

64 sua AX, CX, CRO, CL, FEP, S, DA, E, P, AMP, NV,
NEO, C blaZ, erm(B) qacA/B, qacED1,

qacC/D

65 sua CX, CRO, CL, FEP, DA, E, P, AMP, NV, C blaZ, aac(6′)aph(2′′),
erm(B) qacED1, qacC/D

66 sua AX, CX, CRO, CL, FEP, S, DA, CIP, E, P, AMP,
NV, C blaZ, erm(B) qacED1, qacC/D

67 skc AX, AMC, CX, CRO, CL, FEP, S, DA, TE, E, P, AMP,
NV, GEN, NEO, K, C

blaZ, fexA,
aac(6′)aph(2′′), tet(M),

erm(B)

qacA/B, qacED1,
qacC/D

68 skc AX, CX, CRO, CL, FEP, S, DA, E, P, AMP, NV, GEN,
NEO, K, C

blaZ, aac(6′)aph(2′′),
erm(B) qacED1, qacC/D

69 opp AX, CX, CRO, CL, FEP, S, DA, P, AMP, NV, GEN,
NEO, K, C

blaZ, fexA,
aac(6′)aph(2′′),

qacA/B, qacED1,
qacC/D

AX, amoxicillin; AMC, amoxicillin–clavulanic acid; CX, cloxacillin; CRO, ceftriaxone; CFP, cefoperazone; CL, cephalexin; FEP, cefepime;
IPM, imipenem; DA, clindamycin; CIP, ciprofloxacin; TE, tetracycline; E, erythromycin; NEO, neomycin; P, penicillin; NV, novobiocin; AMP,
ampicillin; S, streptomycin; GEN, gentamycin; C, chloramphenicol; K, kanamycin; SXT, trimethoprim-sulfamethoxazole; ND, not detected.

Table 3. Virulence gene profiles of S. uberis isolated from lactating cattle experience clinical mastitis.

Molecular Pathotype Virulence Genes
No. of

S. uberis Isolates (%)
Farms

I sua, pauA, skc, cfu 8 (11.59) C, D
II pauA, cfu, opp 3 (4.35) A
III sua, pauA 4 (5.8) B
IV pauA, skc 3 (4.35) C
V sua, opp 2 (2.9) D
VI sua 15 (21.74) A, C, D
VII pauA 10 (14.49) A, B, C, D
VIII skc 3 (4.35) B, D
IX cfu 4 (5.8) C, D
X opp 3 (4.35) C, D

3.4. Detection of Antimicrobial Resistance Genes in S. uberis Isolates

The detection of antimicrobial resistance genes confirmed the phenotypic resistance
patterns of the respective S. uberis isolates (Table 2). As presented in Figure 1, the ery-
thromycin resistance gene erm(B) was the most prevalent among the analyzed isolates
(75.36%). However, erm(C) and erm(A) genes were not amplified in either erythromycin-
resistant or erythromycin-susceptible S. uberis isolates. The most frequent tetracycline
resistance gene was tet(M) (46.38%), whereas tet(L) and tet(K) genes were recorded in
lower frequencies (8.7 and 5.8%, respectively), and the tet(O) gene was not detected in
any of the tested S. uberis isolates. The blaZ and aac(6′)aph(2′′) genes, conferring resis-
tance to penicillins and aminoglycosides, respectively, were similarly found in 32 out of
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69 examined isolates (46.38% each). Furthermore, the fexA gene, conferring resistance to
chloramphenicol, was detected in 20 S. uberis isolates (28.99%). The sulfonamide resistance
gene, sul1, was found in 31 (44.93%) S. uberis isolates, but the trimethoprim dfrA gene was
not detected in any analyzed isolate.

3.5. Biocide Resistance Genes and Biocide–Antimicrobial Cross-Resistance

Biocide resistance profiling showed that 55 out of 69 S. uberis isolates (79.71%) carried
qac genes; among them, 55 (79.71%), 54 (78.26%), and 13 (18.84%) exhibited resistance
to qacED1, qacC/D, and qacA/B, respectively. Biocide resistance gene combinations were
detected among the isolates; 3 gene combinations were found in 11 (15.94%) isolates, and
2 combinations, either qacED1 + qacC/D (38/69, 55.07%) or qacED1 + qacA/B (2/69, 2.9%),
were also reported (Table 2). The selective pressure employed by exposure to biocides may
be associated with increasing antimicrobial resistance. As shown in Figure 2 and Table S2,
significant (p < 0.05) positive correlations (r = 0.01–0.43) between QAC tolerance and
resistance to various antimicrobials indicate the pervasive occurrence of multi-drug efflux
pumps. However, non-significant (p > 0.05) negative correlations were observed between
the existence of qac genes and resistance to certain antimicrobials such as amoxicillin–
clavulanate (r = −0.01, −0.1 and −0.05), tetracycline (r = −0.06, −0.03 and −0.01), and
trimethoprim-sulfamethoxazole (r = −0.02, −0.01 and −0.05) for qacED1, qacC/D, and
qacA/B genes, respectively.

Figure 2. Correlations among various features in S. uberis isolates (n = 69) from various farms. The color scale represents the
correlation coefficient (R) on a scale from +1 to −1 (+1 is the highest positive correlation, and −1 is the highest negative
correlation). AX, amoxicillin; AMC, amoxicillin–clavulanic acid; CFP, cefoperazone; S, streptomycin; CIP, ciprofloxacin; TE,
tetracycline; E, erythromycin; SXT, trimethoprim-sulfamethoxazole; P, penicillin; AMP, ampicillin; GEN, gentamycin; NEO,
neomycin; K, kanamycin; C, chloramphenicol.

3.6. Typing of Virulent S. uberis Isolates Using RFLP–PCR

Phenotypically, S. uberis type I and S. parauberis (S. uberis type II) isolates had similar
cultural, morphological, and biochemical characteristics and could not be differentiated by
conventional methods. Therefore, RFLP–PCR analysis of the 16S rRNA gene was used to
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characterize them, and the results indicated that all isolates (n = 69) were indeed S. uberis
(S. uberis type I) by their unique RFLP pattern (Figure S1).

3.7. Association between the Existence of Virulence Traits, Antimicrobial and Biocide Resistance,
and Hygienic Interventions for Dairy Cows

As shown in Table 2, the occurrence of virulence-associated and antimicrobial- and
QAC resistance genes was distributed among S. uberis isolates (n = 69) over all the in-
vestigated dairy farms. However, the simultaneous existence of four virulence genes
(sua + pauA + skc + cfu, 11.59%), more than four antimicrobial resistance genes (17.39%),
and the three tested qac genes (qacA/B + qacED1 + qacC/D, 15.94%) was reported only
in C and D dairy herds. However, nine (13.04%) S. uberis isolates recovered from the
C and D dairy herds did not carry any QAC resistance genes. Overall, as presented in
Figure 3, the four studied features (virulence, resistance phenotype/genes, and qac genes)
were prominent in the dairy herds with moderate and low hygiene measures (C and
D, respectively).

 

Figure 3. Differences among farms are shown in the term of studied features. Each horizontal bar represents the overall
number of isolates (x-axis) showing a certain feature (including redundancy). Farms are shown in different colors. Farm D
possessed the highest number of isolates harboring the studied features compared to other farms.

Figure 4 and Table S3 demonstrate that S. uberis isolates (n= 69) had a low-to-moderate
diversity (Euclidean distance = 0.11–0.73) among the investigated dairy herds. The den-
drogram analysis (Figure 5) classified the isolates into four clusters (1, 2, 3, and 4). A close
relatedness was noticed among certain S. uberis isolates from different dairy herds. Most
S. uberis isolated from C and D dairy herds were closely related and gathered in clusters 1
and 2. In addition, S. uberis of A and B dairy herds were clustered closely in cluster 4. Few
isolates of the four dairy herds clustered together in cluster 3.
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Figure 4. A heatmap showed the binary distances among S. uberis isolates based on the presence or absence of the four
studied features (Scheme 0.7).

Figure 5. Hierarchical clustering dendrogram showing the relatedness (closeness) of various isolates (shown as numbers)
from different farms (shown as colored dots) based on all the feature categories. All isolates were classified into four clusters.

4. Discussion

Mastitis remains a critical problem for dairy animals, causing drastic losses during
lactation seasons. Such losses are attributed mainly to decreased milk yield, lower milk
quality, and higher treatment and control costs [48]. S. uberis is a well-known pathogen
that causes bovine intramammary infections worldwide. Nonetheless, there are scant
epidemiological data on S. uberis isolated from lactating cows in Egypt, especially in the
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smallholder production system, despite the fact that this extensive system type is the most
common traditional livestock farming system among Egyptian farmers [49,50].

In the current study, the overall infection rate of S. uberis in dairy cows of different
parity, showing gross signs of clinical mastitis associated with or without systemic reactions,
was 20.59%, which is nearly similar to a previously published work (23.5%) [51]. Com-
paratively lower infection rates (6.3%, 9.3%, and 11.8%, respectively) of S. uberis isolated
from mastitic cattle were previously reported by several studies [52–54]. Higher rates of
S. uberis infection (55.38 and 33%, respectively) were reported in previous studies [55,56].
Our findings may represent a potential hygiene deficiency that has a significant role in the
occurrence of environmental S. uberis mastitis [57].

Animals with adequate hygiene during milking (A and B dairy herds) had a lower
prevalence of infection (11/125; 8.8%) than those with poor hygiene (C and D) during
the milking process (58/210; 27.61%). The predominance of the microorganisms varies
according to the handling practices of the animals and the hygiene conditions during
milking [58]. The lower infection rate may be attributed to good management practices such
as the milkers’ hygiene, sanitization of the milking machine, healthy udder environment,
dry period treatment, and the control of other predisposing diseases. Meanwhile, the higher
infection rate (herds C, D) may be ascribed to a group of shared breeding factors where the
dairy cattle live, including bad habitats, unbalanced food, terrible drafts, and the lack of pre-
milking procedures. These conditions play a role in rendering the udder more susceptible
to intramammary infections [59]. Furthermore, variations in the microenvironments and
management practices between the different hygiene features applied to farms can influence
the existence of the disease.

Herein, 21 antimicrobials of 12 antimicrobial classes were chosen to be tested, consid-
ering their availability for the intramammary treatment of clinical mastitis. In addition, we
monitored penicillin, phenicol, aminoglycoside, tetracycline, sulfonamide, and trimetho-
prim resistance phenotypes/genotypes among the bovine mastitis S. uberis isolates.

Penicillin is widely used in the treatment of clinical bovine mastitis. The proportions
of ampicillin-, penicillin-, and amoxicillin-resistant isolates in this study were high (89.85%,
79.71%, and 69.57%, respectively). Our finding strongly supported the previous results of
Haenni et al. [60], who described a shift toward penicillin resistance among a subpopulation
of S. uberis isolates. Additionally, they identified the presence of resistance-associated
mutations among isolates considered intermediately susceptible to penicillin. Here, the
blaZ gene conferring resistance to penicillin was found in 46.38% of the examined isolates,
indicating an alarming level of potential resistance in bovine mastitis. This finding conflicts
with the claim that environmental streptococci are still susceptible to β-lactam-active
substances [61]. Previous studies [62,63] have documented that penicillin is effective against
streptococci isolates with percentages of 92% and 96%, respectively. Moreover, Minst and
coauthors [64] noticed the absence of penicillin and ampicillin resistance, suggesting that
β-lactam antibiotics should remain the drug of choice for treating streptococcal mastitis.
In this study, a low level of gentamicin resistance (20.28%) against S. uberis isolates was
observed. On the contrary, an earlier study [65] reported that up to 93% of streptococci
were resistant to gentamicin. Additionally, Rato et al. [66] stated that most S. uberis
isolates (80%) were resistant to gentamycin. Nevertheless, our results are comparable
to a lower rate of gentamicin-resistant S. uberis in a previous German study [67]. On
the other hand, the S. uberis resistance rate to streptomycin was 96%, precluding its use
in the treatment of bovine mastitis, which is consistent with a previous study [66]. The
aminoglycoside resistance gene, aac(6′)aph(2′′), was detected here within a reasonable rate
(46.38%), which provides evidence suggesting that it confers resistance to a broad spectrum
of aminoglycosides in Gram-positive bacteria, including streptococci [68], whereas the
aac(6′)-Ib gene confers resistance to tobramycin, kanamycin, and amikacin in Gram-negative
bacteria [69].

Our results showed that S. uberis is highly resistant to erythromycin (73.91%), which is
higher than previous reports from France (21%) [70], Argentina (27.6%) [71], and northwest-
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ern China (31.2%) [15]. This explains that the erm(B) gene is the most prevalent among the
analyzed isolates (75.36%). Furthermore, 65.22% of S. uberis isolates displayed resistance
against tetracycline, mainly due to the inclusion of the tet(M) gene (46.38%) in most resis-
tant isolates, which is nearly similar to a previous report (60%) [66]. However, the levels in
our findings were lower than that previously described in a previous research (81.3%) [15].
Another study performed on S. uberis isolates from dairy cattle with clinical mastitis found
results lower than ours for tetracycline resistance (18.1%) [72]. High tetracycline resistance
levels may be attributed to their widespread use in treating numerous cattle infections
for several years, proposing that tetracyclines, quinolones, and aminoglycosides should
be avoided for the treatment of streptococcal mastitis. Differences in the susceptibility
patterns among various studies could be due to different antimicrobial use in farms or
countries, which could be a consequence of antimicrobial overuse for treating clinical mas-
titis or for growth promotion purposes in dairy herds [14], thus resulting in the inclusion
of drug-resistant bacteria even in raw milk [73].

In the present investigation, conventional PCR allowed the amplification of virulence-
associated genes of S. uberis, namely, sua, skc, cfu, pauA, and opp, each represented by a
single band to their respective base pairs in the corresponding region of the DNA marker.
The detection of genes encoding virulence factors could explain a possible association in
the pathogenesis of mammary infections. The CAMP gene (cfu) is recorded here with a
percentage of 21.73%; nearly similar results have been reported (25%) [74]. However, previ-
ous studies have reported high frequencies of the cfu gene in S. uberis isolates: 76.9% [11],
55.5% [53], and 46.1% [52]. On the contrary, a lower cfu percentage (3.8%) was reported
in a previous research article [7]. The results suggest that this gene might not be the only
gene related to the expression of the CAMP reaction. The opp gene was found in 11.59%
of the examined S. uberis isolates. Previous studies have described a higher percentage of
opp in S. uberis isolates: 64.1% [11] and 22.2% [53]. In contrast, an earlier study reported
that the opp gene could not be amplified from all the strains, suggesting this gene may
not be the only one responsible for the growth of S. uberis in milk [75]. The pauA gene
was found in 40.57% of the examined S. uberis isolates. On the contrary, Ward et al. [76]
reported that expression of pauA is not essential for infection of the mammary gland, as
none of the examined isolates harbored the pauA gene from mastitic cows in an experi-
mental study. In the same way, previous reports [10,11] found the pauA gene in S. uberis
isolates with a higher percentage (94.9% and 61.5%, respectively). The streptokinase gene
(skc) was detected at a percentage of 20.28%. A higher result was recorded by Shome and
coauthors [52], who reported the skc gene in S. uberis strains at an incidence of 100%. The
sua gene was recorded in our research at 42.02%. Nearly similar results were obtained
previously (38.5%) [52]. In contrast, higher rates (97.8% and 83.3%, respectively) have been
previously recorded [10,11].

Quaternary ammonium compounds (QACs) are amongst the most frequently used
disinfectants. They are known to hinder the activity of a broad spectrum of microorganisms.
They can disrupt the microbial cell wall, resulting in the leaking of the cytoplasm out of the
cells [77]. Regrettably, the prevailing usage of QAC-based antiseptics in animal husbandry
may result in bacterial resistance. In this study, QAC resistance genes were examined
in S. uberis isolates. The qacED1 (79.71%) and qacC/D (78.26%) genes were found more
frequently than qacA/B (18.84%). A paucity of data is currently available regarding the
extent of QAC resistance genes in environmental streptococcal mastitis in Egypt. In a
previous study in Egypt, all examined S. uberis isolates from bovine mastitis showed 100%
phenotypic resistance to QACs (TH4; concentration = 0.25%) [78]. However, there are no
Egyptian reports on QAC resistance in S. uberis isolates at the genetic level. The selective
pressure employed by exposure to biocides has been concomitant with increasing resistance
to antimicrobial agents. It has been documented that biocides and antimicrobial agents
may share joint target sites and be situated together in mobile elements, resulting in co-
resistance [79]. In addition, chromosomal efflux pumps may be involved in antimicrobial
and biocide resistance due to their non-specific mechanism [80]. Inconsistent with a
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previous investigation on biocide resistance in Staphylococcus aureus [81], we report a
weak or moderate genetic correlation between the existence of QAC and antimicrobial
resistance genes.

5. Conclusions

The present investigation is the first to look into the virulence attributes and genotypic
resistance to antimicrobials and biocides in S. uberis isolates from bovine clinical mastitis
in Egypt. It adds to our knowledge of the high diversity of S. uberis and its occurrence
in relation to prospective hygienic concerns. The sustained presence of pauA and sua
genes throughout the investigated farms contributes to a better understanding of the
pathogenicity of the bacterium, which provides the need to use such virulence factors
as potential constituents of a vaccine against S. uberis. The co-existence of MDR and
biocide resistance indicates the importance of S. uberis surveillance and the prudent use of
antimicrobials and antiseptics in veterinary clinical medicine to avoid the dissemination
of resistance.
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Simple Summary: Aminoglycosides are used to treat various infections in veterinary and human
medicine. However, with the emergence of high-level aminoglycoside resistance in human and
food-producing animals, the synergism of aminoglycosides with beta-lactam or glycopeptide is
being threatened. Moreover, the environmental mastitis-causing agent, enterococci, has emerged as
a cause of nosocomial infection due to its antimicrobial resistance. Therefore, the purpose of this
study was to investigate the characteristics of high-level aminoglycoside-resistant Enterococcus faecalis
isolated from bulk tank milk in Korea. It showed that 185 (61.5%) isolates out of 301 were high-level
aminoglycoside resistant, while 149 isolates were multidrug resistant.

Abstract: Enterococci, which are considered environmental mastitis-causing pathogens, have easily
acquired aminoglycoside-resistant genes that encode various aminoglycoside-modifying enzymes
(AME). Therefore, this study was conducted to compare the distribution of high-level aminoglycoside-
resistant (HLAR) and multidrug-resistant (MDR) Enterococcus faecalis (E. faecalis) bacteria isolated
from bulk tank milk in four dairy companies in Korea. Moreover, it analyzed the characteristics
of their antimicrobial resistance genes and virulence factors. Among the 301 E. faecalis bacteria
studied, 185 (61.5%) showed HLAR with no significant differences among the dairy companies.
Furthermore, 129 (69.7%) of the 185 HLAR E. faecalis showed MDR without significant differences
among companies. In contrast, HLAR E. faecalis from companies A, B, and C were significantly higher
in resistance to the four classes than those in company D, which had the highest MDR ability against
the three antimicrobial classes (p < 0.05). In addition, in the distribution of AME genes, 72 (38.9%) and
36 (19.5%) of the isolates carried both aac(6′)Ie-aph(2′′)-la and ant(6)-Ia genes, and the ant (6)-Ia gene
alone, respectively, with significant differences among the companies (p < 0.05). In the distribution of
virulence genes, the ace (99.5%), efa A (98.9%), and cad 1 (98.4%) genes were significantly prevalent
(p < 0.05). Thus, our results support that an advanced management program by companies is required
to minimize the dissemination of antimicrobial resistance and virulence factors.

Keywords: high-level aminoglycoside resistance; Enterococcus faecalis; bulk tank milk

1. Introduction

Aminoglycosides are antimicrobials, including gentamicin, streptomycin, and
kanamycin, that inhibit bacterial protein synthesis [1]. In particular, aminoglycosides
are used in the treatment of aerobic Gram-negative bacilli infections, and with broad-
spectrum beta-lactam for severe infections [2]. However, the emergence of resistance to
aminoglycosides has continuously been reported among isolates from humans and food-
producing animals. This resistance has also been associated with exposure to the commonly
used agents [3,4].

Enterococci have increasingly emerged as a cause of serious nosocomial infection
in humans and have also been considered environmental mastitis-causing pathogens in
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veterinary medicine [5,6]. Although synergic combinations of penicillin or a glycopeptide
with an aminoglycoside have been used for treating such infections, enterococci have easily
acquired aminoglycoside-resistant genes that encode various aminoglycoside-modifying
enzymes (AME). These acquired genes cause high resistance to aminoglycosides [7]. In
particular, high-level resistance to aminoglycosides can abolish the synergic effect between
commercially available aminoglycosides and cell-wall active agents, such as beta-lactams
or glycopeptides [8].

Although high-level aminoglycoside-resistant (HLAR) enterococci were first reported
in the 1980s in humans [9], and have been described in several studies investigating
antimicrobial resistance profiles in raw milk or dairy products worldwide [10,11], there
have been no comprehensive surveys to date on the characteristics of HLAR enterococci
obtained from raw milk or dairy products in Korea. Hence, this study was conducted to
compare the distribution of HLAR and multidrug-resistant (MDR) Enterococcus faecalis (E.
faecalis) isolated from bulk tank milk in four major dairy companies in Korea. Moreover, it
analyzed the characteristics of the antimicrobial resistance genes and virulence factors of
the bacterial strains of interest.

2. Materials and Methods

2.1. Bacterial Isolation

A total of 1584 batches of bulk tank milk samples from 395 farms belonging to four
dairy companies in Korea were collected twice during the summer and winter each (July–
December 2019). Then, 50 mL of milk samples were aseptically collected from each bulk
sample and sent to the laboratory at 4 ◦C. For the isolation and identification of E. faecalis,
1 mL of the milk sample was cultured in 9 mL buffered peptone water (BPW; BD Biosciences,
San Jose, CA, USA); the pre-enriched BPW was then mixed with an Enterococcosel broth
(BD Biosciences) at a 1:10 ratio, and incubated at 37 ◦C for 18–24 h. Furthermore, each
medium was streaked onto an Enterococcosel agar (BD Biosciences), and confirmation of
E. faecalis was performed using PCR, as described previously [12]. Among the isolates
showing the same antimicrobial susceptibility patterns from the same origin, only one
isolate was chosen for this study. As a result, E. faecalis isolates were tested.

2.2. Antimicrobial Susceptibility Testing

According to the guidelines of the Clinical and Laboratory Standards Institute (CLSI,
2019) [13], the disk diffusion method was performed for all E. faecalis isolates against 11
antimicrobial agents (BD Bioscience, Sparks, MD, USA). These 11 antimicrobial agents are:
ampicillin (AM, 10 μg), chloramphenicol (C, 30 μg), ciprofloxacin (CIP, 5 μg), doxycycline
(DOX, 30 μg), erythromycin (E, 15 μg), high-level gentamicin (G, 120 μg), penicillin (P,
10 units), rifampin (RA, 5 μg), high-level streptomycin (S, 300 μg), tetracycline (TE, 30 μg),
and vancomycin (VA, 30 μg). MDR was defined as acquired resistance to at least one agent
of the three or more antimicrobial classes [14].

2.3. Detection of HLAR Enterococci

The standard agar dilution method conducted on brain heart infusion agar was used to
determine the minimum inhibitory concentration values for G and S, with a concentration
range of 256–2048 μg/mL (serial 2-fold dilutions). Moreover, breakpoints for high-level
G and S were set at ≥500 and ≥2000 μg/mL, respectively, following the CLSI guidelines
(CLSI, 2019) [13].

2.4. Detection of Antimicrobial Resistance and Virulence Genes

The presence of genes conferring resistance to aminoglycosides (aac (6′′)Ie-aph(2′′)-la,
ant (6)-Ia, aph(2′′)-Ic, and aph (2′′)-Id), macrolide (erm A, erm B, and mef ), oxazolidinone (optr
A and poxt A), phenicols (cat A, cat B, cfr, and fex A), and tetracyclines (tet L, tet M, and tet O)
were investigated using PCR, as described previously [15–21]. Genes encoding virulence
factors such as collagen-binding protein (ace), aggregation substance (asa 1), pheromone
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cAD1 precursor lipoprotein (cad 1), cytolysin (cyl A activator), E. faecalis endocarditis antigen
(efa A), enterococcal surface protein (esp), and gelatinase (gel E) were also detected, as
described previously [22,23]. The primers used in this study are presented in Table 1.

Table 1. Primer sequences used for this study.

Locus Target Gene Sequence (5′-3′) Size (pb) Reference

Aminoglycoside-
modifying
enzymes

aac(6′′)Ie-aph(2′′)-1la
F: CAGAGCCTTGGGAAGATGAAG

348 [17]R: CCTCGTGTAATTCATGTTCTGGC

ant(6)-Ia
F: ACTGGCTTAATCAATTTGGG

597 [15]R: GCCTTTCCGCCACCTCACCG

aph(2′′)-Ic F: CCACAATGATAATGACTCAGTTCCC
444 [17]R: CCACAGCTTCCGATAGCAAGAG

aph(2′′)-Id F: GTGGTTTTTACAGGAATGCCATC
641 [17]R: CCCTCTTCATACCAATCCATATAACC

Macrolide resistance

ermA
F: TAACATCAGTACGGATATTG

200 [19]R: AGTCTACACTTGGCTTAGG

ermB
F: CCGAACACTAGGGTTGCTC

139 [19]R: ATCTGGAACATCTGTGGTATG

mef F: AGTATCATTAATCACTAGTGC
348 [19]R: TTCTTCTGGTACTAAAAGTGG

Oxazolidinone
resistance

optrA F: AGGTGGTCAGCGAACTAA
1395 [20]R: ATCAACTGTTCCCATTCA

poxtA F: TCCACAAAGGATGGGTTATG
1336 [22]R: ATGCCCGTATTGGTTATCTC

Phenicol resistance

catA
F: GGATATGAAATTTATCCCTC

486 [21]R: CAATCATCTACCCTATGAAT

catB
F: TGAACACCTGGAACCGCAGAG

482 [21]R: GCCATAGTAAACACCGGAGCA

cfr F: TGAAGTATAAAGCAGGTTGGGAGTCA
746 [18]R: ACCATATAATTGACCACAAGCAGC

fexA F: GTACTTGTAGGTGCAATTACGGCTGA
1272 [18]R: CGCATCTGAGTAGGACATAGCGTC

Tetracycline resistance

tetL
F: ATAAATTGTTTCGGGTCGGTAAT

1077 [16]R: AACCAGCCAACTAATGACAATGAT

tetM
F: GTTAAATAGTGTTCTTGGAG

657 [16]R: CTAAGATATGGCTCTAACAA

tetO
F: CAATATCACCAGAGCAGGCT

614 [16]R: TCC CAC TGT TCC ATA TCG TCA

Virulence gene

ace F: GGAATGACCGAGAACGATGGC
616 [23]R: GCTTGATGTTGGCCTGCTTCCG

asa1
F: CACGCTATTACGAACTATGA

375 [23]R: TAAGAAAGAACATCACCACGA

cad1
F: TTCCAA AACTACGCACAACA

423 [24]R: CTTTTTCAGCAGCATTCACTAATT

cylA F: GACTCGGGGATTGATAGGC
688 [23]R: GCTGCTAAAGCTGCGCTTAC

efaA F: CGTGAGAAAGAAATGGAGGA
499 [23]R: CTACTAACACGTCACGAATG

esp F: AGATTTCATCTTTGATTCTTG
510 [23]R: AATTGATTCTTTAGCATCTGG

gelE F: TATGACAATGCTTTTTGGGAT
213 [23]R: AGATGCACCCGAAATAATATA

2.5. Statistical Analysis

The Statistical Package for Social Science version 25 (IBM SPSS Statistics for Windows,
Armonk, NY, USA) was used for statistical analysis. Further, Pearson’s chi-square test
and Fisher’s exact test with Bonferroni correction were used to compare the prevalence of
isolates between companies [25]. A p value < 0.05 was considered statistically significant.
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3. Results

3.1. Prevalence of MDR and HLAR E. faecalis

The distribution of MDR and HLAR in E. faecalis from the bulk tank milk of four dairy
companies is presented in Table 2. Among the 301 E. faecalis isolates studied, 149 (49.5%)
and 185 (61.5%) showed MDR and HLAR, respectively. Moreover, although company
D showed the highest prevalence of E. faecalis, the prevalence of MDR E. faecalis was
significantly higher in isolates from company A (61.5%) (p < 0.05). However, the prevalence
of HLAR E. faecalis showed no significant difference among the four dairy companies.

Table 2. Distribution of multidrug-resistant and high-level aminoglycoside-resistant Enterococcus
faecalis isolates from the bulk tank milk of four dairy companies.

Company
(No. of Farms)

No. of E. faecalis No. of MDR 1 (%) No. of HLAR 2 (%)

A (106) 52 37 (71.2) a 36 (69.2)
B (47) 39 20 (51.3) a,b 28 (71.8)

C (120) 86 41 (47.7) b 54 (62.8)
D (122) 124 51 (41.1) b 67 (54.0)

Total (395) 301 149 (49.5) 185 (61.5)
Bulk tank milk samples were collected in summer and winter from each farm. a,b Values in a column without
the same subscript letter differ significantly (p < 0.05). 1 MDR: multidrug resistance. 2 HLAR: high-level
aminoglycoside resistance.

3.2. Antimicrobial Resistance of HLAR E. faecalis

The distribution of resistance against nine antimicrobial agents of 185 HLAR E. faecalis
is presented in Table 3. The results showed that the significantly highest resistance was
against TE (93.5%), followed by E (71.9%), then DOX (70.8%). In particular, resistance to
DOX also showed significant differences among the dairy companies (p < 0.05). However,
resistance to AM, CIP, P, RA, and VA was only 0% to 5.9%.

Table 3. Antimicrobial resistance of 185 high-level aminoglycoside-resistant Enterococcus faecalis
isolates from the bulk tank milk of four dairy companies.

No. (%) of Antimicrobial-Resistant HLAR E. faecalis by Company

Antimicrobials A (n = 36) * B (n = 28) C (n = 54) D (n = 67)
Total

(n = 185)

Ampicillin 0 (0.0) 1 (3.6) 0 (0.0) 1 (1.5) 2 (1.1) A,B

Chloramphenicol 27 (75.0) a 14 (50.0) a,b 19 (35.2) b,c 15 (22.4) c 75 (40.5) C

Ciprofloxacin 0 (0.0) 0 (0.0) 2 (3.7) 0 (0.0) 2 (1.1) A,B

Doxycycline 24 (66.7) a,b 20 (71.4) a,b 31 (57.4) b 56 (83.6) a 131(70.8) D

Erythromycin 30 (83.3) 18 (64.3) 43 (79.6) 42 (62.7) 133 (71.9) D

Penicillin 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) B

Rifampin 4 (11.1) 0 (0.0) 5 (9.3) 2 (3.0) 11 (5.9) A

Tetracycline 33 (91.7) 25 (89.3) 50 (92.6) 65 (97.0) 173 (93.5) E

Vancomycin 0 (0.0) 1 (3.6) 0 (0.0) 0 (0.0) 1 (0.5) A,B

* n = No. of high-level aminoglycoside-resistant Enterococcus faecalis isolated from bulk tank milk by company.
Values with different subscript letters (a–c) represent significant differences among farms, while superscript letters
(A–E) represent the total significant difference (p < 0.05).

3.3. Distribution of MDR Patterns

The distribution of MDR isolates among 185 HLAR E. faecalis is presented in Figure 1.
Although the prevalence of MDR (129 isolates, 69.7%) in HLAR E. faecalis showed no
significant differences among the dairy companies, HLAR E. faecalis from company A
showed the highest MDR (80.6%), followed by company D (73.2%), C (62.9%), and B
(60.7%), respectively. Likewise, all MDR isolates showed resistance against three to five
antimicrobial classes. In particular, HLAR E. faecalis from companies A, B, and C were
significantly higher in resistance against the four classes than company D, which showed
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the highest MDR against only three of the antimicrobial classes (p < 0.05). Furthermore,
MDR to five classes was observed only in HLAR E. faecalis from companies A (5.6%) and C
(3.7%).

Figure 1. Distribution of multidrug resistance of 185 high-level aminoglycoside-resistant Enterococcus
faecalis isolated from the bulk tank milk of four dairy companies. Values without the same subscript
letter (a,b) differ significantly (p < 0.05).

3.4. Distribution of Antimicrobial Resistance Genes

The distributions of resistance genes in 185 HLAR E. faecalis are presented in Table 4.
In the distribution of AME genes, 72 (38.9%) and 36 (19.5%) isolates, respectively, expressed
both aac (6′)Ie-aph(2′′)-la and ant (6)-Ia genes, and the ant (6)-Ia gene alone, with significant
differences among the dairy companies (p < 0.05). Likewise, for the E resistance genes, the
erm B gene (71.4%) among the three genes had the highest prevalence (p < 0.05), although
no significant difference among the dairy companies was observed. Moreover, in the
tetracycline resistance genes, the prevalence of both tet M and tet L genes (46.5%), as well
as the tet M gene (36.3%) alone, had the highest prevalence with significant differences
among the studied dairy companies (p < 0.05). Furthermore, the cat A and cfr genes related
to resistance to C were observed among 27 (14.6%) and two (1.1%) isolates, respectively. In
contrast, the optr A and poxt A genes related to resistance to linezolid were observed only
in two (1.1%) isolates and one (0.5%) isolate, respectively.
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Table 4. Distribution of antimicrobial resistance genes of 185 high-level aminoglycoside-resistant
Enterococcus faecalis from the bulk tank milk of four dairy companies.

Genes

No. (%) of Isolates with Antimicrobial Resistance Gene(s) by
Company

A
(n = 36) *

B
(n = 28)

C
(n = 54)

D
(n = 67)

Total
(n = 185)

Aminoglycoside-
modifying
enzymes

aac(6′)Ie-aph(2′′)-la 2 (5.6) 1 (3.6) 6 (11.1) 4 (6.0) 13 (7.0) A

ant(6)-Ia 8 (22.2) a,b 10 (35.7) b 13 (24.1) a,b 5 (7.5) a 36 (19.5) B

aph(2′′)-Ic 0 (0.0) 1 (3.6) 1 (1.9) 0 (0.0) 2 (1.1) A,C

aph(2′′)-Id 1 (2.8) 2 (7.1) 2 (3.7) 8 (11.9) 13 (7.0) A

aac(6′′)Ie-aph(2′′)-la,
ant(6)-Ia 12 (33.3) a,b 6 (21.4) b 18 (33.3) a,b 36 (53.7) a 72 (38.9) D

aac(6′′)Ie-aph(2′′)-la,
aph(2′′)-Id 0 (0.0) 0 (0.0) 1 (1.9) 0 (0.0) 1 (0.5) C

aph(2′′)-Ic, aph(2′′)-Id 0 (0.0) 0 (0.0) 1 (1.9) 0 (0.0) 1 (0.5) C

aph(2′′)-Ic, ant(6)-Ia 1 (2.8) 0 (0.0) 1 (1.9) 1 (1.5) 3 (1.6) A,C

aph(2′′)-Id, ant(6)-Ia 1 (2.8) 3 (10.7) 5 (9.3) 3 (4.5) 12 (6.5) A,C

aph(2′′)-Ic, aph(2′′)-Id,
ant(6)-Ia 0 (0.0) 0 (0.0) 1 (1.9) 0 (0.0) 1 (0.5) C

Macrolides
ermA 0 (0.0) 1 (3.6) 0 (0.0) 0 (0.0) 1 (0.5) A

ermB 29 (80.6) 18 (64.3) 43 (79.6) 42 (62.7) 132 (71.4) B

mef 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) A

Oxazolidinones
optrA 0 (0.0) 1 (3.6) 0 (0.0) 1 (1.5) 2 (1.1) A

poxtA 0 (0.0) 0 (0.0) 1 (1.9) 0 (0.0) 1 (0.5) A

Phenicols
catA 11 (30.6) a 3 (10.7) a,b 8 (14.8) a,b 5 (7.5) b 27 (14.6) B

catB 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) A

cfr 2 (5.6) 0 (0.0) 0 (0.0) 0 (0.0) 2 (1.1) A

fexA 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) A

Tetracyclines
tetL 0 (0.0) 1 (3.6) 3 (5.6) 2 (3.0) 6 (3.2) A

tetM 19 (52.8) a 3 (10.7) b 30 (55.6) a 15 (22.4) b 67 (36.2) B

tetO 0 (0.0) 2 (7.1) 0 (0.0) 0 (0.0) 2 (1.1) A

tetM + tetL 11 (30.6) a 15 (53.6) a,b 16 (29.6) a 44 (65.7) b 86 (46.5) B

* n = No. of high-level aminoglycoside-resistant Enterococcus faecalis isolated from bulk tank milk by company.
Values with different subscript letters (a,b) represent significant differences among farms, while superscript letters
(A–D) represent the total significant difference (p < 0.05).

3.5. Distribution of Virulence Genes

The distributions of virulence genes in 185 HLAR E. faecalis are presented in Table 5.
The ace (99.5%), efa A (98.9%), and cad 1 (98.4%) genes were the prevalent genes (p < 0.05),
followed by the gel E (85.9%), asa 1 (61.6%), esp (12.4%), and cyl A (6.5%) genes. However,
significant differences among the dairy companies were observed in efa A, cyl A, and gel E
genes (p < 0.05).
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Table 5. Distribution of virulence genes of 185 high-level aminoglycoside-resistant Enterococcus
faecalis isolated from the bulk tank milk of four dairy companies.

Genes

No. (%) of Isolates with Virulence Gene(s) by Company

A
(n = 36)

B
(n = 28)

C
(n = 54)

D
(n = 67)

Total
(n = 185)

ace 36 (100) 27 (96.4) 54 (100) 67 (100) 184 (99.5) A

asa1 24 (66.7) 17 (60.7) 28 (51.9) 45 (67.2) 114 (61.6) B

cad1 36 (100) 28 (100) 53 (98.1) 65 (97.0) 182 (98.4) A

cylA 5 (13.9) a 2 (7.1) a,b 5 (9.3) a,b 0 (0) b 12 (6.5) C

efaA 36 (100) a 26 (92.9) b 54 (100) a 67 (100) a 183 (98.9) A

esp 4 (11.1) 4 (14.3) 11 (20.4) 4 (6.0) 23 (12.4) C

gelE 31 (86.1) a,b 23 (82.1) a,b 40 (74.1) b 65 (97.0) a 159 (85.9) D

Values with different subscript letters (a,b) represent significant differences among farms, while superscript letters
(A–D) represent the total significant difference (p < 0.05).

4. Discussion

In Korea, five major dairy companies produce 84% of the total milk and dairy products
consumed. Confinement housing is used to run most of the farms, which is a primary
management system of dairy production [26]. Washburn et al., (2002) [27] reported that
confined cows had 1.8 times more clinical mastitis compared with cows on pasture. There-
fore, various antimicrobials have been used for treating mastitis every year in Korea [28].
In particular, aminoglycosides, which are used along with cell-wall active agents, are
effective for treating serious enterococcus infection [29]. However, enterococci showing
high resistance to aminoglycosides has been reported continuously in food-producing
animals [30–32]. In this study, 61.5% of the 301 E. faecalis isolates from bulk tank milk
were HLAR, although no significant difference among the four companies was shown.
Chajęcka-Wierzchowska et al., (2020) [10] reported that 30.2% of the ready-to-eat dairy
products in Poland showed HLAR to enterococci. Özdemir and Tuncer (2020) [33] also
reported that 59 HLAR enterococci were observed in 100 samples of milk and dairy in
Turkey. Furthermore, the high prevalence of HLAR enterococci in Korea compared with
that in Poland and Turkey is indirect proof of the consistent use of aminoglycosides to treat
bacterial infection in Korea.

Interestingly, 69.7% of the HLAR isolates showed MDR in this study. Hegstad et al.
(2010) [34] reported that enterococci have a common feature of easily transferring DNA via
plasmid or transposons encoding resistance genes. Therefore, the capacity of transference
to other bacteria by these plasmids or transposons leads to the spread of various resistance
strains, which ultimately results in MDR. The distribution of MDR patterns in HLAR E.
faecalis showed significant differences among the companies in this study. Likewise, HLAR
E. faecalis from companies A, B, and C showed the highest prevalence in MDR against the
four classes. In contrast, isolates from company D showed the highest prevalence in the
three classes. MDR of five classes was observed only in HLAR E. faecalis from companies A
and C. These results suggest that the critical point for reducing the emergence of resistant
bacteria is the management of which and how dairy companies use antimicrobials.

Hollenbeck and Rice (2012) [35] reported that all enterococci possess intrinsic low-
level resistance to all aminoglycosides by limiting the uptake of drugs, and this resistance
originated from their facultative anaerobic metabolism. However, genes encoding diverse
AME acquire high-level resistance to aminoglycosides of enterococci. Thus, it eliminates
the synergism of aminoglycosides with cell-wall synthesis interfering agents, such as β-
lactams [36–38]. In this study, the combination of both aac (6′)Ie-aph(2′′)-la and ant (6)-Ia
genes was significantly prevalent (p < 0.05). The ant (6)-Ia gene is responsible for encoding
the ANT (O-adenyltransferase) enzyme that the catalyzes ATP-dependent adenylation of
a hydroxyl group, and grant resistance to streptomycin without cross-resistance to other
aminoglycosides [39]. In contrast, aac (6′)Ie-aph(2′′)-la encodes the bifunctional enzymes
AAC (N-Acetyltransferase) and APH (O-Phosphotransferase), which are responsible for
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resistance to all types of aminoglycosides, except streptomycin and spectinomycin [40].
Therefore, the high prevalence of HLAR in this study can be related to the distribution of
these genes.

In this study, HLAR E. faecalis showed the highest resistance to TE (93.5%), followed
by E (71.9%). The most prevalent of the different types of antimicrobial resistance genes
were tet M (82.7%), including a combination of tet M and tet L, which is related to resistance
to tetracyclines, and erm B (71.4%), which has shown resistance to macrolides. Although
the high distribution of these genes has been continuously reported in enterococci isolated
from humans and food-producing animals [41,42], it is important that the erm B and tet (M)
genes can also be transferred easily by conjugative transposons, such as the Tn916/1545 and
Tn5397 families [43]. Therefore, the horizontal transfer of these genes in enterococci should
be continuously monitored in the future. In Korea, tetracyclines as feed additives have
been banned since 2009, but a large amount of chlortetracycline calcium, chlortetracycline
HCL, oxytetracycline dehydrate, and oxytetracycline HCL have still been used for treating
mastitis [44]. Furthermore, E is rarely used in the dairy industry [25,44], but resistance
to E is linked to the use of tylosin, which is a macrolide, and is used widely for treating
streptococcal mastitis [45]. Therefore, our results support that acquiring resistance genes in
food-producing animals was induced by the use of antimicrobials, which also contribute to
the burden of growing antimicrobial resistance in humans.

Furthermore, due to the acquisition of virulence genes being directly related to the
capability of bacteria to cause illness [46], monitoring virulence genes of enterococci is
crucial regarding the public health concerns of dairy products. In this study, HLAR
E. faecalis showed a high prevalence of genes such as ace (99.5%), efa A (98.9%), cad 1
(98.4%), gel E (85.9%), and asa 1 (61.6%). This result was in accordance with the high
prevalence of virulence genes of E. faecalis from buffalo milk in Brazil [47] and E. faecalis from
dairy products in Egypt [48]. Although the presence of virulence genes does not increase
pathogenicity, virulence factors promote tissue colonization in the hosts. Moreover, the
combination of antimicrobial resistance genes and virulence factors in enterococci, which
are potential opportunistic pathogens regarding clinical or subclinical mastitis, could be a
public health problem. Thus, in this study, the phenotypic and genotypic characteristics of
HLAR E. faecalis showed significant differences among the dairy companies. However, an
advanced management protocol by companies is warranted to minimize the dissemination
of antimicrobial resistance and virulence factors.

5. Conclusions

In this comprehensive research on HLAR, E. faecalis isolated from the bulk tank milk of
four dairy companies in Korea, the distribution of antimicrobial resistance in these bacteria
and the genetic characteristics of HLAR E. faecalis showed a significant difference among
the companies. Therefore, our results suggest that advanced management programs by
companies are warranted to minimize the emergence of antimicrobial-resistant bacteria
and to reduce the dissemination of these resistance genes and virulence factors.
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Simple Summary: The objectives of this study were to determine the prevalence of multidrug
resistance phenotypes and the distribution of Escherichia coli among poultry and pigs. Laboratory
procedures were conducted according to standard operating procedures and international guidelines.
Our findings showed that poultry and pigs reared in Mwanza, Tanzania, are colonized with resistant
bacterial phenotypes. Further, different populations of intestinal flora, E. coli, exist between poultry
and pigs.

Abstract: Increasing antimicrobial resistance (AMR) colonizing domesticated animals is a global
concern threatening food safety. This study aimed at determining the prevalence of multidrug
resistance (MDR) and epidemiological cut-off values (ECVs) of E. coli isolated from poultry and pigs
in Mwanza, Tanzania. This cross-sectional study was conducted between June and August 2021,
involving 297 pigs, 191 broilers, and 203 layers. Rectal and cloacal swabs were collected and processed
following standard guidelines. ECVs were determined using normalized resistance interpretation
(NRI), a computer software, and descriptive analysis was performed using STATA version 13.0. The
overall prevalence of MDR E. coli was 63.2%, whereas poultry (87.5% layers and 86.3% broilers) were
more colonized than pigs (31.8%) (p < 0.001). Based on ECVs of antibiotics tested, E. coli from broilers,
layers, and pigs exhibited different resistance patterns hence different populations. Exotic breed
(p < 0.001) and recent antimicrobial use (p < 0.001) significantly predicted colonization with MDR
E. coli. Veterinary officers should implement regulations that prohibit the inappropriate use of
antimicrobial agents in livestock keeping.

Keywords: antimicrobial resistance; epidemiological cut-off values; Escherichia coli; poultry; pigs

1. Introduction

The use of antimicrobials in livestock to maintain health and promote production is
increasing [1], resulting in antimicrobial selection pressure leading to the proliferation of
antibiotic-resistant bacteria [2]. Generally, the use of antimicrobials in animals is reported
higher in poultry and pigs than in cattle, threatening the safe consumption of poultry and
pork and increasing environmental contamination with MDR bacterial strains [1]. Moreover,
MDR strains may be transmitted to humans directly via contact with live animals or manure
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and indirectly via the consumption of contaminated animal products [3,4]. This may result
in humans being colonized by multidrug-resistant (MDR) bacteria and subsequently MDR
bacterial infections [3].

The increasing unregulated use of antimicrobials in livestock production, particularly
in Tanzania, lacks AMR data to create evidence-based standard treatment guidelines for
animals [5–7]. In Africa, including Tanzania, studies have documented antimicrobials
use among domesticated animals ranging from 77% to 100%, whereas carriage of MDR
producing bacteria, particularly Gram-negative bacteria were found to range from 20% to
100% [8,9]. The proportion of MDR strains among E. coli isolated from poultry and pigs was
55.2% and 44.8%, respectively, along the Msimbazi basin in Dar es Salaam, Tanzania [10].
However, human antimicrobial susceptibility testing disks and guidelines for interpretation
of zones of inhibition used among animal surveillances lack veterinary breakpoints. This
practice could over and/or under-report the burden of MDR in livestock [11].

In Mwanza, Tanzania, the prevalence of extended-spectrum β-lactamase (ESBL)
among companion and domesticated farm animals was 21.7%. ESBL E. coli (93.3%) was
predominantly isolated, and pigs were more colonized (33.1%) than other animals [8].
Despite the availability of this information, the prevalence and patterns of MDR Gram-
negative bacteria (GNB), notably E. coli, is not clearly known as the previous study from
the same setting used selective culture media to screen for ESBL producing GNB. The
lack of this information may underestimate strategic efforts to prevent the emergence and
spreading of MDR bacterial strains among livestock, humans, and environments. There-
fore, we designed this study to investigate the prevalence and patterns of MDR E. coli
and establish epidemiological cut-off values (ECVs) of E. coli colonizing poultry and pigs
reared in Mwanza, Tanzania. The information from this study will not only facilitate the
review of empirical treatment guidelines but also necessitate the implementation of MDR
control and preventive measures among poultry and pigs reared in Mwanza, Tanzania.
E. coli is frequently used as indicator bacteria to monitor trends of antimicrobial resistance
(AMR) because it can easily acquire and preserve antibiotics resistance genes from other
organisms in the environment and animal populations [12–14]. E. coli is also considered
a good indicator of the selective pressure imposed by antimicrobial use (AMU) in food
animals [12,15,16].

2. Material and Methods

2.1. Ethical Approval

Ethical approval for this study was obtained from the joint CUHAS/BMC research
ethics and review committee with certificate number CREC/474/2021. Permission to
conduct this study was requested from Livestock and Fisheries authorities. Livestock
keepers (farmers) were requested to sign permission forms before sample collection. Unique
identification laboratory numbers were used throughout the study.

2.2. Study Design, Population Setting, and Duration

This cross-sectional study was conducted between June and August 2021 among
domesticated poultry and pigs reared in 16 wards located in 3 districts in Mwanza, Tanzania,
namely, Nyamagana (Nyegezi, Buhongwa, Igoma, Busenga, Kilimahewa, Lumala, Mahina
alliance, Malimbe, Mkolani, Nyamongolo, and Mabatini), Ilemela (Buswelu, Kiseke PPF,
Nyamanoro, and Pasiansi), and Misungwi (Nyashishi).

2.3. Animals and Farms Selection

Pigs and poultry farms were systematically selected from a list provided by the
livestock officers within the study area. Pig farms with pigs aged ≥ 20 weeks and poultry
farms with ≥100 poultry were selected. A total of 29 farms (9-pig farms, 9-broiler farms, and
11-layer farms) were visited and enrolled in this study. Poultry farms were selected based
on the number of flocks, and 5% of poultry ready to enter the food chain (aged ≥ 12 weeks)
in each selected farm were identified for sampling.
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For pigs, 10% of pigs per pig pen ready to enter the food chain (aged ≥ 20 weeks) in
each selected farm were randomly identified and sampled. In all 9 farms, a total of 628 pigs
were reared, and sampled pigs in each farm totaled: 1st farm 20 pigs, 2nd farm 31 pigs, 3rd
farm 28 pigs, 4th farm 41 pigs, 5th farm 33 pigs, 6th farm 45 pigs, 7th farm 49 pigs, 8th farm
31 pigs, and 9th farm 19 pigs, a total of 297 pigs.

2.4. Sample Collection and Transportation

Fecal samples from the rectum (pigs) or cloaca (chicken) were collected using a sterile
cotton swab. Briefly, a sterile swab was gently inserted into the cloaca/rectum and rotated
to ensure sufficient sample was collected. Samples were transported to the Microbiology
laboratory of the Catholic University of Health and Allied Sciences (CUHAS; Mwanza,
Tanzania) in Stuart transport media in a clean, cool box within 8 h following collection.

2.5. Laboratory Procedure
2.5.1. Isolation of E. coli

Swab samples were directly inoculated onto plain MacConkey agar (MCA; HiMedia,
India followed by aerobic incubation at 37 ◦C for 18–24 h. After incubation, in the case
of mixed growth, a single colony resembling E. coli among morphological predominant
similar colonies (deep pinkish, round, mid-sized, and flat) was selected for the purity-plate,
its sub-culture onto another plain MCA plate, which was incubated aerobically at 37 ◦C
for 16–20 h, as reported previously [8,10]. Pure growth of presumptive E. coli was further
identified by in-house prepared biochemical identification tests to species level.

2.5.2. Physiological and Biochemical Identification of E. coli

The presumptive isolates of E. coli were preliminarily identified by using conventional
in-house prepared physiological and biochemical identification tests, including lactose
fermentation, production of CO2 from sugar fermentation, and sulfur production by triple
sugar iron (TSI) agar; sulfur production, indole production, and motility by sulfur-indole-
motility (SIM) medium; utilization of sodium citrate as the sole source of carbohydrate by
Simmons citrate; and urease production by Christensen’s urea agar. Identification tests
were interpreted as reported previously [17]. Identified isolates of E. coli were subjected to
antibiotic susceptibility testing (AST) and phenotypic confirmation of ESBL production.

2.5.3. Antibiotics Susceptibility Testing (AST)

All E. coli isolates were tested for antibiotics susceptibility by using the disk diffusion
method as reported by Kirby-Bauer [18]. Briefly, isolates were suspended in sterile 0.85%
normal saline and adjusted to 0.5 McFarland standard solution. Then, MHA plates were
inoculated, and antibiotic disks were seeded within 15 min after inoculation of MHA plates.
MHA plates were incubated aerobically at 37 ◦C for 16–18 h. The interpretations of zones
of inhibitions were performed as recommended by the CLSI 29th Edition guidelines [19].
All E. coli that showed intermediate susceptibility to the antibiotics tested were regarded
as resistant to such particular antibiotics. Antibiotics tested included ciprofloxacin (CIP
5 μg; HiMedia, Mumbai, India), ampicillin (AMP 10 μg; HiMedia, India), tetracycline (TE
30 μg; HiMedia, India), meropenem (MEM 10 μg; HiMedia, India), ceftazidime (CAZ 30 μg;
HiMedia, India), gentamicin (CN 10 μg; HiMedia, India), cefepime (FEP 30 μg; HiMedia,
India), and trimethoprim-sulfamethoxazole (SXT 25 μg; HiMedia, India).

2.5.4. Screening and Phenotypic Confirmation of ESBL Production

Isolates from plain MCA were sub-cultured on MCA plates which were supplemented
with cefotaxime 2 μg/mL (MCA-C) for the screening of ESBL producing E. coli (ESBL-EC)
as documented previously [20]. Plates were incubated aerobically at 37 ◦C for 18–24 h. All
isolates grown on MCA-C were further confirmed for ESBL production using the pheno-
typic method, a combination disc method recommended by the Clinical and Laboratory
Standards Institute (CLSI) 29th Edition guidelines [19]. Briefly, bacterial suspensions in
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sterile normal saline equivalent to 0.5 McFarland standard solution were prepared and in-
oculated on the entire surfaces of Mueller Hinton agar (MHA; HiMedia, India). Then, disks
of ceftazidime 30 μg (CAZ 30 μg; HiMedia, India) with and without clavulanic acid 10 μg
(CAZ/CA 30/10 μg; HiMedia, India) were seeded on inoculated MHA plates and incubated
aerobically at 37 ◦C for 16–18 h. Isolate exhibiting a difference of ≥5 mm zone of inhibition
between CAZ 30 μg and CAZ/CA 30/10 μg were phenotypically confirmed as ESBL-EC.

2.5.5. Quality Control

E. coli ATCC 25,922 and E. coli ATCC 35,218 were used as control strains to control the
performance of culture media, incubation conditions, and antibiotic disks.

2.6. Data Management and Analysis

Data were entered into Microsoft Excel for cleaning and coding, then into STATA
version 13.0 for analysis and NRI computer software, where calculations were performed
to define wild type populations by establishing ECVs. All isolates that showed resis-
tance to one or more antibiotic agents in at least three classes were considered multidrug-
resistant (MDR) strains. Continuous data were presented as mean (±standard deviation:
SD)/median (interquartile range: IQR), whereby categorical data were presented as per-
centages. Chi square analysis was used to show the association between outcome (i.e., MDR
colonization) and variables (i.e., antimicrobial exposure, breed of livestock, and species).
A p-value of <0.05 was considered statistically significant. Epidemiological cut-off values
were determined by computer software called Normalized resistance interpretation (NRI;
Bioscand AB, Täby, Sweden, International Patent Application WO 02/083935 A1). This
method analyzes inhibition zone diameters produced from the disk diffusion technique of
antimicrobial susceptibility testing. The NRI software produced a histogram that showed
the ECVs and distribution of wild type (sensitive isolates) and non-wild type (resistant
isolates) bacteria and the number of SD from the mean [21,22]. In some circumstances
where the obtained ECVs were very low, i.e., a zero or negative number, due to the high
resistance of E. coli to a particular antibiotic, mean was used as a tentative ECV estimate as
reported elsewhere [11,23].

3. Results

3.1. Characteristics of and Antimicrobials Use among Livestock Enrolled in the Study

A total of 691 livestock, including 27.6% (191/691) broilers, 29.4% (203/691) layers, and
42.9% (297/691) pigs, were sampled from 29 livestock keepers. The majority of livestock
were exotic—71.4% (493/691). The recent date of antimicrobial use (AMU) was not known
62.8% (434/691); however, the majority of livestock were administered antimicrobials
for therapeutic reasons 86.4% (597/691). About 41.1% (284/691) of livestock were on
antimicrobials prescribed by a Veterinary officer (Table 1)
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Table 1. Characteristics and AMU of livestock.

Variables Frequency (n) Percentage (%)

Livestock
Broiler 191 27.6
Layers 203 29.4

Pigs 297 42.9

Breed Exotic 493 71.4
Local 198 28.7

Recent antimicrobial date

2 months ago 48 6.9
1 month ago 30 4.3
2 weeks ago 100 14.5
1 week ago 79 11.4
Not known 434 62.8

Purpose of antimicrobial use Prophylaxis and Therapeutic 94 13.6
Therapeutic 597 86.4

Antimicrobial prescription

Agro vet shop/Vet shop 60 8.7
Another farmer 45 6.5

Myself/family member 142 20.6
Paraveterinarian 115 16.6

Paraveterinarian/Vet shop 25 3.6
Veterinary officer 284 41.1

Vet officer/myself/family member 20 2.9

3.2. Commonly Used Classes of Antibiotics among Livestock Enrolled in this Study

It was observed from this study that antibiotic agents such as tetracycline, sulfon-
amides, and quinolones were commonly used in poultry keeping. However, in pigs,
antibiotic agents in tetracycline and sulfonamides were common, although classes of
quinolones, macrolides, and aminoglycosides were not reported to be used in pigs in this
study (Table 2).

Table 2. Antimicrobial classes commonly used in livestock keeping.

Antimicrobial Class

Poultry Pigs

Frequency
(n)

Percentage
(%)

Frequency
(n)

Percentage
(%)

Tetracycline, sulfonamides 121 30.72 161 54.2
Tetracycline, quinolones 202 51.29

Tetracycline, sulfonamides, macrolides 20 5.08 - -
Tetracycline, macrolides 10 2.54 - -

Tetracycline, aminoglycosides 21 5.33 - -
Quinolones, aminoglycosides 20 5.08 - -

Not known - - 136 45.8

3.3. Culture Results

A total of 95.1% (657/691) E. coli were isolated from pigs and poultry, of which a total
of 63.2% (415/657) were MDR E. coli. The MDR proportions in broilers, layers, and pigs
were 86.3% (164/190), 87.5% (161/184), and 31.8% (90/283), respectively. A total of 17.8%
(117/657) screened positive for potential ESBL production by MCA-C plates. Furthermore,
all presumptive ESBL producing E. coli 100% (117/117) were phenotypically confirmed to be
ESBL producers. ESBL production was significantly high among E. coli from layers (30.9%,
57/184) compared to pigs (17.7%, 50/283) and broilers (5.3%, 10/190) p < 0.001) (Figure 1).
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Figure 1. Percentages of MDR and ESBL E. coli from broilers, layers, and pigs.

3.4. Resistance Patterns of E. coli to Antibiotics Tested

Percentage resistance for ciprofloxacin, tetracycline, ampicillin, and trimetho-
prim/sulfamethoxazole, was high among E. coli isolated from poultry compared to pigs.
However, tetracycline was the most resistant antibiotic among E. coli from pigs compared to
other antibiotics tested (Table 3).

Table 3. Percentage susceptibility of E. coli to antibiotic agents tested.

Antibiotics
Broilers (n = 190) Layers (n = 184) Pigs (n = 283) p Value

R R R

CIP 180 (94.7%) 165 (89.7%) 67 (23.7%) 0.001
AMP 134 (70.5%) 115 (62.5%) 80 (28.2%) 0.001
MEM 6 (3.2%) 11 (6%) 37 (13.1%) 0.001
TET 166 (87.4%) 165 (89.7%) 140 (49.5%) 0.001
CAZ 36 (18.9%) 80 (43.5%) 76 (26.9%) 0.001
SXT 131 (68.9%) 161 (87.5%) 63 (22.3%) 0.001
CN 44 (23.2%) 41 (22.3%) 30 (10.6%) 0.001
FEP 35 (18.4%) 71 (38.6%) 69 (24.4%) 0.001

Key: CIP, ciprofloxacin; AMP, ampicillin; MEM, meropenem; TET, tetracycline; CAZ, ceftazidime; SXT, trimetho-
prim/sulfamethoxazole; CN, gentamicin; FEP, cefepime.

3.5. ECVs of Tested Antibiotics against E. coli

The ECV of antibiotics tested against E. coli isolated from broilers ranged from 11 mm
for TET to 18 mm for FEP and CIP; in layers, it ranges from 9 mm for TET to 18 mm for
MEM; and from 9 mm for TET to 30 mm for SXT in pigs. In general, E. coli from poultry
and pigs exhibited different resistance patterns to antibiotics tested and, therefore, ECVs.
This observation indicates that E. coli from poultry and pigs belong to different populations,
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whereby E. coli from pigs were more susceptible to antibiotics tested than E. coli from
poultry (Table 4 & Figure 2).

Table 4. ECVs of tested antibiotics against E. coli.

Antimicrobials Disk Content Broiler ECVs SD Layer ECVs SD Pigs ECVs SD

CIP 5 μg 18 * 5.55 17 2.29 22 4.18
TET 30 μg 11 * 4.13 9 * 9.14 9 4.65
AMP 10 μg 17 2.00 15 3.62 24 1.85
MEM 10 μg 16 3.94 18 4.29 18 5.25
CAZ 30 μg 15 3.15 10 4.39 12 4.08
FEP 30 μg 18 3.26 11 5.19 18 4.36
CN 30 μg 15 * 3.04 10 2.95 16 2.84
SXT 1.25/23.75 μg 15 * 6.41 12 * 4.63 30 2.97

Key: CIP, ciprofloxacin; AMP, ampicillin; MEM, meropenem; TET, tetracycline; CAZ, ceftazidime; SXT, trimetho-
prim/sulfamethoxazole; CN, gentamicin; FEP, cefepime. * Mean used as ECV tentative estimate. SD = standard deviation.

 
Figure 2. The ECVs of AMP tested against E. coli isolated from layers, broilers, and pigs. The arrow
indicates where the ECV is located in a histogram, and distribution of WT and non-WT E. coli as
determined by NRI. Subfigure (A) shows ECV of AMP tested against E. coli from layers which is
15 mm; subfigure (B) shows ECV of AMP tested against E. coli from broilers which is 17 mm; and
subfigure (C) shows ECV of AMP tested against E. coli from pigs which is 24 mm.

There is a varying proportion of wild type (WT) distribution when a human clinical
breakpoint is used compared to when ECVs are used. Notably, clinical breakpoints under-
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report percentages of WT-E. coli for CIP, TE, MEM, FEP, and CAZ in poultry, whereas clinical
breakpoints over-report percentages of WT E. coli for AMP, CN, and SXT in pigs (Table 5).

Table 5. Comparison of ECVs and CLSI clinical breakpoints of antibiotics tested against E. coli isolated
from poultry and pigs.

Antimicrobial
Agents

Broilers:
ECVs (%WT)

Broilers: CBs
(%S)

Layers:
ECVs (%WT)

Layers:
CBs (%S)

Pigs:
ECVs(%WT)

Pigs:
CBs (%S)

CIP 31.1 5.3 51.1 10.3 84.5 76.3
TE 51.6 12.6 48.4 10.3 70.3 50.5

AMP 29.5 29.5 57.6 37.5 38.5 71.7
MEM 100 96.8 96.2 94.02 98.6 86.9
CAZ 99.5 81.1 95.7 56.5 97.2 73.1
FEP 100 81.6 97.3 61.4 96.8 75.3
CN 77.4 76.8 95.1 77.7 83.7 89.4
SXT 36.8 31.1 41.3 12.5 63.3 77.7

Key: CIP = ciprofloxacin; TE = tetracycline; AMP = ampicillin; MEM = meropenem; CAZ = ceftazidime;
FEP = cefepime; CN = gentamicin; SXT = trimethoprim-sulfamethoxazole; ECVs = epidemiological cutoff
values; WT = wild type as per ECVs; CBs = clinical breakpoints; and S = susceptible as per clinical breakpoints.

3.6. Factors Associated with MDR Colonization

The chi square test showed poultry (broilers and layers) are significantly colonized
with MDR E. coli (p < 0.001), furthermore, exotic breeds were significantly colonized with
MDR E. coli (p < 0.001), and the recency of the antimicrobial use predicts the colonization of
MDR (p < 0.001) (Table 6).

Table 6. Factors associated with MDR colonization.

Variables

MDR CHI ANALYSIS

Positive
n (%)

Negative
n (%)

χ2 p Value

Livestock

Broiler 164 (86.3) 26 (13.7)

210.24 <0.001Layers 161 (87.5) 23 (12.5)

Pigs 90 (31.8) 193 (68.2)

Breed
Exotic 353 (75.6) 114 (24.4)

107.11 <0.001
Local 62 (32.6) 128 (67.4)

Recent
antimicrobial use

2 months ago 22 (52.4) 20 (47.6)

153.51 <0.001
1 month ago 22 (78.6) 6 (21.4)

2 weeks ago 89 (91.8) 8 (8.3)

1 week ago 68 (86.1) 11 (13.9)

Not known 214 (52.1) 197 (47.9)

4. Discussion

Our findings showed different levels of resistance and different ECVs to commonly
used antimicrobials in livestock among E. coli isolated from poultry and pigs. Most of the
animals enrolled in this study (95.1%) were colonized with E. coli, similar to a study by
Kimera et al., which observed colonization in 80.5% of animals [10] The majority of livestock
enrolled were exotic breeds (71.4%) compared to a study done by Seni et al., who enrolled
more local breeds (66.7%) [8]. Furthermore, exotic breeds were exposed to antimicrobial
use more than local breeds. Generally, about two-thirds (63.2%) of E. coli isolated from
livestock in our study were MDR, similar to a study done in Morogoro, which reported a
prevalence of 65.1% [24]. A study done in Dar es Salaam reported low MDR prevalence
(51.6%), which is lower than in the current study [10] The high prevalence of MDR in our

148



Animals 2022, 12, 835

study might be due to variations in farming conditions and antibiotic use. Furthermore,
the level of MDR in the present study is lower than what was observed in China (83%) [25].
This might be explained by the fact that there is different antimicrobial exposure time and
frequency, and China is one of the largest users of livestock antimicrobials in the world,
increasing the antimicrobials selection pressure as a result of high MDR prevalence [25,26].

It was observed that over three-quarters and one-third of E. coli isolated from poultry
and pigs were MDR, respectively. As documented previously [10] the level of MDR was
significantly higher in poultry (in broilers and layers) than in pigs because there is a higher
antimicrobial use in poultry keeping than in keeping pigs, as observed in this and other
studies [24,27,28].

We observed more resistance to antibiotics of class quinolones, penicillin, tetracycline,
and sulfonamides. High resistance to antibiotics of these classes was not surprising because
these were the antibiotics reported to be commonly used by the livestock keepers in this study.
MDR patterns observed in this study are in line with what was previously reported in Tanzania
(quinolones, penicillin, tetracycline, and sulfonamides), China (tetracycline, sulfonamides,
penicillin, quinolones), and Nigeria (tetracycline, sulfonamides, penicillin) [7,10,25,29].

ESBL production is one of the commonest MDR phenotypes. In this study, it was
observed that about one-fifth of E. coli isolates from poultry and pigs were ESBL producers.
Similar to a previous study done in the same region, Mwanza, Tanzania, reported a
prevalence of 21.7% [8]. However, the proportion of ESBL producing E. coli in our study is
lower than in a study done in another region in Tanzania, which reported a prevalence of
65.3% [10]. This might be due to different exposure times to beta-lactam and cephalosporin
in livestock keeping, and different E. coli populations in different geographic locations.

ECVs determined from NRI are based on the assumption that E. coli isolated from
broilers, layers, and pigs carrying resistance mechanism/non-wild type exhibit smaller
inhibition zone diameters (IZD) than E. coli without resistance mechanism/wild type. To
the best of our knowledge, this is the first study in Mwanza, Tanzania, to report the ECVs
to the commonly used antibiotics tested against E. coli isolated from poultry and pigs.

According to this study, the majority of E. coli from poultry and pigs were wild type
meropenem, ceftazidime, cefepime, and gentamicin. This could be explained by the fact
that these antibiotics are not readily available over the counter; that they are expensive
(meropenem), while the gentamicin, ceftazidime, and cefepime mode of administration is
intravenous (IV), which is not easy for the livestock keepers. This is further supported by
the fact that livestock keepers did not report using these antibiotics.

The majority of E. coli from broilers were non-wild type to ciprofloxacin, trimethoprim-
sulfamethoxazole, and ampicillin, while the majority of E. coli from non-wild type layers to
tetracycline and trimethoprim-sulfamethoxazole. The majority of E. coli from pigs were
non-wild type to ampicillin. This is not surprising since these antibiotics are commonly
used, readily available over the counter, and the cheapest [9]. Furthermore, most livestock
keepers from this study reported commonly using antibiotics from tetracycline, quinolones,
sulfonamides categories.

A study in China reported 92.3% of E. coli from chicken respiratory tract infections
were non-wild type to danofloxacin (quinolones), while 22.3% were non-wild type to
apramycin (aminoglycosides). Similar observations were seen in this study in E. coli from
broilers, where the majority were non-wild type to ciprofloxacin (quinolones), and the
majority of E. coli from poultry were wild type to gentamicin (aminoglycosides) [27]. A
study done by Yang et al. reported ECV of danofloxacin (quinolones) tested against E. coli
from pigs to be 8 μg/mL using MIC [28].

However, contrary to poultry, most E. coli from pigs were wild type to most antibiotics
tested. This can be explained by the fact that pigs are not exposed to high antimicrobial use
compared to poultry. Furthermore, some antibiotics reported to be used in poultry were not
reported to be used in pigs in this study, such as quinolones, macrolides, and aminoglycosides.

This study observed different ECVs to the same antibiotics tested to E. coli from poultry
and pigs, meaning different E. coli population, this is not astonishing since poultry and
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pigs are exposed to different antibiotics with different frequencies of use. Contrary to what
was observed in Sweden, the wild type distribution of E. coli isolated from human and wild
birds in the same area was identical [23].

This study observed that human clinical breakpoints (CLSI) could lead to both over
and under-reporting antimicrobial resistance burdens. Similar observations were made by
Doidge et al. [11] in the UK, although it was in sheep and beef.

MDR colonization can be attributed to different factors. The most common is an-
timicrobial pressure which causes the selection of resistant bacteria. In this study, it was
observed that exotic breeds were found to predict MDR colonization among poultry and
pigs, and there was a significant association of MDR colonization to broilers and layers.
This is not surprising as it might be contributed by the fact that there is high antimicrobial
use in exotic breeds and poultry keeping. A study done by Seni et al. observed that exotic
breeds were more at risk of being colonized with ESBL bacteria than local breeds [8]. ESBL
is one of the common MDR phenotypes. Similar to what was observed in the current
study, it was observed in a study done by Nonga et al., Katakweba et al., and Kimera et al.
that poultry farming is associated with uncontrolled use of both veterinary and human
antimicrobials [5,24,28]. A systematic review by Mshana et al. also reported that poultry
production accounts for high antimicrobial use in Africa [7]. Recent antimicrobial use was
found to predict MDR colonization in the present study. This can be explained by the fact
that antimicrobial use creates selection pressure allowing resistant bacteria to multiply and
propagate. It was reported that uncontrolled use of antimicrobials in livestock keepings as
a growth factor, prophylaxis, and/or therapeutics had been associated with the emergence
of MDR bacteria [29].

5. Conclusions

E. coli from layers and broilers are more resistant to commonly used antibiotics than
E. coli isolates from pigs. Distinct populations of E. coli were circulating in layers, broilers,
and pigs based on ECVs of different antibiotics tested, which was likely due to differences
in antibiotic exposure and breeding type. Furthermore, recent antimicrobial use and
exotic breeds predicted MDR colonization which might result from high antimicrobial use.
Further studies involving other laboratories are needed to establish the ECVs for commonly
used antibiotics and the data used to monitor resistance and further research to establish
veterinary breakpoints. Veterinary officers should implement regulations that prohibit the
inappropriate use of antimicrobial agents in livestock keeping. More studies to establish
the genotypes of E. coli circulating in these species are warranted to provide data to monitor
the emergence of new E. coli strains/genotypes.

6. Study Limitation

Limited knowledge of livestock keepers on antimicrobial used in their livestock may
impact statistical analysis, particularly associated with ESBL carriage. In addition, the
ECVs data are from a single laboratory, and, therefore, should be carefully interpreted to
reflect the local settings. The resistance frequency may be underestimated, as only one
colony per sample was analyzed.
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Simple Summary: The global threat that is imposed by the resistance the pathogens develop to
antimicrobial drugs is escalating. Tools to detect the resistance (with evidence on molecular and
cellular outcomes) would reveal intricate mechanisms through which novel drugs could be devel-
oped. Approaches such as metabolomics, which involve metabolite detection, provide scientific
evidence of metabolite expression of antimicrobial-resistant pathogens. The current study involved
metabolomics of antimicrobial-resistant Salmonella Typhimurium collected from various hosts (hu-
man, porcine, bovine) and were exposed to antimicrobial drugs—ampicillin, chloramphenicol, strep-
tomycin, sulfisoxazole, and tetracycline—as one set of the experiment. The same isolates were
also cultured with no drug exposure as a comparison. There are certain pathways of metabolite
expression that are impacted by drug exposure when compared to no drug exposure, meaning
that the expressed metabolites could be potential targets for drug companies for the treatment of
antimicrobial-resistant pathogens.

Abstract: Antimicrobial resistance (AMR) is a global public health threat, yet tools for detecting
resistance patterns are limited and require advanced molecular methods. Metabolomic approaches
produce metabolite profiles and help provide scientific evidence of differences in metabolite ex-
pressions between Salmonella Typhimurium from various hosts. This research aimed to evaluate
the metabolomic profiles of S. Typhimurium associated with AMR and it compares profiles across
various hosts. Three samples, each from bovine, porcine, and humans (total n = 9), were selectively
chosen from an existing library to compare these nine isolates cultured under no drug exposure
to the same isolates cultured in the presence of the antimicrobial drug panel ACSSuT (ampicillin,
chloramphenicol, streptomycin, sulfisoxazole, tetracycline). This was followed by metabolomic
profiling using UPLC and GC–mass spectrometry. The results indicated that the metabolite regulation
was affected by antibiotic exposure, irrespective of the host species. When exposed to antibiotics,
59.69% and 40.31% of metabolites had increased and decreased expressions, respectively. The most
significantly regulated metabolic pathway was aminoacyl-tRNA biosynthesis, which demonstrated
increased expressions of serine, aspartate, alanine, and citric acid. Metabolites that showed decreased
expressions included glutamate and pyruvate. This pathway and associated metabolites have known
AMR associations and could be targeted for new drug discoveries and diagnostic methods.

Keywords: antimicrobial resistance; metabolomics; metabolites; Salmonella Typhimurium; resistance
markers

1. Introduction

Antimicrobial resistance (AMR) in bacteria isolated from animal hosts is a major global
public health threat. The Centers for Disease Control and Prevention have determined

Animals 2022, 12, 1518. https://doi.org/10.3390/ani12121518 https://www.mdpi.com/journal/animals153
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that AMR is “one of the greatest public health challenges of our time” [1]. One of the
key goals for slowing or decreasing AMR identified by the White House in the National
Strategy for Combatting Antibiotic-Resistant Bacteria is to “accelerate basic and applied
research and development for new antibiotics . . . ” [2]. However, current tools for detecting
phenotypic resistance patterns are limited and require advanced molecular methods to
reveal associations with AMR patterns [3,4].

Metabolomics is a relatively new tool that can be used to construct metabolite profiles
and these metabolite patterns provide evidence of metabolite regulation at the cellular level.
When bacteria are exposed to antibiotics, this exposure can trigger cellular changes within
the bacterial cell that results in specific metabolic patterns that can help predict antimicrobial
drug resistance profiles. Such predictability can have an immediate impact on human and
animal health by leading to advancements in drug discoveries by targeting the expression
of certain metabolites, as well as diagnostic tools to screen large numbers of samples for
AMR. Identifying possible new drug targets would help pharmaceutical companies develop
more specific and effective antibiotics to combat AMR bacterial infections [4].

Recent studies have shown that bacteria produce specific metabolic fingerprints when
exposed to different classes of antibiotics. These fingerprints can help predict the mode
of action used by antibiotics [4] to help develop any novel therapies. For many years,
the development of antibiotic resistance could be partly explained by the synthesis of
novel analogues of existing compounds [4]. However, such chemical modifications are
finite, to keep pace with the remarkable adaptability of the bacteria when exposed to
these selective drug pressures in the environment. To combat the prevalence of multidrug-
resistant (MDR) pathogens, novel antibiotics that target distinct cellular functions are
needed [5]. Better understanding the metabolic patterns in AMR bacteria to expose new
cellular functions associated with drug resistance and susceptibility is one way to identify
new drug targets. One of these studies also suggested that a core metabolic profile for each
bacterium is identifiable regardless of the environmental condition, suggesting bacteria
could be identified using in vitro metabolic profiles whether in a wound, on surgical
equipment, or in the environment [6].

Salmonella is a rod-shaped, Gram-negative bacillus that belongs to the Enterobacte-
riaceae family. This organism is of high public health importance due to its ability to
cause several syndromes in both animals and humans. Enteritis, septicemia, abortion, and
asymptomatic miscarriages are the major syndromes that present in animals. Enteric fever,
gastroenteritis, septicemia, and focal infections are the major syndromes that present in
humans infected with Salmonella bacteria [7]. Salmonella enterica serovar Typhimurium is of
utmost importance to public health due to its ability to infect human hosts via contaminated
foods. It is one of the most identified serovars in cattle, humans, and pigs and has displayed
resistance to ampicillin, chloramphenicol, sulfamethoxazole, and tetracycline [8].

The aim of this project was to identify cellular biomarkers (metabolites) associated
with mechanisms of AMR in Salmonella Typhimurium using metabolomics and investi-
gate the diversity of those markers among established genetic patterns of resistance in
S. Typhimurium isolated from humans, bovine, and porcine samples. Metabolomics can
be used as a tool to identify the cellular effects of AMR in this pathogen of public health
importance. This research has two specific aims (1) to establish metabolomic profiles
of Salmonella Typhimurium isolated from humans, porcine, and bovine and cultured in
the presence and absence of an ACSSuT panel of drugs, and (2) to evaluate similarities
and differences in these metabolomic profiles in Salmonella Typhimurium across isolates
originating from humans, porcine, and bovine hosts. The hypothesis of the study is that
non-targeted metabolite profiling will identify biomarker profiles distinctive of AMR in
S. Typhimurium and, more specifically, the metabolite patterns will differ across various
host species.
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2. Materials and Methods

2.1. Isolate Collection, Screening, Identification, and Growth

Salmonella isolates from various institutes (Salmonella Typhimurium isolates were con-
tributed by the Colorado Department of Public Health and Environment, CSU-Veterinary
Diagnostic Laboratory, Ohio State University, University of Illinois, University of Pennsyl-
vania, and Washington State University) in the US were shipped directly to the Animal
Population Health Institute laboratory. A total of 88 human, 33 bovine, and 36 porcine iso-
lates were screened to verify proper serovar typing belonging to Salmonella Typhimurium.
Briefly, samples were streaked for isolation onto blood agar plates containing 5% sheep
blood and incubated overnight at 37 ◦C. A single colony was first tested with the Salmonella
O Antiserum group Poly A-I, & Vi, and then Salmonella O Antiserum Group B, factors 1,
4, 5, 12 (BD Diagnostic Systems, Fisher Scientific, Hampton, NH, USA). After antibody
confirmation, the Salmonella Typhimurium isolates were grown in 1 mL of trypticase soy
broth (TSB), and generated stocks were frozen at −80 ◦C in 10% sterile glycerol.

2.2. Integron and AMR Testing

A portion of each Salmonella Typhimurium stock isolate was scraped into a separate
microcentrifuge tube, thawed, and centrifuged for 5 min at 5000× g. The supernatant was
removed, and each pellet was resuspended in molecular grade water in a 1:3 ratio (10 μL
cell pellet suspended in 30 μL of water). A total of 5 μL of each washed, resuspended
isolate was used as a template and added to the following PCR mastermix for a 25-μL
total reaction volume: 2.5 μL 1× Amplitaq Gold Buffer II and 1.5 mM MgCl2 (Applied
Biosystems, Foster City, CA, USA), 0.8 mM dNTPs (0.2 mM each) (Roche Applied Sciences,
Indianapolis, IN, USA), 0.4 μM of each primer (Int forward primer sequence: 5′-GGC
ATC CAA GCA GCA AGC-3′; Int reverse primer sequence: 5′-AAG CAG ACT TGA CCT
GAT-3′), 1.875 U Amplitaq Gold polymerase (Applied Biosystems, Foster City, CA, USA),
and 2.5 μL 5× Q-Solution (Qiagen, Valencia, CA, USA).

The primers amplify the variable region between the 5′CS to 3′CS region of class 1
integrons [9]. Each reaction was overlaid with 30 μL of Chill Out wax (Bio-Rad, Hercules,
CA, USA) to prevent evaporation and placed into an MJ Research 60 place thermal cycler
(Bio-Rad). Thermal cycling conditions consisted of an initial incubation at 94 ◦C for 10 min
to activate the polymerase and lyse cells, followed by 35 cycles of 94 ◦C for 30 s, 54 ◦C for
1 min, 72 ◦C for 1.5 min, and a final extension incubation at 72 ◦C for 10 min.

PCR products were analyzed by agarose gel electrophoresis using the FlashGel® DNA
System (Lonza Group, Ltd., Basel, Switzerland) and visualized by UV light transillumina-
tion. A 100 bp–4 kb molecular weight marker (Lonza Group, Ltd., Basel, Switzerland) was
concordantly run on the gel as a ladder to aid in the calculation of the size of the amplified
DNA fragments. A positive control sample generated from purified DNA from two isolates
previously analyzed [9] for class 1 integrons and containing integron sizes of 1000, 1200,
and 1600 was included (5 pg total) with each PCR and gel. Samples containing integron
sizes of 1000, 1200, 1600, 1800, or both 1000 + 1200 bp were recorded and subsequently
re-run on a 1% agarose gel containing a marker and a positive control for proper band
size identification. Integron bands were excised from the gel and submitted for DNA
purification using the QIAquick PCR Purification kit (Qiagen, Hilden, Germany).

All Salmonella Typhimurium isolates used in this study were tested for suscepti-
bility to 16 antimicrobial agents by the disk diffusion assay according to CLSI stan-
dard procedures. The AMR testing panel consisted of the following sixteen antimi-
crobial drugs—amoxicillin–clavulanate (AMC-30), cephalothin (CF-30), chlorampheni-
col (C-30), ampicillin (AM-10), ceftiofur (CTO-30), enrofloxacin (ERF-5), streptomycin
(S-10), triple sulfa (SSS-0.25), tetracycline (TE-30) sulfamethoxazole/trimethoprim (SXT
23.75–1.25), cefoxitin (FOX-30), ciprofloxacin (CIP-5), florfenicol (FFC-30), gentamicin (GM-
10), kanamycin (K-30), and nalidixic acid (NA-30). Escherichia coli (E. coli) ATCC 25922 and
Staphylococcus aureus ATCC 25923 were used as quality controls.
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2.3. Isolate Growth and Extraction for Proteomic and Metabolomics Profiling

Nine S. Typhimurium isolates (three human, three porcine, and three bovine) were
selected to undergo an antimicrobial drug growth challenge followed by a non-targeted
metabolomics analysis. Criteria for selection were the presence of both 1000 and 1200 base
pair integrons, and matching susceptibility/resistance profiles across the 16 drugs tested.
Five drugs, ampicillin, chloramphenicol, streptomycin, sulfisoxazole, and tetracycline
(ACSSuT panel; Sigma Aldrich, St. Louis, MO, USA), were selected for the S. Typhimurium
antimicrobial drug challenge.

Ampicillin, chloramphenicol, tetracycline, and streptomycin were each dissolved in
water to the desired stock concentration. Sulfisoxazole was added to 10% HCl and heated
at 80 ◦C until dissolved. The sulfisoxazole–acid mix was added to TSB, the broth was
neutralized to pH 7.0 using NaOH, and the other antibiotics were subsequently added. The
final concentration of each antibiotic was based on the recommended minimum inhibitory
concentration (MIC) recommended by the Clinical Laboratory and Standards Institute, as
shown in Table 1.

Table 1. Recommended MIC values for Salmonella enterica serotype Typhimurium for the ACSSuT
pattern according to 2014 CLSI standards.

Drug Panel MIC

Ampicillin 32 μg/mL
Chloramphenicol 32 μg/mL

Streptomycin 64 μg/mL
Sulfisoxazole 512 μg/mL
Tetracycline 16 μg/mL

Isolates were processed using standard laboratory procedures. They were thawed and
streaked for isolation on sheep blood agar plates. One resulting colony from each selected
isolate was suspended in 0.5 mL of TSB; 100 μL was inoculated into 20 mL of normal TSB
(no drug = ND) and 100 μL was inoculated into 20 mL of ACSSuT TSB (Drug = D). The
only difference between the ND and D was that the ND group of cultures were without
antimicrobials. Cultures were then incubated with shaking at 37 ◦C for 24 h. After pelleting
at 4300× g for 10 min at 4 ◦C and supernatant removal, the wet weight of each culture
pellet was recorded and adjusted to 20 mg. Pellets were washed with phosphate-buffered
saline (PBS) and centrifuged again as above; after discarding PBS supernatant, the pellets
were frozen at −20 ◦C. Each sample pellet was thawed at 4 ◦C, suspended in methyl
tert-butyl ether (MTBE), and sonicated for 30 s intervals for a total of 6 cycles, with a 30 s
cooling on ice between cycles. The sonicated lysates were then centrifuged at 2500× g
for 5 min at 4 ◦C, and 150 μL of LC-MS grade water and an additional 100 μL MTBE
was added to the cleared supernatants. After sealing with Parafilm, sample tubes were
vortexed at room temperature for 15 min, incubated at −80 ◦C for 15 min, and centrifuged
at 15,890× g for 15 min at 4 ◦C. Samples were then divided by a non-polar supernatant, a
polar supernatant, and protein lysates. Each layer was dried via nitrogen gas and stored at
−80 ◦C for metabolomics analysis.

2.4. Metabolomic Profiling by UPLC- and GC–MS

An ultra-performance liquid chromatography–mass spectrometry (UPLC-MS) analysis
was performed on a Waters Xevo G2-TOF MS coupled with a Waters Acquity UPLC [10].
Separation was performed on a UPLC T3 reverse phase column and data were collected in
MSE mode (alternating low and high collision energy) [11]. For the gas chromatography–
mass spectrometry (GC–MS) analysis, cell extracts were dried and derivatized using a
standard protocol. Briefly, GC–MS data were acquired on a Thermo Scientific Trace-ISQ
GC–MS system (Waltham, MA, USA) with separation using a 30 m TG-5MS column.
Data from both UPLC-MS and GC–MS acquisitions were processed using XCMS (https:
//www.bioconductor.org/packages/release/bioc/html/xcms.html, accessed on 31 March
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2022) for peak detection, retention time alignment, and normalization [12]. Metabolite
annotation of GC–MS data was performed by grouping molecular features into peak
groups using AMDIS software (http://www.amdis.net/, accessed on 31 March 2022) and
screening spectra against the CSU in-house spectral library, NIST GC–MS spectral library,
and the Golm Metabolite Database (http://gmd.mpimp-golm.mpg.de/, accessed on 31
March 2022). Annotations of UPLC-MS data were performed by an unbiased grouping of
molecular features into spectra based on correlational clustering across the dataset [10] and
screening spectra against the CSU in-house spectral library (consisting of approximately
1100 compounds), NIST LC-MS spectral library, and MassBank spectral library [12].

2.5. Statistical Analysis (MetaboAnalyst 4.0)

Data analysis of the biomarkers was completed using MetaboAnalyst 4.0 (MetaboAna-
lyst 4.0 is available at https://www.metaboanalyst.ca/ (accessed on 26 April 2021) and its
R packages are available at https://github.com/xia-lab/MetaboAnalystR, (accessed on
26 April 2021)). The UPLC and GC–MS spectra were combined, normalized, and scaled.
To determine the statistically significant (S.S.) metabolites, a pairwise analysis was con-
ducted, including a non-parametric Wilcoxon rank-sum test and fold-change analysis. A
two-way analysis of variance (ANOVA) followed by a principal component analysis (PCA)
and heatmapping were used to determine and visualize the species and drug effects and
interactions. A pathway analysis was then conducted to match S.S. metabolites to known
metabolic pathways and determine the biological significance of those pathways.

Multiple features of this program were used, including “Two-factor”, “Statistical Anal-
ysis”, and “Pathway Analysis”, to conduct multiple statistical tests, including Wilcoxon
rank-sum, fold-change, two-way ANOVA, PCA, and heatmapping. Conducting the “Path-
way Analysis” in MetaboAnalyst required all metabolites to have an HMDB identifier.
The Human Metabolome Database (HMDB) is a website that compiles detailed informa-
tion about metabolites and their roles in human metabolic pathways and assigns HMDB
identifiers or numbers.

3. Results

3.1. AMR Patterns and Integrons

The most common AMR pattern among all resistant samples (23/126 = 18.3%) was
ampicillin, amoxicillin–clavulanate, streptomycin, sulfonamides, tetracycline, chloram-
phenicol, and florfenicol (coded as AMC-AM-S10-SSS-TE-C-FFC). All isolates with this
AMR pattern carried both the 1000 and 1200 bp integrons.

3.2. Metabolite Expression by Drug Treatment and Host Species

Visualization by the principal component analysis (Figure 1) and the two-way ANOVA
heatmap (Figure 2) showed that a greater effect on metabolite production was apparent when
the samples were exposed to the full drug (ACSSuT panel) treatment, irrespective of species.

Figure 1. PCA chart derived from two–way ANOVA showing clustering of samples by drug treatment.
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Figure 2. Heatmap derived from two–way ANOVA showing clustering of metabolite concentrations
based on drug treatment.

3.3. Metabolite Expression and Matched Metabolic Pathways

Wilcoxon rank-sum showed 653 metabolites that had an S.S. concentration difference
(59.69% increased and 40.31% decreased expressions) when the sample was exposed to
the ACSSuT antibiotic panel versus when it was not. Of those 653 metabolites, 23 unique
metabolites were annotated by the PMF, identifiable by HMDB, and matched to one or
multiple of the 9 statistically significant metabolic pathways in MetaboAnalyst. Of these,
60.87% of metabolites had an increased expression when exposed to antibiotics and 39.13%
had a decreased expression (Figure 2).

Methionine, nicotinamide, nicotinate, pantothenate, phenylalanine, proline, pyroglu-
tamic acid, pyruvate, serine, threonine, tryptophan, tyrosine, uracil, and valine significantly
increased with full drug treatment. Conversely, alanine, aspartate, citrate, cysteine, glu-
tamate, glycerate, glycerone phosphate, glycine, and leucine decreased with full drug
treatment.

The metabolic pathways matched to the significantly different metabolites include
glycine, serine, and threonine metabolism; alanine, aspartate, and glutamate metabolism;
aminoacyl-tRNA biosynthesis; pantothenate and CoA biosynthesis; glutathione metabolism;
valine, leucine, and isoleucine biosynthesis; nicotinate and nicotinamide metabolism; gly-
oxylate and dicarboxylate metabolism; and beta-Alanine metabolism, in order of descend-
ing pathway impact scores (Table 2).
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3.4. Univariate Analysis

A between-subject, two-way ANOVA identified 297 metabolites (Table 3) that were
statistically significant only for the treatment factor. No metabolites were found to be
significant for the host species factor or the interaction between host species and treatment.

Table 3. Significant identifiable metabolites found via univariate, between-subject, two-way ANOVA.

Metabolite p-Value FDR

2-Piperidinecarboxylic_acid_1MEOX_2TMS 0.00958 0.04464
Adenine_1TMS 0.00275 0.02104
Alanine, N-3-indolylacetyl 0.00002 0.00135
Aspartic acid, N-3-indolylacetyl 0.00000 0.00032
Butanoic acid,_3-hydroxy-0.2 0.00064 0.00847
Butanoic_acid, 4-hydroxy-_2TMS 0.00035 0.00576
Cinnamic_acid, 2-hydroxy-, trans- 0.000003 0.00040
Cohibin_A.1 0.00374 0.02508
Coixenolide_2 0.00869 0.04154
Coixenolide_4 0.00561 0.03144
Cysteamine_3TMS 0.00531 0.03071
Cysteine_3TMS 0.01144 0.04989
Glycerol-3-phosphate_4TMS.2 0.00118 0.01276
Glycine 0.00004 0.00173
Guanosine 0.00001 0.00088
Guanosine,_2′-deoxy-_4TMS.1 0.00027 0.00504
Guanosine_4TMS
coeluting_with_Guanosine_5TMS 0.00261 0.02063

Iminodiacetic_acid_3TMS 0.00185 0.01715
Isoleucine_2TMS 0.00071 0.00914
Lactose 0.00001 0.00065
Leucine 0.00032 0.00541
Leucine,_cyclo- 0.00352 0.02428
Leucine_2TMS 0.00051 0.00704
Levulinic_acid 0.00057 0.00760
Luteolin 0.00474 0.02871
Naringenin 0.00066 0.00867
Oxamide_3TMS 0.00017 0.00383
Pantothenic_acid,_D-_3TMS 0.00799 0.04009
Phenylalanine_2TMS 0.00003 0.00147
Phosphomycin 0.000000008 0.00001
Pinitol,_D-_5TMS 0.00363 0.02488
Putrescine_4TMS 0.00224 0.01912
Pyridine 0.00443 0.02729
Pyridoxamine 0.00859 0.04136
Pyroglutamic_acid_2TMS 0.00976 0.04528
Quercetin 0.00003 0.00147
Serine 0.00000003 0.00001
Thiamine 0.00004 0.00173
Threitol,_dithio- 0.00166 0.01589
Thymidine-5′-monophosphoric-acid-3TMS 0.00020 0.00426
Tryptophan_3TMS 0.00007 0.00249
Tyrosine,_2-iodo- 0.000000017 0.00001
Tyrosine_3TMS 0.00001 0.00094
Uric_acid 0.00017 0.00383
Valine_2TMS 0.00008 0.00280
Xanthine_3TMS 0.00772 0.03903

FDR = false discovery rate; FDR helps control for falsely positive significant features; FDR < 0.05 has less than a
5% probability of being a falsely significant feature.

161



Animals 2022, 12, 1518

4. Discussion

In this study, we investigated metabolite expression patterns in AMR Salmonella
Typhimurium isolated from human, bovine, and swine when exposed to antibiotics. We
were able to demonstrate a greater difference in metabolite expression when the isolates
were exposed to the full drug challenge compared to no drug exposure, irrespective of
host species. The univariate analysis further confirmed that metabolite expression changes
were significant only according to the treatment factor, not according to the host species or
interaction of the host species and treatment. Metabolite expression being non-host specific
suggests that AMR Salmonella Typhimurium drug targets are consistent across human,
bovine, and swine hosts. This finding has great significance when considering that future
drug testing on AMR Salmonella Typhimurium in swine and bovine could be translated to
human treatments.

While the expression of 23 specific metabolites significantly changed when exposed
to the full drug treatment and these upregulated metabolites each matched significant
metabolic pathways, a specific resistance mechanism remains unclear. These isolates were
exposed to multiple antimicrobial drugs and each drug has a different mechanism of action.
Therefore, there are potentially many mechanisms of resistance that have developed in
these isolates [4]. As per Hoerr et al. (2016), the metabolic profiles could be separated
in a fingerprint, and based on the specific fingerprints obtained for different classes of
antibiotics, the mode of action of several antibiotics could be predicted. The profiles could
also be used as potential drug targets for pharmaceutical companies. Over the past few
decades, there has been a decline in approvals of new antibiotic drugs in the market by
the US Food and Drug Administration (FDA) [13,14]. The number of new antibiotics
being developed every year decreases due to the challenges of effectively dispatching both
antibiotic-resistant bacteria and novel infectious bacteria [15]. If we want to reverse these
trends and facilitate new approaches to overcoming resistance, we must first understand
the microbial forces responsible for developing resistance [16]. Metabolomics in particular
offers a unique strategy to detect metabolic changes that occur in an organism in response
to drugs and the outcomes of such studies can provide insights into their corresponding
modes of action [17,18].

The significant changes observed in our study include increases in methionine, nicoti-
namide, nicotinate, pantothenate, phenylalanine, proline, pyroglutamic acid, pyruvate,
serine, threonine, tryptophan, tyrosine, uracil, and valine, and decreases in alanine, as-
partate, citrate, cysteine, glutamate, glycerate, glycerone phosphate, glycine, and leucine.
These metabolites were matched to nine significant metabolic pathways, including glycine,
serine, and threonine metabolism; alanine, aspartate, and glutamate metabolism; aminoacyl-
tRNA biosynthesis; pantothenate and CoA biosynthesis; glutathione metabolism; valine,
leucine, and isoleucine biosynthesis; nicotinate and nicotinamide metabolism; glyoxylate
and dicarboxylate metabolism; and beta-Alanine metabolism.

Lin et al. (2019) [19] found biosynthesis of amino acids, biosynthesis of phenyl-
propanoids, and purine metabolism were commonly enriched in MDR strains of E. coli,
and the results concurred that antibiotic resistance affects the metabolite profiles of MDR
bacteria. Several related metabolites, such as glycerol, were increased in MDR strains, while
citric acid and succinic acid were decreased in MDR strains [19].

An established resistance mechanism against β-lactams, such as ampicillin, includes
the production of metallo-β-lactamases, which inactivate the drug through a cleavage pro-
cess. The metallo-β-lactamases are especially threatening due to their ability to inactivate
multiple β-lactams and their insensitivity to β-lactamase inhibitors that target the acyl
serine transferases. This resistance mechanism has been identified in extended-spectrum
β-lactamases where two amino acid substitutions are critical, a serine-for-arginine and a
lysine-for-glutamate [20]. This substitution may explain the increased expression of serine
and the decreased expression of glutamate observed when isolates are exposed to the
ACSSuT drug panel in our study. Aspartate has also been identified as a critical component
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of the metallo-β-lactamases; thus, the increased expression of aspartate may support this
mechanism [20].

Perhaps one of the largest resistance mechanisms is through decreasing TCA cycle flux.
Previous studies have shown that exogenous alanine and/or glucose increase susceptibility
to antibiotic treatment by increasing TCA flux and thereby increasing drug uptake by the
cell [21]. Therefore, it is possible that decreased TCA flux could contribute to decreased drug
susceptibility. Decreased concentrations of pyruvate and glutamate in our study support
this conclusion, as pyruvate directly feeds the TCA cycle and glutamate is converted to
pyruvate by α-ketoglutarate [22].

These data from our study suggest that another resistance mechanism utilized by
these AMR isolates may be initiated from the aminoacyl-tRNA pathway. Aminoacyl-
tRNA biosynthesis is responsible for changing cell membrane properties and increasing
a pathogen’s resistance. It has previously been identified as an attractive drug target [22].
This pathway likely acts by decreasing cell permeability and, thus, inhibiting drug entrance
into the cell. The aminoacyl-tRNA biosynthesis pathway in our study is significantly
altered when isolates are exposed to the ACSSuT antibiotic panel.

Alanine is a required component of cell wall peptidoglycan and it has been demon-
strated that inhibition of alanine transport results in increased susceptibility to drugs [23].
Increased concentrations of alanine may indicate that the cell wall has undergone peptido-
glycan remodeling, resulting in decreased susceptibility.

In our study, citrate (citric acid) has the highest fold change of any of the metabolites
matched to a significant pathway, but its possible role in antimicrobial resistance is less clear.
Citrate has previously been described as having a role in the regulation of cell division
and gene expression and is known to be a chelator, which may allow bacteria to manage
intracellular concentrations of cations. Previous research has shown an increase in citrate
concentrations when Salmonella aureus is exposed to cold temperatures, as well as upregu-
lated cell division proteins [24]. Therefore, increased citrate concentrations may suggest
that S. Typhimurium depends on this metabolite to maintain intracellular Ca++ concen-
trations and increases the rate of cell division. An increased rate of cell division would
also increase the chances of DNA mutation occurring and antibiotic resistance developing.
Further examining the role of citrate in bacterial survival and AMR is warranted.

In future research, exposing isolates to only one antibiotic or one class of antibiotics
would allow for a more specific interpretation of the expressed metabolites and potentially
provide more robust evidence on resistance mechanisms. Interpretation of these data
is limited due to the multiple mechanisms by which the ACSSuT panel targets bacteria.
Resistance mechanisms against one class of antibiotics differ from those against another
class, hence why bacteria resistant to one class may be susceptible to a different one [25].
This explains why a distinct resistance mechanism was not identifiable in this project. Expo-
sure to a single antibiotic class may create a more easily identifiable profile of metabolites
attributable to a specific resistance mechanism.

5. Conclusions

The findings of this study suggest that exposing AMR Salmonella Typhimurium to an
ACSSuT panel significantly alters metabolic pathways and, thus, metabolite expression
by the bacteria. This research supports the continuation of using metabolomics to study
AMR and identify resistance mechanisms, which could become future drug or testing
targets. However, further studies are necessary to identify specific resistance mechanisms
for different classes of antibiotics.
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