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Abstract: Antimicrobial resistance poses a major threat to global health and food security and is primarily
driven by antimicrobial use in human and veterinary medicine. Understanding its epidemiology at farm level
is crucial for effective control measures. Despite the significant reduction in antibiotic use in conventional
livestock production, the swine sector traditionally has a higher level of antibiotic use in veterinary medicine.
Consequently, multidrug resistance (MDR) among microbial isolates of swine origin has been relatively
frequent. The aim of this study was to assess the presence of multidrug-resistant (MDR) bacteria, enteric
pathogens and resistance genes to the main antibiotics used in clinical practice, both within the environment
and in animals across pig farms characterized by varying degrees of sanitary status. A total of 274 samples
were collected. Of these, 34 samples were collected from the environment (wall swabs, slat swabs and slurry
pit), and 240 samples were collected from animals (sows” and piglets’ rectal faeces). All samples were analysed
for MDR bacteria and enteric pathogens. The study revealed a high frequency of extended-spectrum beta-
lactamases (ESBL)-producing Enterobacterales and Campylobacter spp., with ESBL-producing Enterobacterales
predominating in high health status farms (environment and animals) and Campylobacter spp. in both high
health status and low health status environments. Additionally, a high percentage of methicillin-resistant
Staphylococcus aureus (MRSA) was found, mainly in environmental samples from high health status farms,
and Clostridioides difficile was distributed ubiquitously among farms and samples. Furthermore, though less
frequently, vancomycin-resistant Enterococcus faecium (VRE) was isolated only in high health status farms, and
Gram-negative bacilli resistant to carbapenems were isolated only in environmental samples of high health
status and low health status farms. This study underscores the importance of surveillance for MDR bacteria
in farm animals and their environment, including their waste. Such ecosystems serve as crucial reservoirs of
bacteria, requiring national-level surveillance to promote responsible antibiotic use and pandemic control.
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1. Introduction

Antimicrobial resistance (AMR) is one of the largest threats to global health and food
security [1]. The Organisation for Economic Cooperation and Development suggests that
without the adoption of new policies, approximately 2.4 million individuals across North
America, Australia and Europe could succumb to untreatable infections in the next three
decades. Yet, the repercussions extend beyond human loss, encompassing an economic
impact projected as exceeding USD 3.5 billion annually [1,2].

The primary contributor to AMR is antimicrobial use (AMU) [3], with its utilisation in
human and veterinary medicine as the predominant factor [4]. Furthermore, AMU in veteri-
nary medicine also plays an important role in the prevalence of AMR in human health [3].
Long-term AMU in food-producing animals fosters the emergence and dissemination of
AMR through animals and environmental sources, since, for instance, a slurry is usually
applied as a fertiliser for crops in agriculture. Notably, similarities between AMR bacteria
found in humans and animals have been found in foodborne pathogens and commensal
bacteria, including Escherichia coli, Enterococcus spp., or Salmonella [5].

The multidrug resistance (MDR) phenomenon diminishes treatment options in vet-
erinary medicine as well as in human medicine, contributing to the spread of resistant
bacteria through the food chain or by direct contact [6]. Traditionally, the swine sector has
had a high level of antibiotic use in veterinary medicine [7,8]. As a consequence, MDR has
relatively frequently been observed among microbial isolates from swine farms [9,10]. In
addition, the post-weaning period is critical for piglets (21-28 days old), as they face stres-
sors such as transport, diet changes, litter mixing and reduced maternal immunity, which
can lead to susceptibility to Enterotoxigenic Escherichia coli (ETEC) and post-weaning
diarrhea (PWD). Although antimicrobial treatments and management practices, such as
biosecurity and diet adjustments, help control infectious diseases [11], some Spanish farms,
despite standardising practices, experience frequent outbreaks and are classified as low
health status (LHS). In contrast, others remain unaffected and are considered high health
status (HHS). A farm with HHS must excel in production metrics and health records, with
mortality rates under 4%, substandard pig percentages between 2-3% and treatment costs
of EUR 1-1.5 per pig. HHS farms focus on selection and breeding and show superior
biosecurity and resilience to major swine pathogens. In contrast, LHS farms experience
recurrent post-weaning diarrhea and morbidity rates of 10-15%.

The three primary zoonotic bacteria in swine production are Campylobacter, Salmonella
and livestock-associated methicillin-resistant Staphylococcus aureus (LA-MRSA) [12]. Campy-
lobacter and Salmonella are also the most frequently reported foodborne zoonotic pathogens
in human medicine in the European Union (EU), responsible for 61.3% and 29.2% of the
foodborne infections reported in 2022, respectively [13]. In addition, zoonotic LA-MRSA
can infect workers who have occupational contact with pigs [14]. Coagulase-negative
staphylococci, such as S. epidermidis, S. haemolyticus and S. saprophyticus, are also being
considered a major nosocomial burden, playing an important role as a reservoirs of AMR
genes, which can be then transferred to S. aureus [6].

As antimicrobials are essential for the treatment of bacterial diseases [15], current
policies focus on reducing AMU in livestock [16,17], particularly in the swine industry,
which is the most extensive agricultural user of antimicrobials in the EU [18]. In this
sense, the AMR surveillance of targeted zoonotic or bioindicator bacteria through European
programmes [19] constitutes a fundamental pillar in the evaluation of the trends in AMR
due to antimicrobial selection pressure [5,10].

Current policies have established strong control measures at farm level to minimise
the administration of antibiotics, highlighting European [17] and national regulations, such
as the National Action Plan against the Emergence of Antibiotic Resistance (PRAN) in
Spain [20]. These plans are based on reducing the misuse of antibiotics in various sectors,
including livestock farming. They focus on promoting responsible prescription and use of
antibiotics, gathering data on AMU and collaborating across sectors to implement preven-
tive measures to preserve the effectiveness of these drugs in human and animal health.
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However, to combat AMR, it is not only necessary to consider reducing AMU in
animals but also to address the surrounding environment, which plays a key role as a
potential reservoir for these MDR microorganisms [6]. The environment represents a stable
microbial population among different animal batches and can sometimes host significant
reservoirs of AMR [21]. Additionally, the prohibition of a large number of disinfectants by
European authorities makes it increasingly difficult to combat these bacteria, especially
those that are resistant and stable in the environment [6]. These stable communities exhibit
characteristics specific to each type of production and, in some cases, characteristics unique
to a particular company, production type or on-farm sanitary status [22].

Considering the aforementioned factors, understanding the epidemiology of AMR at
the farm level represents a challenge crucial for the establishment of a robust field-level
control programme. Consequently, the aim of this study was to assess the presence of
multidrug-resistant (MDR) bacteria, enteric pathogens and resistance genes to the main
antibiotics used in clinical practice both within the environment and in animals across pig
farms characterized by varying degrees of sanitary status.

2. Results
Detection of Multidrug Resistant Bacteria and Enteric Pathogens

After collecting 274 samples from 6 different pig farms (3 HHS and 3 LHS) and
2 different origins (environment and animals), a total of 9 groups of microorganisms were
isolated. From farm environments, 36 samples were collected. On each farm, 10 samples
from walls (2 pooled samples/farm), 10 from slats (2 pooled samples/farm) and 2 from
slurry pit were collected. The groups most frequently detected were the ESBL-producing
Enterobacterales (n = 210, 76.6 %), followed by Campylobacter spp. (n =77,28.1 %), MRSA
(n=32,11.7 %), C. difficile (n = 22, 8 %), VRE (n =5, 1.8 %), Gram-negative bacilli producing
carbapenemases (n = 5, 1.8 %) and colistin-resistant Enterobacterales (n = 1, 0.4 %) (p-
value < 0.05). Neither Salmonella nor Yersinia spp. were isolated in any sample.

Regarding the species of Enterobacterales studied, E. coli was identified in 98.6% of the
positive samples and Klebsiella pneumoniae in 1.4%. ESBL-producing Enterobacterales signifi-
cantly predominated in HHS farms compared to LHS farms (p-value < 0.001) (Figure 1).
In addition, ESBLs were isolated from environmental and animal samples. However, no
statistically significant differences were found between the presence of ESBL-producing
Enterobacterales and the sample origin (environment vs. animals) (Figure 2). The data for
each sample type related to the antimicrobial resistance (AMR) obtained, the sample origin
and the status of the farm can be found in the Supplementary Materials.

All Campylobacter isolates were identified as C. coli. The percentage of C. coli isolated
did not vary significantly between farm status (Figure 1). However, statistically significant
differences were found between the percentage of the bacteria isolated and the origin of
the sample (p-value < 0.001) (Figure 2).

MRSA was isolated at a higher percentage in HHS farms than in LHS farms (p-
value < 0.001) (Figure 1), and it was also significantly detected colonising environmental
samples compared to samples from animals (p-value < 0.001) (Figure 2). It should be noted
that none of the MRSA strains isolated expressed the PBP2a protein.

The presence of C. difficile was evenly distributed both according to the farm status
and the sample origin, with no significant differences found between any of the studied
variables (Figures 1 and 2). Only one strain of C. difficile tested positive for the presence of
B toxin and negative for binary toxin.

In the case of VRE, all of them belonged to the species Enterococcus faecium, and they
were only isolated in HHS farms (p-value = 0.032, Figure 1). Regardless of the presence of
the bacteria and the origin of the sample, no statistically significant differences were found
(Figure 2). None of the isolates expressed the vanA /B protein.
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Figure 1. Percentage of each of the studied bacterial groups according to the farm status (High
Health Status vs. Low Health Status). C. coli—Campylobacter coli. C. difficile—Clostridioides difficile.
VRE—Vancomycin-resistant Enferococcus. ESBLE—ESBL-producing Enterobacterales, including E. coli
and K. pneumoniae. MRSA—Methicillin-resistant Staphylococcus aureus. GNB-Ca—Gram-negative
bacilli resistant to carbapenems. Different letters (a and b) represent significant differences within

each bacterial group (p-value < 0.05). Data are presented as least squares means + SE of the least
squares means.
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Figure 2. Percentage of each of the studied bacterial group according to the sample origin (environ-
ment vs. animals). C. coli—Campylobacter coli. C. difficile—Clostridioides difficile. VRE—Vancomycin-
resistant Enterococcus. ESBLE—ESBL-producing Enterobacterales, including E. coli and K. pneumoniae.
MRSA—Methicillin-resistant Staphylococcus aureus. GNB-Ca—Gram-negative bacilli resistant to
carbapenems. Different letters (a and b) represent significant differences within each bacterial group
(p-value < 0.05). Data are presented as least squares means + SE of the least squares means.

In the case of Gram-negative bacilli resistant to carbapenemases, they were isolated
at similar rates in both HHS and LHS farms. However, the bacteria were present only in
environmental samples (p-value < 0.0001, Figure 2). The isolated strains belonged to the
genus Aeromonas in 60% of cases and to the genus Pseudomonas in 40% of cases, with one of
them expressing the carbapenemase OXA-48.



Antibiotics 2024, 13, 883

50f13

Among all the samples studied, only one isolate of colistin-resistant Enterobacterales
was detected, which was identified as E. coli, and the presence of the MCR-1 enzyme was
not detected. This strain was isolated from an environmental sample obtained at one of the
HHS farms.

3. Discussion

The results of this field study demonstrate that resistant zoonotic bacteria, such as
ESBL-producing Enterobacterales, C. coli, MRSA, C. difficile, VRE and Gram-negative bacilli
resistant to colistin or producing carbapenemases, are important microorganisms to control
in pig production. The results obtained reveal that the presence of resistant zoonotic
bacteria is not confined only to livestock, which are the primary focus of the main European
programmes for controlling AMR. Instead, it highlights the critical importance of the farm
environment in perpetuating these bacteria among consecutive batches of animals, posing
a danger to both public and animal health.

E. coli is part of the intestinal microbiota in humans and animals, making it one of
the most likely vectors for the dissemination of ESBLs [23]. Moreover, E. coli is the most
frequent cause of human urinary tract infections and bloodstream infections, and it is
one of the leading causative agents of foodborne infections worldwide [24]. Therefore,
several institutions, such as the European Food Safety Authority (EFSA) and the European
Centre for Disease Prevention and Control (ECDC), include ESBL-producing E. coli in their
surveillance programmes [25,26]. Similarly, it is considered a candidate microorganism to
assess the impact on policies for responsible antimicrobial use in the swine sector [6,25].
The data obtained in this study demonstrate the high prevalence of ESBL-producing E. coli
in the pig farms studied, although none of them have used cephalosporins to treat the
animals. Perhaps they are being co-selected by the use of other antimicrobials. These results
support the importance of including ESBL E. coli screening in surveillance programmes.
Additionally, it has been shown that strains isolated in animals can be transmitted to
humans through direct contact or via the food chain, such as the E. coli lineage ST131,
which is an extra-intestinal pathogen that can colonise the gastrointestinal tract of food-
producing animals and humans [23]. In this line, the USA Center for Disease Control
and Prevention reports showed a continuous increase in community-associated human
infections caused by ESBL-producing Enterobacterales, and the high prevalence of infections
by this bacterial group in humans has been attributed to the frequent use of third-generation
cephalosporins in dairy farms [27].

Campylobacter and Salmonella are the two main enteric pathogens causing zoonoses
in humans [12]. Pork is considered a major source of Salmonella typhimurium infection in
humans in the EU, including monophasic strains (mST) and Campylobacter spp. [10,28,29].
Although our study did not identify any Salmonella, a widespread distribution of virulent
serotypes, such as S. typhimurium and its monophasic variant, has emerged as a public
health threat [10,28-30]. Despite the current situation, within the EU, there is no mandatory
programme for the control of Salmonella at pork production level. On the other hand, our
study shows that the swine sector constitutes an important reservoir of C. coli, but its clinical
significance is unknown since most human infections are associated with the presence of
C. jejuni [31,32], mainly related with chicken consumption [13]. It should be noted that the
majority of Campylobacter spp. strains have been isolated from animal samples, but this
does not indicate that they are not present in the environment, since Campylobacter spp., due
to its physiological requirements, remains in the environment as a viable non-culturable
form [33], which justifies its low recovery from environmental samples.

Regarding infection with C. difficile, an enteric pathogen also found on the studied
farms, it is the leading cause of human nosocomial diarrhea, mainly associated with antibi-
otic use. Its occurrence in the community setting is becoming increasingly common [34].
This microorganism is also becoming a pathogen to watch out for in animal species, in-
cluding pigs, horses and dairy calves [35-37]. It has been postulated that livestock could
be one of the main reservoirs of C. difficile [34]. In line with this, studies have shown that
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both animals and farm workers can be colonised by identical clones of C. difficile [36]. This
emphasises the need for additional research into the connection between this microorgan-
ism and the food chain. This study provides data demonstrating the significant prevalence
of this pathogen on pig farms. In fact, there are studies reporting even higher rates of this
pathogen in swine, with up to 87% of positive samples from pig farms [38—41]. Our work
supports the importance of C. difficile as a pathogen to be considered within the One Health
setting, as it has been isolated in all types of farms and samples.

Among Gram-positive cocci, the two main pathogens isolated therein were MRSA
and VRE. Both are human pathogens, and studies have reported that patients infected with
these resistant microorganisms present higher risk of mortality compared to those infected
with non-resistant strains [42]. MRSA, frequently isolated in environmental samples
from the studied farms, is an important pathogen causing infectious diseases in both
humans and animals, leading to high economic costs in both public health and livestock.
However, there is little information regarding the risk of transmission of these strains
to humans, although the strains colonising animals are rarely isolated in humans [43].
Since the early 2000s, numerous studies have pointed to an increased risk of LA-MRSA
colonisation among individuals who have prolonged, repeated contact with livestock,
especially pigs [14]. The presence of this microorganism has been associated with factors
including the administration of tetracycline and zinc oxide, the size and type of the pig
herd and the management practices in place. Measures to control the spread of LA-MRSA
on pig farms include conducting periodic tests for the detection of LA-MRSA in pigs and
avoiding certain antibiotics [44,45].

Regarding human infections caused by VRE, they are highly prevalent in the USA
and are gradually increasing in Europe. VRE poses a major healthcare problem due to
the difficulty of treating serious conditions associated with this microorganism, given
the significant therapeutic limitations available [46,47]. Traditionally, this difference is
explained by the varying use of drugs from this family in different geographical areas. In
addition to this phenomenon, one must consider the potential implication of using this
microorganism as a probiotic, which may promote the emergence of these strains in the
intestinal microbiome of animals [48]. These strains, after acquiring virulence factors, can
be transmitted through direct contact between farmers, veterinarians and workers [49,50].
This risk becomes more serious considering that the dominant species of Enterococcus in
pigs and humans are the same [51].

Finally, we have detected five isolates resistant to carbapenems, although only one of
them was a carbapenemase producer, which is of major clinical interest. Thus, carbapen-
ems have never been used in animal husbandry, and these isolates were detected in the
environment of the farms, not in faecal samples. In particular, the OXA-48 isolate belonging
to the genus Aeromonas is typically environmental. This finding is of concern, as horizontal
transmission of resistance from environmental bacteria to commensal bacteria inhabiting
the animal gut could result in pigs colonised with carbapenemase producing bacteria and
posing a risk to consumers. Little is known about the influence of the food chain on the
spread of carbapenem-resistant strains, although they have been isolated in pigs, cattle,
poultry, seafood, pets and wildlife [52-54]. Due to the significant clinical importance of
their spread, and although the frequency is very low, control measures should be strictly
enforced to minimise their spread, especially in the environment through cleaning and
disinfections procedures [55-57].

Regarding colistin resistance, it is important to note that it is one of the antibiotics
used in the clinical management of so-called difficult-to-treat bacteria due to the scarcity
of therapeutic alternatives. Therefore, the dissemination of strains resistant to this drug
constitutes a significant healthcare problem. In fact, there are reports of emerging E. coli and
Klebsiella pneumoniae strains resistant to this compound in human healthcare [58,59]. In our
study, we detected the presence of a colistin-resistant E. coli that did not carry the MCR-1
plasmid. The presence of these types of proteins would add an additional component of
severity due to the ease of transmission among other bacteria [60]. However, the high



Antibiotics 2024, 13, 883

70f13

fitness cost associated with the acquisition and expression of this plasmid in Enterobacterales
hinders the expansion of these strains [61]. The results obtained in this study demonstrate
the excellent outcomes achieved in recent years in Spain following implementation of the
“REDUCE-COLISTIN” programme led by the Spanish Agency of Medicines and Medical
Products within the PRAN, which all Spanish swine companies have voluntarily joined [16].

The prevention and control of infections associated with MDR bacteria is a highly
complex and challenging phenomenon. It is a multifactorial process involving diverse
agents, such as the microbiome of all involved parties (patients, medical staff, healthcare
workers, environment, etc.), ecosystem characteristics, dissemination pathways, clinical
approaches and microbial resistome. The importance of the food chain is still poorly
understood, especially in community-associated infections involving these types of bacte-
ria [62]. To minimise this problem, the implementation of surveillance programmes that
integrate data from humans (both nosocomial and community) and animals, especially
those circulating in the food chain, are key. Currently, these surveillance programmes are
multiple and scattered and should evolve with a One Health perspective [63]. Another
aspect to consider is the improvement of antibiotic usage control in humans and animals.
In fact, various, agencies such as the World Health Organisation (WHO) and the European
Medicines Agency (EMA), have drawn up documents on the prudent use of antibiotics,
both in humans and animals, as reported above [64].

Our study supports the need for surveillance for the presence of resistant zoonotic
bacteria in both farm animals and their environment, including the waste generated. These
results demonstrated that MDR bacteria were mainly found in environmental samples,
suggesting that screening the environment is more sensitive than screening the animals.
MDR bacteria from the environment provide a representation of the entire pool of animals
coexisting in that space. In fact, different studies conducted solely with animal samples
showed lower percentages of this type of microorganisms [65,66]. Furthermore, species typ-
ically exhibiting MDR profiles, such as clinically important ESBL-producing Enterobacterales
or MRSA, are often physiologically adapted to harsh environmental conditions, being more
difficult to eliminate from environmental reservoirs. Hence, it is necessary to introduce
some of these microorganisms and resistance traits in national surveillance programmes
through collaboration between governments and private companies in order to progress
towards more sustainable farming with more responsible use of antibiotics, which will
contribute to controlling this significant pandemic [32,57,67].

4. Materials and Methods
4.1. Study Sample

Over a four-month period, six houses from six pig farms were environmentally sam-
pled. Farms were affiliated with one of the production companies that handle the majority
of pigs slaughtered in Spain. The present study was approved by the Ethics Committee
for Animal Experimentation from the Universitat Autonoma of Barcelona and the Animal
Experimentation Commission from the local government (Departament d’Accié Climatica,
Alimentaci6 i Agenda Rural from the Generalitat de Catalunya; Reference 12234).

4.2. Selection of High and Low Sanitary Status Farms to Define “Healthy” and
“Unhealthy” Microbiomes

A farm attaining high health status (HHS) must meet stringent criteria. Firstly, it
must demonstrate exceptional production performance, with metrics like average daily
gain and feed conversion rate ranking in the top 25% of all pig farms. Secondly, it should
maintain outstanding health records, placing among the top 10% for parameters such as
mortality rate, substandard pig percentage during rearing and antimicrobial treatment costs.
For these farms, expected mortality rates from weaning to slaughter should not exceed
4%, with substandard pig percentages between 2-3% and treatment costs ranging from
EUR 1-1.5 per pig. Typically, such farms focus on selection and breeding. Conversely,
low health status (LHS) farms are characterized by recurrent post-weaning diarrhea and
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morbidity rates of at least 10-15%. While standardized management practices are imple-
mented across all farms, those with HHS exhibit superior performance in various aspects of
biosecurity, including the acquisition of breeding pigs, visitor management, compartmental
measures, equipment maintenance and sanitation practices. Additionally, HHS farms
demonstrate resilience against major swine pathogens such as PRRSV, swine dysentery
and Mycoplasma hyopneumoniae, with mortality rates below 4%.

4.3. Sampling

During January and June 2023, six pig farms were enrolled for in study (three HHS
and three LHS). One house from each farm was selected according to the described criteria.
At each farm, one house from the nursery facility containing sows with 3 week-old piglets
was selected.

4.3.1. Environmental Sampling

Thereafter, 10 pens within each house were sampled (walls and slats), i.e., 4 and 6 pens
from the corners and the middle of the house, respectively (Figure 3). In addition, two
slurry pit samples were collected from different sampling points in sterile pots (500 mL
each). Wall and slat samples were collected by wiping 1 m? of surfaces using both sides of
a sterile wipe (Whirl-Pak®, Scharlab, Barcelona, Spain). First, wall samples (10 per farm,
1 per pen) were taken at an approximate height of 70 cm above the pen floor. Then, the slat
samples (10 per farm, 1 per pen) were collected between and under the grates whenever
possible. Once collected, all the samples were placed individually in a sterile bag with
sterile diluent and transported to the laboratory in refrigerated conditions and processed
within 12 h.

HOUSE SAMPLED a2 SLURRY PIT

[C] Sampled pens

b2

= D B

Environmental
samples

Figure 3. Sampling procedure. (A) Sampling points: (al) Sampling within the house, (a2) Sampling
outside the building (slurry pit). (B) Samples collected: (b1) from the animals (sows” and piglets’
rectal faeces) and (b2) from the farm environment with swabs (wall and slat samples) and from slurry.

Once in the laboratory, the wall and slat samples were processed identically. Two
pools of five wipes each (one quarter of a wipe per pool) were generated for each type of
sample. The remaining wipes were stored in the freezer for further studies. Then, each
pool and each slurry sample were placed in a stomacher (BagFilter® 400 mL, Scharlab,
Barcelona, Spain) and homogenised with 15 mL of PBS (5 min, 260 rpm).
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4.3.2. Animal Sampling

In each environmentally sampled pen, the sows and piglets were also sampled (Figure 3).
Thus, faecal samples were collected directly from the rectum of sows (n = 10) and their piglets
(n = 30, three piglets/sow). Each sample collected was homogenised, and a swab from
each homogenised sample (Cary Blair sterile transport swabs, Deltalab®, Barcelona, Spain)
was transported to the laboratory under refrigerated conditions and analysed within 24 h
of collection.

4.4. Multidrug Resistant Bacteria and Enteric Pathogens Screening

When screening for MDR bacteria and enteric pathogens, a total of 274 samples were
analysed (34 samples from the environment and 240 samples from the animals). The screening
for MDR bacteria was carried out using selective plates for each microorganism. After this
screening, the presence of the main antibiotic resistance mechanisms was analyzed in the
phenotypically resistant strains through PCR and/or immunochromatography [68-70]

All the samples collected were cultured and analysed following the scientific pro-
tocols of the Spanish Society of Infectious Diseases and Clinical Microbiology (SEIMC)
(https:/ /seimc.org (accessed on 10 June 2024)) for detection of the bacterial groups related
to antibiotic resistance: Enterobacterales resistant to third-generation cephalosporins (pro-
ducing extended-spectrum beta-lactamases (ESBL)) and plasmid-mediated AmpC, Gram-
negative bacilli resistant to carbapenems and/or colistin, MRSA, vancomycin-resistant
Enterococcus (VRE) and enteric pathogens: Clostridioides difficile, Salmonella, Yersinia spp.
and Campylobacter spp.

Isolation of ESBL-producing Enterobacterales was performed by seeding on a specific
chromogenic medium, CHROMID ESBL (Biomerieux, Craponne, France), and selection
of colistin-resistant strains was carried out by seeding on MacConkey Agar (Biomerieux,
Craponne, France) combined with a colistin disc. For the detection of Gram-negative
bacilli resistant to carbapenems, the chromogenic medium CROMID CARBA SMART
(Biomerieux, Craponne, France) was used. Isolation of MRSA and VRE was performed
using the CROMID MRSA SMART (Biomerieux, Crapone, France) and CHROMID VRE
(Biomerieux, Crapone, France), respectively.

Regarding the detection of enteric pathogens, selective media were used for the
isolation of Campylobacter spp. (Campylogel agar, Biomerieux, Crapone, France), Yersinia
spp. (Yersinia CIN agar, Biomerieux, Crapone, France) and C. difficile (CHROMID C. difficile
agar, Biomerieux, Crapone, France). In the case of Salmonella, prior to seeding on the
chromogenic plate (BD Chromagar Salmonella, Becton, Dickinson, Franklin Lakes, NJ, USA),
the sample underwent enrichment by broth (Selenite F broth, Biomerieux, Crapone, France)
and subsequent incubation at 37 °C for 24 h.

All plates were incubated at 37 °C for 24 h, except for the selective plates for Campy-
lobacter, which were maintained at 42 °C for 48 h under microaerophilic conditions, and
the selective plates for C. difficile, which were maintained at 37 °C for 48 h under anaerobic
conditions. From plates showing growth, the isolation of a colony was performed and
the microorganism was subsequently identified using mass spectrometry (MALDI-TOF,
Bruker, Karlsruhe, Germany).

Finally, rapid tests were conducted for confirmation and determination of resistance
mechanisms in all the isolated phenotypically resistant microorganisms. Specifically,
in MRSA, an immunochromatography test was performed to detect the PBP2a protein
(Clearview PBP2a, Abbott, Lake County, IL, USA). Vancomycin resistance was confirmed by
e-test (Biomerieux, Crapone, France) and detection of vanA /B genes was carried out using
multiplex PCR (FilmArray multiplex PCR, Biomerieux, Crapone, France). ESBL-producing
Enterobacterales were confirmed using a microdilution of cefotaxime and ceftazidime with
and without clavulanic acid (MicroScan, Beckman Coulter, Indianapolis, IN, USA), and the
presence of major carbapenemases (VIM, NDM, KPC, IMP and OXA-48) was confirmed us-
ing immunochromatography (NG-Test® CARBA-5, NG-BIOTECH, Guipry-Messac, France).
Colistin resistance was confirmed using microdilution with the UMIC colistin kit (Bruker,
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Karlsruhe, Germany), and the presence of the MCR 1 enzyme was determined using
immunochromatography (NG-Test® MCR-1, NG-BIOTECH, Guipry-Messac, France). De-
tection of genes encoding toxin B and binary toxin in C. difficile strains was performed
using the Xpert C. difficile BT kit based on real-time PCR (GeneXpert, Cepheid, Sunnyvale,
CA, USA).

4.5. Statistical Analysis

A generalised linear model (GLM), which assumed a binomial distribution for each
AMR zoonotic bacterium presence, was fitted to the data to determine whether there was an
association among the status of the farm (HHS and LHS), the sample origin (environment
and animals) and the AMR zoonotic bacteria status of the batch. For this analysis, the error
was designated as having a binomial distribution, and the probit link function was used.
Binomial data for each sample were assigned: one if they had AMR zoonotic bacterium
or zero if they did not. A p-value of less than 0.05 was considered statistically significant.
Data are presented as least squares means =+ standard error of the least squares means.
All statistical analyses were carried out using a commercially available software program
(SPSS 27.0.1.0; SPSS Inc., Chicago, IL, USA).

5. Conclusions

This study has identified Campylobacter and C. difficile among the enteric pathogens
studied, while Salmonella or Yersinia were not isolated. Additionally, antimicrobial-resistant
zoonotic bacteria of great importance in public and animal health were isolated, especially
in the farm environment, suggesting the persistence of these microorganisms after clean-
ing and disinfection. Moreover, the presence of these microorganisms was particularly
prevalent on those farms where the selective pressure of cleaning and disinfection was
higher. Therefore, our results highlight the need for a holistic approach within the One
Health paradigm, which acknowledges the interconnectedness between human, animal
and environmental health in addressing zoonotic diseases and AMR.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/antibiotics13090883/s1, Figure S1: Percentage of each of the
studied bacterial groups according to the farm status (High Health Status vs. Low Health Status) and
the animal sampled (sows or piglets). Figure S2: Percentage of each of the studied bacterial groups
according to the farm status (High Health Status vs. Low Health Status) and the environmental
sample collected (walls, slats or slurry pit).

Author Contributions: Conceptualization: C.M., LM.-G.,S.V,, M.T.P.-G. and ].C.R.; methodology:
M.PV, 1.G, LE., LM.-D. and L.L.-R.; software: M.P.V., C.M. and N.G.; validation: L. M.-G., C.T.-M.
and N.G.; formal analysis: M.P.V,, CM,, ].C.R. and L.M.-G.; investigation: M.P.V,, C.T-M,, LG,
LE., AM.-E, LM.-D. and N.G.; resources: A.M.-F,, LM.-D., L.L.-R. and C.M.; data curation: J.C.R.,
CM., M.PV. and C.T.-M,; writing—M.P.V,, C.M. and J.C.R; writing—review and editing: all authors;
supervision: C.M., LM.-G,, S.V. and M.T.P-G.; project administration: C.M. and L.M.-G.; funding
acquisition, C.M., L M.-G. and M.P.V. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported by the I+D+I National Program - Grants PID2021-1256410B-
C22 to CM and PID2021-1256410B-C21 to LMG MCIN/AEI/10.13039/501100011033 /FEDER, UE,
and MPV was supported with a PTA Grant (PTA2021-020215-I) funded by MCIN/AEI/10.13039/
501100011033 and by ESF Investing in your future. We also acknowledge the CERCA program
(Generalitat of Catalonia). CT-M is a PhD student from the Autonomous University of Barcelona,
Microbiology Program with a IRTA fellowship.

Institutional Review Board Statement: The present study was approved by the Ethics Committee
for Animal Experimentation from the Universitat Autonoma of Barcelona and the Animal Experi-
mentation Commission from the local government (Departament d’Accié Climatica, Alimentacio i
Agenda Rural from the Generalitat de Catalunya; Reference 12234).

Informed Consent Statement: Not applicable.


https://www.mdpi.com/article/10.3390/antibiotics13090883/s1
https://www.mdpi.com/article/10.3390/antibiotics13090883/s1

Antibiotics 2024, 13, 883 11 of 13

Data Availability Statement: Data are contained within the article and Supplementary Materials.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  OECD. Stemming the Superbug Tide; OECD: Paris, France, 2018.

2. Goémez-Garcia, M.; Sol, C.; De Nova, PJ.G.; Puyalto, M.; Mesas, L.; Puente, H.; Mencia-Ares, O.; Miranda, R;; Argtiello, H.; Rubio,
P, et al. Antimicrobial Activity of a Selection of Organic Acids, Their Salts and Essential Oils against Swine Enteropathogenic
Bacteria. Porc. Health Manag. 2019, 5, 32. [CrossRef] [PubMed]

3. Centers for Disease Control and Prevention. Antibiotic Resistance Threats in the United States; CDC: Atlanta, GA, USA, 2013.

4. Holmes, A.H.; Moore, L.S.P,; Sundsfjord, A.; Steinbakk, M.; Regmi, S.; Karkey, A.; Guerin, PJ.; Piddock, L.J.V. Understanding the
Mechanisms and Drivers of Antimicrobial Resistance. Lancet 2016, 387, 176-187. [CrossRef] [PubMed]

5. Mencia-Ares, O.; Argiiello, H.; Puente, H.; Gémez-Garcia, M.; Manzanilla, E.G.; Alvarez-Ordoéfiez, A.; Carvajal, A.; Rubio, P.
Antimicrobial Resistance in Commensal Escherichia coli and Enterococcus spp. Is Influenced by Production System, Antimicrobial
Use, and Biosecurity Measures on Spanish Pig Farms. Porc. Health Manag. 2021, 7, 27. [CrossRef] [PubMed]

6.  Mencia-Ares, O.; Argiiello, H.; Puente, H.; Gomez-Garcia, M.; Alvarez-Ordéfiez, A.; Manzanilla, E.G.; Carvajal, A.; Rubio, P.
Effect of Antimicrobial Use and Production System on Campylobacter spp., Staphylococcus spp. and Salmonella spp. Resistance in
Spanish Swine: A Cross-Sectional Study. Zoonoses Public Health 2021, 68, 54-66. [CrossRef]

7. Plan Nacional Resistencia Antibiéticos. Primer Informe Programa Reduce Colistina; PRAN: Madrid, Spain, 2017.

8. Wu, Z. Approach Choices for Antimicrobial Use Reduction in European Food Animal Production. EuroChoices 2024, 23, 36—42.
[CrossRef]

9.  De Paula Dias, C.; Pereira, A.R; de Oliveira Paranhos, A.G.; Rodrigues, M.V.D.; de Lima, W.G.; de Aquino, S.F.; de Queiroz Silva,
S. Spread of Multidrug-Resistant Bacteria and Antibiotic Resistance Genes in a Swine Wastewater Treatment Plant. Int. ]. Environ.
Res. 2024, 18, 2. [CrossRef]

10. The European Union Summary Report on Antimicrobial Resistance in Zoonotic and Indicator Bacteria from Humans, Animals
and Food in 2021-2022. EFSA |. 2024, 22, e07867. [CrossRef]

11. Castro, J.; Barros, M.M.; Aradjo, D.; Campos, A.M.; Oliveira, R.; Silva, S.; Almeida, C. Swine Enteric Colibacillosis: Current
Treatment Avenues and Future Directions. Front. Vet. Sci. 2022, 9, 981207. [CrossRef]

12.  Report from the Task Force on Zoonoses Data Collection Including Guidance for Harmonized Monitoring and Reporting of
Antimicrobial Resistance in Commensal Escherichia coli and Enterococcus Spp. from Food Animals. EFSA ]. 2008, 6, 141r. [CrossRef]

13.  European Food Safety Authority (EFSA); European Centre for Disease Prevention and Control (ECDC). The European Union One
Health 2022 Zoonoses Report. EFSA J. 2023, 21, e8442. [CrossRef]

14. Anjum, M.E; Marco-Jimenez, F.; Duncan, D.; Marin, C.; Smith, R.P; Evans, S.J. Livestock-Associated Methicillin-Resistant
Staphylococcus aureus From Animals and Animal Products in the UK. Front. Microbiol. 2019, 10, 442883. [CrossRef] [PubMed]

15. Salam, M.A.; Al-Amin, M.Y,; Salam, M.T.; Pawar, J.S.; Akhter, N.; Rabaan, A.A.; Alqumber, M.A.A. Antimicrobial Resistance: A
Growing Serious Threat for Global Public Health. Healthcare 2023, 11, 1946. [CrossRef] [PubMed]

16. Programa REDUCE Porcino| PRAN. Available online: https://resistenciaantibioticos.es/es/lineas-de-accion/control/
programas-de-reduccion-en-sanidad-animal / programa-reduce-porcino (accessed on 30 April 2024).

17.  Regulation—2019/6—EN—EUR-Lex. Available online: https://eur-lex.europa.eu/eli/reg/2019/6/0j (accessed on 30 April
2024).

18. European Medicines Agency. Sales of Veterinary Antimicrobial Agents in 31 European Countries in 2022—Trends from 2010 to
2022—Thirteenth ESVAC Report; Publications Office of the European Union: Luxembourg, 2023. [CrossRef]

19. Implementing Decision—2020/1729—EN—EUR-Lex. Available online: https://eur-lex.europa.eu/legal-content/en/TXT /?uri=
CELEX:32020D1729 (accessed on 30 April 2024).

20. Plan Nacional Resistencia Antibidticos. Plan Estratégico y de Accion para Reducir el Riesgo de Seleccion y Diseminacion de la Resistencia
a los Anti Bidti cos AEMPS; Agencia Espafiola De Medicamentos Y Productos Sanitarios: Madrid, Spain, 2014.

21. Cobo-Diaz, J.E; Alvarez-Molina, A.; Alexa, E.A.; Walsh, C.].; Mencia-Ares, O.; Puente-Gomez, P.; Likotrafiti, E.; Fernandez-Goémez,
P,; Prieto, B.; Crispie, F.; et al. Microbial Colonization and Resistome Dynamics in Food Processing Environments of a Newly
Opened Pork Cutting Industry during 1.5 Years of Activity. Microbiome 2021, 9, 204. [CrossRef] [PubMed]

22.  Marin, C.; Cerda-Cuéllar, M.; Gonzalez-Bodi, S.; Lorenzo-Rebenaque, L.; Vega, S. Research Note: Persistent Salmonella Problems
in Slaughterhouses Related to Clones Linked to Poultry Companies. Poult. Sci. 2022, 101, 101968. [CrossRef] [PubMed]

23. Bergspica, I.; Kaprou, G.; Alexa, E.A.; Prieto, M.; Alvarez-Ordoriez, A. Extended Spectrum (3-Lactamase (ESBL) Producing
Escherichia coli in Pigs and Pork Meat in the European Union. Antibiotics 2020, 9, 678. [CrossRef]

24. GLASS|Global Antimicrobial Resistance Surveillance System (GLASS). Available online: https:/ /www.who.int/initiatives/glass
(accessed on 11 October 2019).

25. O’Neill, L.; Manzanilla, E.G.; Ekhlas, D.; Leonard, F.C. Antimicrobial Resistance in Commensal Escherichia Coli of the Porcine
Gastrointestinal Tract. Antibiotics 2023, 12, 1616. [CrossRef]

26. Tseng, C.H.; Liu, CW,; Liu, PY. Extended-Spectrum p3-Lactamases (ESBL) Producing Bacteria in Animals. Antibiotics 2023, 12, 661.

[CrossRef]


https://doi.org/10.1186/s40813-019-0139-4
https://www.ncbi.nlm.nih.gov/pubmed/31890256
https://doi.org/10.1016/S0140-6736(15)00473-0
https://www.ncbi.nlm.nih.gov/pubmed/26603922
https://doi.org/10.1186/s40813-021-00206-1
https://www.ncbi.nlm.nih.gov/pubmed/33741079
https://doi.org/10.1111/zph.12790
https://doi.org/10.1111/1746-692X.12424
https://doi.org/10.1007/s41742-023-00552-8
https://doi.org/10.2903/J.EFSA.2024.8583
https://doi.org/10.3389/FVETS.2022.981207
https://doi.org/10.2903/j.efsa.2008.141r
https://doi.org/10.2903/J.EFSA.2023.8442
https://doi.org/10.3389/fmicb.2019.02136
https://www.ncbi.nlm.nih.gov/pubmed/31572341
https://doi.org/10.3390/healthcare11131946
https://www.ncbi.nlm.nih.gov/pubmed/37444780
https://resistenciaantibioticos.es/es/lineas-de-accion/control/programas-de-reduccion-en-sanidad-animal/programa-reduce-porcino
https://resistenciaantibioticos.es/es/lineas-de-accion/control/programas-de-reduccion-en-sanidad-animal/programa-reduce-porcino
https://eur-lex.europa.eu/eli/reg/2019/6/oj
https://doi.org/10.2809/766171
https://eur-lex.europa.eu/legal-content/en/TXT/?uri=CELEX:32020D1729
https://eur-lex.europa.eu/legal-content/en/TXT/?uri=CELEX:32020D1729
https://doi.org/10.1186/s40168-021-01131-9
https://www.ncbi.nlm.nih.gov/pubmed/34645520
https://doi.org/10.1016/j.psj.2022.101968
https://www.ncbi.nlm.nih.gov/pubmed/35759998
https://doi.org/10.3390/antibiotics9100678
https://www.who.int/initiatives/glass
https://doi.org/10.3390/antibiotics12111616
https://doi.org/10.3390/antibiotics12040661

Antibiotics 2024, 13, 883 12 of 13

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Gelalcha, B.D.; Kerro Dego, O. Extended-Spectrum Beta-Lactamases Producing Enterobacteriaceae in the USA Dairy Cattle Farms
and Implications for Public Health. Antibiotics 2022, 11, 1313. [CrossRef]

Marin, C.; Lorenzo-Rebenaque, L.; Moreno-Moliner, J.; Sevilla-Navarro, S.; Montero, E.; Chinillac, M.C.; Jorda, J.; Vega, S.
Multidrug-Resistant Campylobacer Jejuni on Swine Processing at a Slaughterhouse in Eastern Spain. Animals 2021, 11, 1339.
[CrossRef]

Marin, C.; Chinillac, M.C.; Cerda-Cuéllar, M.; Montoro-Dasi, L.; Sevilla-Navarro, S.; Ayats, T.; Marco-Jimenez, F.; Vega, S.
Contamination of Pig Carcass with Salmonella enterica Serovar Typhimurium Monophasic Variant 1,4[5],12:I:- Originates Mainly
in Live Animals. Sci. Total Environ. 2020, 703, 134609. [CrossRef]

Sevilla, E.; Marin, C.; Delgado-Blas, J.F.; Gonzalez-Zorn, B.; Vega, S.; Kuijper, E.; Bolea, R.; Mainar-Jaime, R.C. Wild Griffon
Vultures (Gyps fulvus) Fed at Supplementary Feeding Stations: Potential Carriers of Pig Pathogens and Pig-Derived Antimicrobial
Resistance? Transbound. Emerg. Dis. 2020, 67, 1295-1305. [CrossRef] [PubMed]

Liu, F; Lee, S.A.; Xue, J.; Riordan, S.M.; Zhang, L. Global Epidemiology of Campylobacteriosis and the Impact of COVID-19.
Front. Cell. Infect. Microbiol. 2022, 12, 979055. [CrossRef] [PubMed]

Spronk, T.; Green, A.L.; Vuolo, M.; Ruesch, L.; Edler, R.; Haley, C.; Scaria, ].; Hennings, J.; Dee, S.; Shivley, C.B. Antimicrobial Use
and Antimicrobial Resistance Monitoring in Pig Production in the United States of America. OIE Rev. Sci. Tech. 2023, 42, 52-64.
[CrossRef]

Pokhrel, D.; Thames, H.T.; Zhang, L.; Dinh, T.T.N.; Schilling, W.; White, S.B.; Ramachandran, R.; Theradiyil Sukumaran, A.
Roles of Aerotolerance, Biofilm Formation, and Viable but Non-Culturable State in the Survival of Campylobacter jejuni in Poultry
Processing Environments. Microorganisms 2022, 10, 2165. [CrossRef] [PubMed]

Tsai, C.S.; Hung, Y.P; Lee, ].C.; Syue, L.S.; Hsueh, P.R.; Ko, W.C. Clostridioides difficile Infection: An Emerging Zoonosis? Expert
Rev. Anti. Infect. Ther. 2021, 19, 1543-1552. [CrossRef]

Uzal, FA.; Navarro, M.A,; Asin, J.; Boix, O.; Ballara-Rodriguez, 1.; Gibert, X. Clostridial Diarrheas in Piglets: A Review. Vet.
Microbiol. 2023, 280, 109691. [CrossRef]

Redding, L.; Huang, E.; Ryave, J.; Webb, T.; Barnhart, D.; Baker, L.; Bender, J.; Kristula, M.; Kelly, D. Clostridioides difficile on Dairy
Farms and Potential Risk to Dairy Farm Workers. Anaerobe 2021, 69, 102353. [CrossRef]

Hain-Saunders, N.M.R.; Knight, D.R.; Bruce, M.; Riley, T.V. Clostridioides difficile Infection and One Health: An Equine Perspective.
Environ. Microbiol. 2022, 24, 985-997. [CrossRef]

Licciardi, C.; Primavilla, S.; Roila, R.; Lupattelli, A.; Farneti, S.; Blasi, G.; Petruzzelli, A.; Drigo, I.; Di Raimo Marrocchi, E.
Prevalence, Molecular Characterization and Antimicrobial Susceptibility of Clostridioides Difficile Isolated from Pig Carcasses
and Pork Products in Central Italy. Int. J. Environ. Res. Public Health 2021, 18, 11368. [CrossRef]

Usui, M. One Health Approach to Clostridioides difficile in Japan. |. Infect. Chemother. 2020, 26, 643-650. [CrossRef]

Alves, E; Nunes, A.; Castro, R.; Sequeira, A.; Moreira, O.; Matias, R.; Rodrigues, J.C.; Silveira, L.; Gomes, J.P.; Oleastro, M.
Assessment of the Transmission Dynamics of Clostridioides difficile in a Farm Environment Reveals the Presence of a New Toxigenic
Strain Connected to Swine Production. Front. Microbiol. 2022, 13, 858310. [CrossRef]

Spigaglia, P; Barbanti, F; Faccini, S.; Vescovi, M.; Criscuolo, E.M.; Ceruti, R.; Gaspano, C.; Rosignoli, C. Clostridioides difficile in
Pigs and Dairy Cattle in Northern Italy: Prevalence, Characterization and Comparison between Animal and Human Strains.
Microorganisms 2023, 11, 1738. [CrossRef] [PubMed]

Hassoun-Kheir, N.; Guedes, M.; Ngo Nsoga, M.T.; Argante, L.; Arieti, F; Gladstone, B.P,; Kingston, R.; Naylor, N.R.; Pezzani,
M.D.; Pouwels, K.B.; et al. A Systematic Review on the Excess Health Risk of Antibiotic-Resistant Bloodstream Infections for Six
Key Pathogens in Europe. Clin. Microbiol. Infect. 2023, 30, S14-S25. [CrossRef] [PubMed]

Kasela, M.; Ossowski, M.; Dzikon, E.; Ignatiuk, K.; Wlazto, L..; Malm, A. The Epidemiology of Animal-Associated Methicillin-
Resistant Staphylococcus Aureus. Antibiotics 2023, 12, 1079. [CrossRef] [PubMed]

Khairullah, A.R.; Kurniawan, S.C.; Effendi, M.H.; Sudjarwo, S.A.; Ramandinianto, S.C.; Widodo, A.; Riwu, K.H.P; Silaen, O.S.M.;
Rehman, S. A Review of New Emerging Livestock-Associated Methicillin-Resistant Staphylococcus aureus from Pig Farms. Vet.
World 2023, 16, 46-58. [CrossRef]

Silva, V.; Monteiro, A.; Pereira, ].E.; Maltez, L.; Igrejas, G.; Poeta, P. MRSA in Humans, Pets and Livestock in Portugal: Where We
Came from and Where We Are Going. Pathogens 2022, 11, 1110. [CrossRef]

Eichel, V.M,; Last, K; Brithwasser, C.; von Baum, H.; Dettenkofer, M.; Gotting, T.; Grundmann, H.; Giildenhéven, H.; Liese,
J.; Martin, M.; et al. Epidemiology and Outcomes of Vancomycin-Resistant Enterococcus Infections: A Systematic Review and
Meta-Analysis. J. Hosp. Infect. 2023, 141, 119-128. [CrossRef]

Sugai, M.; Yuasa, A.; Miller, R.L.; Vasilopoulos, V.; Kurosu, H.; Taie, A.; Gordon, J.P.; Matsumoto, T. An Economic Evaluation
Estimating the Clinical and Economic Burden of Increased Vancomycin-Resistant Enterococcus faecium Infection Incidence in
Japan. Infect. Dis. Ther. 2023, 12, 1695-1713. [CrossRef]

Liu, Z.L.; Chen, YJ.; Meng, Q.L.; Zhang, X.; Wang, X.L. Progress in the Application of Enterococcus faecium in Animal Husbandry.
Front. Cell. Infect. Microbiol. 2023, 13, 1168189. [CrossRef]

Grudlewska-Buda, K.; Skowron, K.; Bauza-Kaszewska, J.; Budzynska, A.; Wiktorczyk-Kapischke, N.; Wilk, M.; Wujak, M.;
Paluszak, Z. Assessment of Antibiotic Resistance and Biofilm Formation of Enterococcus Species Isolated from Different Pig Farm
Environments in Poland. BMC Microbiol. 2023, 23, 89. [CrossRef]


https://doi.org/10.3390/antibiotics11101313
https://doi.org/10.3390/ani11051339
https://doi.org/10.1016/j.scitotenv.2019.134609
https://doi.org/10.1111/tbed.13470
https://www.ncbi.nlm.nih.gov/pubmed/31901154
https://doi.org/10.3389/fcimb.2022.979055
https://www.ncbi.nlm.nih.gov/pubmed/36519137
https://doi.org/10.20506/RST.42.3348
https://doi.org/10.3390/microorganisms10112165
https://www.ncbi.nlm.nih.gov/pubmed/36363757
https://doi.org/10.1080/14787210.2021.1967746
https://doi.org/10.1016/j.vetmic.2023.109691
https://doi.org/10.1016/j.anaerobe.2021.102353
https://doi.org/10.1111/1462-2920.15898
https://doi.org/10.3390/ijerph182111368
https://doi.org/10.1016/j.jiac.2020.03.012
https://doi.org/10.3389/FMICB.2022.858310
https://doi.org/10.3390/microorganisms11071738
https://www.ncbi.nlm.nih.gov/pubmed/37512910
https://doi.org/10.1016/j.cmi.2023.09.001
https://www.ncbi.nlm.nih.gov/pubmed/37802750
https://doi.org/10.3390/antibiotics12061079
https://www.ncbi.nlm.nih.gov/pubmed/37370398
https://doi.org/10.14202/vetworld.2023.46-58
https://doi.org/10.3390/pathogens11101110
https://doi.org/10.1016/j.jhin.2023.09.008
https://doi.org/10.1007/s40121-023-00826-w
https://doi.org/10.3389/fcimb.2023.1168189
https://doi.org/10.1186/s12866-023-02834-9

Antibiotics 2024, 13, 883 13 of 13

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Marques, ].M.; Coelho, M.; Santana, A.R.; Pinto, D.; Semedo-Lemsaddek, T. Dissemination of Enterococcal Genetic Lineages: A
One Health Perspective. Antibiotics 2023, 12, 1140. [CrossRef] [PubMed]

Tamai, S.; Suzuki, Y. Diversity of Fecal Indicator Enterococci among Different Hosts: Importance to Water Contamination Source
Tracking. Microorganisms 2023, 11, 2981. [CrossRef] [PubMed]

Feng, J.; Xiang, Q.; Ma, J.; Zhang, P,; Li, K.; Wu, K; Su, M,; Li, R.; Hurley, D.; Bai, L.; et al. Characterization of Carbapenem-
Resistant Enterobacteriaceae Cultured From Retail Meat Products, Patients, and Porcine Excrement in China. Front. Microbiol. 2021,
12, 743468. [CrossRef] [PubMed]

Lysitsas, M.; Triantafillou, E.; Chatzipanagiotidou, I.; Antoniou, K.; Valiakos, G. Antimicrobial Susceptibility Profiles of Acine-
tobacter baumannii Strains, Isolated from Clinical Cases of Companion Animals in Greece. Vet. Sci. 2023, 10, 635. [CrossRef]
[PubMed]

Mairi, A.; Pantel, A.; Sotto, A.; Lavigne, J.P,; Touati, A. OXA-48-like Carbapenemases Producing Enterobacteriaceae in Different
Niches. Eur. J. Clin. Microbiol. Infect. Dis. 2017, 37, 587-604. [CrossRef] [PubMed]

Lee, ].H.; Kim, N.H.; Jang, K.M.; Jin, H.; Shin, K,; Jeong, B.C.; Kim, D.W.; Lee, S.H. Prioritization of Critical Factors for Surveillance
of the Dissemination of Antibiotic Resistance in Pseudomonas aeruginosa: A Systematic Review. Int. . Mol. Sci. 2023, 24, 15209.
[CrossRef]

Tedersoo, T.; Roasto, M.; Mdesaar, M.; Fredriksson-Ahomaa, M.; Meremde, K. Antimicrobial Resistance of Campylobacter coli
Isolated from Caecal Samples of Fattening Pigs at Slaughter. Microorganisms 2023, 11, 1540. [CrossRef]

Costa, M.M,; Cardo, M.; Ruano, Z.; Alho, A.M.; Dinis-Teixeira, J.; Aguiar, P.; Leite, A. Effectiveness of Antimicrobial Interventions
Directed at Tackling Antimicrobial Resistance in Animal Production: A Systematic Review and Meta-Analysis. Prev. Vet. Med.
2023, 218, 106002. [CrossRef]

Latifi, F; Pakzad, R.; Asadollahi, P.; Hematian, A.; Pakzad, I. Worldwide Prevalence of Colistin Resistance among Enterobacteriaceae:
A Systematic Review and Meta-Analysis. Clin. Lab. 2023, 69, 657-669. [CrossRef]

Bastidas-Caldes, C.; de Waard, J.H.; Salgado, M.S.; Villacis, M.].; Coral-Almeida, M.; Yamamoto, Y.; Calvopifia, M. Worldwide
Prevalence of Mcr-Mediated Colistin-Resistance Escherichia Coli in Isolates of Clinical Samples, Healthy Humans, and Livestock—
A Systematic Review and Meta-Analysis. Pathogens 2022, 11, 659. [CrossRef]

Liu, Y.Y.; Wang, Y,; Walsh, T.R.; Yi, LX,; Zhang, R.; Spencer, J.; Doi, Y.; Tian, G.; Dong, B.; Huang, X.; et al. Emergence of
Plasmid-Mediated Colistin Resistance Mechanism MCR-1 in Animals and Human Beings in China: A Microbiological and
Molecular Biological Study. Lancet. Infect. Dis. 2016, 16, 161-168. [CrossRef] [PubMed]

Rhouma, M.; Madec, ].Y.; Laxminarayan, R. Colistin: From the Shadows to a One Health Approach for Addressing Antimicrobial
Resistance. Int. J. Antimicrob. Agents 2023, 61, 106713. [CrossRef] [PubMed]

Tozzo, P; Delicati, A.; Caenazzo, L. Human Microbiome and Microbiota Identification for Preventing and Controlling Healthcare-
Associated Infections: A Systematic Review. Front. Public Health 2022, 10, 989496. [CrossRef] [PubMed]

Collineau, L.; Bourely, C.; Rousset, L.; Berger-Carbonne, A.; Ploy, M.C.; Pulcini, C.; Colomb-Cotinat, M. Towards One Health
Surveillance of Antibiotic Resistance: Characterisation and Mapping of Existing Programmes in Humans, Animals, Food and the
Environment in France, 2021. Eurosurveillance 2023, 28, 2200804. [CrossRef] [PubMed]

Gehring, R.; Mochel, ].P; Schmerold, I. Understanding the Background and Clinical Significance of the WHO, WOAH, and EMA
Classifications of Antimicrobials to Mitigate Antimicrobial Resistance. Front. Vet. Sci. 2023, 10, 1153048. [CrossRef]

De Koster, S.; Xavier, B.B.; Lammens, C.; Selva, N.P.; van Kleef-Van Koeveringe, S.; Coenen, S.; Glupczynski, Y.; Leroux-Roels, L;
Dhaeze, W.; Hoebe, C.J.P.A.; et al. One Health Surveillance of Colistin-Resistant Enterobacterales in Belgium and the Netherlands
between 2017 and 2019. PLoS ONE 2024, 19, e0298096. [CrossRef]

Abreu, R.; Rodriguez-alvarez, C.; Castro-Hernandez, B.; Lecuona-Fernandez, M.; Gonzalez, J.C.; Rodriguez-Novo, Y.; Arias
Rodriguez, M. de los A. Prevalence and Characterisation of Multiresistant Bacterial Strains Isolated in Pigs from the Island of
Tenerife. Vet. Sci. 2022, 9, 269. [CrossRef]

Caneschi, A.; Bardhi, A.; Barbarossa, A.; Zaghini, A. The Use of Antibiotics and Antimicrobial Resistance in Veterinary Medicine,
a Complex Phenomenon: A Narrative Review. Antibiotics 2023, 12, 487. [CrossRef]

Li, T.; Wang, Z.; Guo, J.; de la Fuente-Nunez, C.; Wang, J.; Han, B.; Tao, H.; Liu, J.; Wang, X. Bacterial Resistance to Antibacterial
Agents: Mechanisms, Control Strategies, and Implications for Global Health. Sci. Total Environ. 2023, 860, 160461. [CrossRef]
Akram, F,; Imtiaz, M.; Haq, I. ul Emergent Crisis of Antibiotic Resistance: A Silent Pandemic Threat to 21st Century. Microb.
Pathog. 2023, 174, 105923. [CrossRef]

Chen, L.; Kumar, S.; Wu, H. A Review of Current Antibiotic Resistance and Promising Antibiotics with Novel Modes of Action to
Combat Antibiotic Resistance. Arch. Microbiol. 2023, 205, 356. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/antibiotics12071140
https://www.ncbi.nlm.nih.gov/pubmed/37508236
https://doi.org/10.3390/microorganisms11122981
https://www.ncbi.nlm.nih.gov/pubmed/38138125
https://doi.org/10.3389/fmicb.2021.743468
https://www.ncbi.nlm.nih.gov/pubmed/35002997
https://doi.org/10.3390/vetsci10110635
https://www.ncbi.nlm.nih.gov/pubmed/37999458
https://doi.org/10.1007/s10096-017-3112-7
https://www.ncbi.nlm.nih.gov/pubmed/28990132
https://doi.org/10.3390/ijms242015209
https://doi.org/10.3390/microorganisms11061540
https://doi.org/10.1016/j.prevetmed.2023.106002
https://doi.org/10.7754/Clin.Lab.2022.220646
https://doi.org/10.3390/pathogens11060659
https://doi.org/10.1016/S1473-3099(15)00424-7
https://www.ncbi.nlm.nih.gov/pubmed/26603172
https://doi.org/10.1016/j.ijantimicag.2023.106713
https://www.ncbi.nlm.nih.gov/pubmed/36640846
https://doi.org/10.3389/fpubh.2022.989496
https://www.ncbi.nlm.nih.gov/pubmed/36530685
https://doi.org/10.2807/1560-7917.ES.2023.28.22.2200804
https://www.ncbi.nlm.nih.gov/pubmed/37261729
https://doi.org/10.3389/fvets.2023.1153048
https://doi.org/10.1371/journal.pone.0298096
https://doi.org/10.3390/VETSCI9060269
https://doi.org/10.3390/antibiotics12030487
https://doi.org/10.1016/J.SCITOTENV.2022.160461
https://doi.org/10.1016/j.micpath.2022.105923
https://doi.org/10.1007/s00203-023-03699-2
https://www.ncbi.nlm.nih.gov/pubmed/37863957

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Study Sample 
	Selection of High and Low Sanitary Status Farms to Define “Healthy” and “Unhealthy” Microbiomes 
	Sampling 
	Environmental Sampling 
	Animal Sampling 

	Multidrug Resistant Bacteria and Enteric Pathogens Screening 
	Statistical Analysis 

	Conclusions 
	References

