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Swedish Efforts to Contain Antibiotic Resistance in the Environment—A Qualitative Study
among Selected Stakeholders
Reprinted from: Antibiotics 2022, 11, 646, doi:10.3390/antibiotics11050646 . . . . . . . . . . . . . . 35

Steward Mudenda, Sydney Malama, Musso Munyeme, Bernard Mudenda Hang’ombe,
Geoffrey Mainda and Otridah Kapona et al.
Awareness of Antimicrobial Resistance and Associated Factors among Layer Poultry Farmers
in Zambia: Implications for Surveillance and Antimicrobial Stewardship Programs
Reprinted from: Antibiotics 2022, 11, 383, doi:10.3390/antibiotics11030383 . . . . . . . . . . . . . . 51

Said Abukhattab, Haneen Taweel, Arein Awad, Lisa Crump, Pascale Vonaesch and Jakob
Zinsstag et al.
Systematic Review and Meta-Analysis of Integrated Studies on Salmonella and Campylobacter
Prevalence, Serovar, and Phenotyping and Genetic of Antimicrobial Resistance in the Middle
East—A One Health Perspective
Reprinted from: Antibiotics 2022, 11, 536, doi:10.3390/antibiotics11050536 . . . . . . . . . . . . . . 63

Patrick Butaye, Iona Halliday-Simmonds and Astrid Van Sauers
Salmonella in Pig Farms and on Pig Meat in Suriname
Reprinted from: Antibiotics 2021, 10, 1495, doi:10.3390/antibiotics10121495 . . . . . . . . . . . . . 81
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Preface to ”Antibiotic Resistance: A One-Health
Approach”

Antimicrobial resistance and emergent multi-drug resistance consitute a multifaceted and critical

global problem, considered one of the most urgent challenges that needs to be solved. The use of

antibiotics forces selective pressure on pathogens and also on commensal microorganisms, favoring

the emergence of resistant strains. For years, farms and intensive breeding systems, together with

the increasing spread of food-borne diseases, were seen as the unique sources of this global problem.

The One Health concept focuses on issues at the human, animal (both domestic and wildlife), and

environmental levels. This concept is not old and highlights the connection between human, animal,

and environmental health in a rapidly changing world. Human and Veterinary medicine must work

together to control antimicrobial resistance. The One Health approach offers a crucial part of the

solution. The development of new antibiotics is known to be time-consuming, but new alternative

therapies are ongoing among the scientific community and can be though as the new promising

protagonists in this panorama. The “full-length genome sequencing” and the molecular revolution

based on high-throughput platforms will describe new molecular targets as candidates for more

precise pharmacological therapies, providing in-depth knowledge about pivotal bacterial molecular

pathways.

This Special Issue promotes our understanding of antimicrobial resistance in both Human

and Veterinary medicine, in a harmonized One Health approach; the description of antimicrobial

resistance profile and the development of novel therapies have an high impact on the scientific world.

Piera Anna Martino

Editor
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Abstract: The success of a One Health approach to combating antimicrobial resistance (AMR) requires
effective data sharing across the three One Health domains (human, animal, and environment). To
investigate if there are differences in language use across the One Health domains, we examined the
peer-reviewed literature using a combination of text data mining and natural language processing
techniques on 20,000 open-access articles related to AMR and One Health. Evaluating AMR key
term frequency from the European PubMed Collection published between 1990 and 2019 showed
distinct AMR language usage within each domain and incongruent language usage across domains,
with significant differences in key term usage frequencies when articles were grouped by the One
Health sub-specialties (2-way ANOVA; p < 0.001). Over the 29-year period, “antibiotic resistance”
and “AR” were used 18 times more than “antimicrobial resistance” and “AMR”. The discord of
language use across One Health potentially weakens the effectiveness of interdisciplinary research
by creating accessibility issues for researchers using search engines. This research was the first to
quantify this disparate language use within One Health, which inhibits collaboration and crosstalk
between domains. We suggest the following for authors publishing AMR-related research within
the One Health context: (1) increase title/abstract searchability by including both antimicrobial
and antibiotic resistance related search terms; (2) include “One Health” in the title/abstract; and
(3) prioritize open-access publication.

Keywords: one health; antimicrobial resistance; antibiotic resistance; human; animal; environment;
text data mining; natural language processing; common language; AMR; AR

1. Introduction

Recently, global interdisciplinary efforts to treat infectious diseases and prolong the
efficacy of antimicrobial drugs are starting to be conceptualized using the One Health
model [1,2]; the collaborative and transdisciplinary approach to connect human, animal,
and plant health to their environmental health [3]. Success of these efforts is often de-
pendent on effective communication across the One Health disciplines at local, regional,
national, and global scales; and among scientists, policy makers, and the public. Histori-
cally, human and animal health have been viewed and treated as two distinct disciplines [4],
typically segregated among practitioners, policy makers, and academics despite acknowl-
edgment of their linkages through ‘One Medicine’ [4]. However, the need to address
emerging zoonotic diseases with an interdisciplinary approach has become increasingly
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evident. An interdisciplinary approach is especially needed and called for with the emer-
gence and reemergence of pathogens and drug-resistant pathogens, such as Escherichia
coli O157:H7, avian flu H5N1, swine flu H1N1 [5], and more recently with SARS–CoV–2
(COVID–19) [6]. Now called One Health, the concept integrates human, animal, and
environmental health, including both natural sciences and human dimensions, in a single
holistic approach to address public health concerns, including antimicrobial resistance
(AMR) [2].

A One Health approach is key to addressing the complex, overlapping, and embedded
subsets of problems associated with AMR [7]. The overwhelming success of antimicrobial
drugs in treating infectious diseases during the last century contributed to their wide
adoption in both human and veterinary medicine [8], and plant agriculture [9]. The
same trend has been observed for anti-viral treatments, such as those used to treat AIDS,
as well as antifungal and antiparasitic drugs [10–12]. The biological phenomenon of
resistance was noted almost immediately following the discovery of antibiotics [13], and
it is well established that the use of antimicrobial drugs, even prudent use, selects for
microbial resistance to the drugs [14–16]. Complicating efforts to control drug resistant
pathogenic microorganisms is the fact that the resistance mechanisms can also be found
in non-pathogenic bacteria and pristine environments [7,17], and the genes coding for
AMR often reside on mobile genetic elements with the potential to be shared [18]. The
environment then becomes a source and a sink of antibiotic resistant bacteria (ARB) and
antibiotic resistance genes (ARGs) that can have serious consequences for human and
animal health.

As with any multi-disciplinary approach, the individual disciplines use similar vocabu-
laries, but each may have different preferred terms or ascribe the same words with different
meanings or connotations [19], leading to potential miscommunication and barriers to
collaborative success [20]. For example, using the word “environment” in human medicine
may be directly related to the operating room to which a patient is exposed [21]. Within
environmental health disciplines, the word “environment” corresponds to the physical,
chemical, and biological external factors that may impact behavior and overall health [22],
while in environmental science disciplines, “environment” refers to components of nature
that support life, including soil, water, and air [22]. Specific to AMR research, some disci-
plines within the One Health approach use “antimicrobial resistance,” whereas others use
“antibiotic resistance.” Researchers may or may not state the distinctions between these
two terms, which challenges interdisciplinary communication and collaboration.

One Health bridges a widespread cohort of disciplines, which include but are not lim-
ited to environmental health, ecology, veterinary medicine, public health, human medicine,
microbiology, and health economics [23]. There is a general consensus that the key terms
and practices used in each of the One Health disciplines will inherently be different [24]. A
One Health evaluation was conducted at the University of Copenhagen Research Centre
for Control of Antibiotic Resistance (UC–CARE) to analyze how researchers from fourteen
departments over four years could come together to produce new knowledge to reduce
AMR [25]. Léger et al. [25] found that most interviewees had increased awareness and
general understanding of AMR from a One Health lens. However, the challenges of infor-
mation sharing, collaboration, and methods hindered the productivity of producing novel
AMR findings. Additionally, the problems that arose from communication, and/or lack
thereof, were linked to the overarching issue that there was no common scientific language
across disciplines [25]. This evaluation highlights that language disparity among One
Health domains needs to be quantified to identify language gaps. Understanding these
disparities will aid in creating consistency and a common language within the One Health
framework to increase AMR communication, support productive discussions, and enhance
knowledge transfer across disciplines. As stated by Mendelson et al. [24], “Antibiotic
Resistance has a language problem.”

The aim of the current study was to evaluate the variations in language usage among
One Health researchers and their relevant disciplines (i.e., human, animal, environment).
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Specifically, the following questions were addressed: (1) Are there dissimilarities in key
term frequency usage within the AMR published literature across the One health domains;
(2) Does AMR associated language usage increase at similar rates across the One Health
domains from 1990–2019, and (3) Are the AMR language usage frequency trends similar
in open-access articles compared to non-open-access articles in the One Health domain?
Quantifying the scale of language disparities among the One Health domains will im-
prove future searchability and accessibility to create a more inclusive and collaborative
understanding, while continuing to promote interdisciplinarity within AMR research. This
quantification using neutral and replicable methods necessitated bringing together an
interdisciplinary group of scholars across the One Health domains and experts in text data
mining (TDM) and natural language processing (NLP). The team performed an open-access
search of all One Health and AMR relevant available publications in European PubMed
Central (Europe PMC), and analyzed the results across the three One Health domains
(human, animal, environment). This study is novel in its application of natural text parsing
and large data analytics to the One Health domains which, to our knowledge, has not been
attempted before this effort. By including experts across the One Heath domain with data
scientists from project conception through data analysis, this team was able to show the
impact of language use dissimilarities on effective communication and publication access
across the One Health disciplines.

2. Results and Discussion

The TDM analysis of open access AMR publications confirmed that language con-
tinues to be a significant barrier to communication across the One Health domains. We
found that when writing about antibiotic resistance, each of the four term bins (Human,
Animal, Environment, and the combined bin of One Health) had its own common language
(i.e., theme) that did not overlap with the other bins. Additionally, the majority of articles
recovered in our search used the term “antibiotic resistance” instead of “antimicrobial
resistance,” regardless of the domain. We also identified temporal trends in language and
acronym use from our investigation. The next sections summarize key findings in each of
these areas and describe factors that may be important to consider for future research and
language harmonization efforts within the One Health domains.

2.1. Language Use across the One Health Domains

There is broad support among national and international groups to adopt an interdis-
ciplinary and One Health approach in efforts to address AMR [26], with calls for a review
of AMR terminology across disciplines to facilitate a productive and coordinated global
response [24]. Using TDM, we analyzed key term frequency within 20,000 representative
AMR articles to determine consistent, and at times inconsistent, language use within articles
categorized into four independent term bins (Human, Animal, Environmental, and One
Health bins). As language use is key to interdisciplinary group dynamics, terminological
imprecision can result in dissimilar vocabulary that presents a barrier to moving to the
shared cognition required for strategic interdisciplinary problem solving [19,25,27–30],
particularly as it relates to AMR [24]. We identified that when using a consistent search
term string, the key term usage deviated amongst the individual domains, with search
term clusters shown within each bin (Figure 1). Term frequency and usage becomes in-
creasingly less consistent with articles containing terms from multiple domains. Articles
that used human and animal terms in the title and abstract used the term ‘human’ 2x
more and ‘ecosystem’ 11x less on average within the article body than articles with human
and environment title and abstract terms. ContentMine identified search terms that were
specific to each of the four bins. However, there was no distinct overlap in the language
used across the One health domains. The limited overlap observed in the title and abstract
key terms highlights the lack of shared language, and potentially shared cognition, among
AMR researchers in different One Health domains (Figure 1).
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Figure 1. Network of the similar and/or dissimilar language usage among One Health groups. The
Group Attributes Network Layout groups articles into bins and places each bin on the graph in
relation to how similar the bins are to one another. Each bin represents different combinations of
search terms found in the articles’ titles and abstracts. For instance, the Human group are articles
that exclusively used human-binned terms in their title or abstract. Larger groups (and group counts)
indicate the number of articles within that group. Bins plotted closer together share similar patterns
of term frequency and usage within the articles’ body. The number within each circle indicate how
many occurrences of those terms occurred in the articles (i.e., the terms in the human term bin
occurred 166,496 times in the articles that exclusively used human terms in their title and abstracts).

These results highlight the information gap among fields. Open-access, peer-reviewed
AMR research content largely focuses on a singular domain concept, with primarily su-
perficial links between the disciplines, which others have noted [20,31]. The new findings
from this current study on language use frequency also support this claim. It should be
noted that this method of text processing is not encompassing of the totality of how NLP
can be applied. This foundational work determined language trends and the methods of
how new analyses types, such as NLP, can be applied to the One Health field. In order to
overcome the language use barriers, we recommend the following: (1) researchers from
specialized disciplines be trained to search for multiple search terms encompassing each
One Health domain in title/abstract literature searches, and (2) researchers be trained
to include multiple search terms encompassing all of the One Health domains in their
title/abstracts when writing AMR focused papers.

2.2. Trends in “Antimicrobial Resistance” Language Use over Time

The raw number of peer-reviewed One Health-related AMR articles indexed in Eu-
rope PMC increased almost five-fold from 1990 (n = 33,362 articles) to 2019 (n = 165,516).
Each One Health discipline or sub-discipline had different underlying assumptions and
understandings of the terms “antibiotic resistance” and “antimicrobial resistance.” In the
representative 20,000 articles used for TDM analysis, the search term group for antibiotic
resistance, consisting of “antibiotic resistance” and the known associated acronym (“AR”)
was used on average 18 times more often than the antimicrobial resistance term group
consisting of “antimicrobial resistance” and its known acronym (“AMR”) (Figure 2). How-
ever, since 2009, there has been a marginal, yet discernable, increase in other resistance
related terms being used (i.e., multidrug resistance, one health, antimicrobial resistance)
and a substantial decrease (26%) in the frequency of the antibiotic resistance term group
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(Figure 2). This was unexpected, but the decrease in frequency use of “antibiotic resistance”
and “AR” key terms suggests that authors may be narrowing their scope of AMR research
to identify more closely with specific research objectives (e.g., limited to a single gene)
rather than a broader scope discussing “antibiotic resistance” in general. Additionally,
Krockow [32] argued that a new name is needed for AMR due to the inconsistent use of
AMR in the literature, difficulty in pronunciation, and unclear meaning to lay audiences,
but a new name was not suggested. Our analysis shows that the literature is already
starting to move away from the more general AMR term to more specific terms within
sub-fields in the One Health context.
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Figure 2. The average trimmed term counts of resistance-related search terms each year used per article. Trimmed search
term counts, top and bottom 10%, were removed as assumed outliers.

2.3. Trends in Acronym Use over Time

We identified that acronyms (e.g., AMR) are used commonly in text rather than in
the title/abstract title/abstract among the included articles. Researchers within the AMR
One Health field have worked towards creating a common glossary of terms and acronyms
related to “antibiotic resistance” [33–35]; however, the study results show there is still
a lack of consensus on the meaning of many terms and disagreement, or inconsistency,
in which term or acronym should be used when publishing in a One Health context. In
addition to “AMR” and “AR”, “MDR” is widely used for “multidrug resistance.” We
found fluctuations in the popularity of “AMR” vs. “MDR” vs. “AR” over time (Figure 2).
The median frequency of “AR,” “AMR,” and “MDR” after TDM averaged 230.0, 9.5,
and 13.5 average term counts for each article, respectively (Table S1). This supports
the concept that the acronym usage remains consistent overtime (i.e., researchers are
using “antibiotic resistance” and “AR”), but that subfields within each domain have seen
increased popularity over time for other related resistance terms. Creating a common
language will aid to bridge communication gaps between the domains. Potential solutions
to language barriers include harmonization to a single term/abbreviation and/or training
researchers to include both “AR” and “AMR” in title/abstract to increase searchability
across domains.
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2.4. Trends in Language Use among the One Health Domains

Over the twenty–nine year span studied in this work, there was an upward trend
in the usage frequency of the term “One Health,” indicating that more articles include
the One Health concept in their studies or are using “One Health” within their AMR
related research articles. Consistent with prior work [36], our analysis further indicates that
Human-associated key terms were two times more likely to be used than environmental
and animal associated key terms in articles addressing AMR (Figure 3A–D). In 2013, the
Animal and Environmental-associated search terms began to increase, while the human-
associated search term frequency began to decrease in all articles. It is unsurprising that
the human associated search terms were more frequently being used at the beginning
of this study period due to the larger focus on AMR research in human and clinical
studies in the 1990s. Using TDM, we identified that the Animal, Environment, and One
Health binned associated search terms began developing in the late 2000s and continued
to increase in frequency over time. This trend correlates with broader adoption of the
One Health concept and an increase in funding for animal and environmental AMR
research, which began in the late 2000s and is ongoing with the creation of national and
international One Health funding programs and initiatives, such as the Joint Programming
Initiative on Antimicrobial Resistance, the US Center for Disease Control (CDC) AMR
Fund, and the US Department of Agriculture’s National Institute of Food and Agriculture
(USDA-NIFA) AMR funding initiative [37–39]. Although Human-associated key terms
were used more frequently in human grouped articles over the 29-year analysis period,
there was no significant difference between the average usage frequency of key terms
between Human, Animal, Environmental, and One Health binned articles (2-way ANOVA;
p = 0.482; Table S2). However, when all overlapping domain (i.e., animal-human, human-
environment, environment-animal, animal-environment, etc.) articles were considered,
there were significant differences between key term usage frequency and binned domain
(2-way ANOVA; p < 0.001; Table S2). This suggests that once articles are grouped by
sub-specialties within each One Health domain, differences in common language use
throughout the entire article can be identified.
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For each One Health domain, the most and least frequently used search terms from
1990–2019 ranged from 6.9–3.9 average trimmed counts within AMR related articles
(Figure 4, Table S1). For Human binned articles, “patient” was the most frequently used
(16.7 trimmed counts) and “pharmaceutical” was the least frequently used (2.8 trimmed
counts) search terms. For Animal binned articles, “dairy” was the most frequently used
(7.7 trimmed counts) and “finfish” was the least frequently used (2.3 trimmed counts) search
terms. Interestingly, within the Animal binned articles, “dairy,” “cattle,” and “chicken”
were the top three search terms and had similar frequencies (7.7, 7.6, 7.3 trimmed counts,
respectively). For Environmental binned articles, “soil” was the most frequently used
(9.4 trimmed counts) and “agriculture” was the least frequently used (2.8 trimmed counts)
search terms. A notable similarity among the three bins is that the most frequently used
search term was associated with the physical environment that each bin influences, sug-
gesting the journal articles on AMR research continue to direct their discussions only on
the physical environments in their associated domain and fail to widen the discussion to
the One Health context. The term environment is a known rich point that has different
meanings among domains [20], which is supported by our word frequency analysis results.
Future NLP analyses contextualizing how the word environment is used in One Health
domains could elucidate these distinctions and patterns.
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2.5. Accessibility of AMR Articles, Publication Preferences, and Potential Biases among the One
Health Domains
2.5.1. Non-Open/Restricted Access vs. Open Access Journals

A TDM analysis relies on unrestricted access to literature. To explore potential biases
among the used methods that only include open access literature, we performed a case
study of a non-open access journal in the Animal domain, as the Animal domain had
a higher proportion of non-open access journals related to AMR. The Journal of Dairy
Science (JDS), a non-open access journal, was selected for the case study, with language
usage in articles from JDS compared to the studied set of open-access articles. As non-open
access journals are available only to subscribers, the audience has a more focused expertise,
likely to convey a more niche perspective than open-access audiences. The comparison
between resistance (i.e., “AMR,” “AR,” and “MDR”) search terms in open-access journals
and JDS showed that the language usage patterns were similar overall. The term “antibiotic
resistance” was used more frequently over time in open-access journals compared in JDS,
however, the term “antibiotic resistance” was the most frequently used AMR term in the
analyzed JDS articles. Interestingly, the search term “resistance” increased in usage in
both datasets, but was proportionately used more frequently in JDS, suggesting that other
terms relating to resistance (i.e., viral, pesticide, etc.) are populating the field recently
(Figure S1). “One Health” or “multidrug resistant” were not used in any of the JDS subset
articles, in contrast to the open-access articles. This result may be indicative of JDS authors
obtaining funding from sources that do not require open access publications, and/or the
more subject-specific focus of researchers publishing in JDS compared to open-access
sources. Furthermore, while “antimicrobial resistance” usage was rising in the open-access
journals, it was steady over time (1990–2019) in JDS. The range of One Health associated
search terms used in JDS was expected to be smaller compared to the large dataset of
open-access journals due to the niche JDS audience. However, the result that the term “One
Health” was not found in journal articles from JDS may suggest that One Health articles are
more likely to be published in journals specifically geared towards the One Health concept
rather than in animal-specific journals. While not all search terms were present within
the JDS sample, the represented search terms maintained a similar average term count
throughout the time span studied, suggesting that the omission of non-open/restricted
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access journals in this study potentially biases towards the overuse of One-health related
terms, but not resistance search terms.

2.5.2. Publication Preferences

The 1.2 million articles returned on Europe PMC were retrieved from 4239 unique
journals (Tables S3–S7). The inherent diversity and potential bias in choosing where to
publish highlights the importance of using appropriate search terms and key words to
find relevant articles. For example, a scientist studying the effects of antibiotic usage in
dairy cows may never find a useful, relevant article if they only searched within animal
science and not One Health or environment-associated journals. PLOS ONE, Frontiers
in Microbiology, and One Health were the open-access journals that returned the most
One Health binned articles in our TDM analysis (Table S3). In another example, there
were not any One Health binned articles (i.e., one-health, one-medicine) from the British
Journal of Cancer, which highlights that articles that specifically use “One Health” or “One
Medicine” in their title/abstract are not publishing in the same journals as the Human,
Animal, and Environmental subdisciplines. This finding mirrors what was identified with
the JDS case study. As the One Health domains gradually become more communicative
and use common language, the focus on where to publish to reach the most researchers in
Human, Animal, and Environmental disciplines will become more judicious. To increase
communication and common language usage within One Health a preference should be
given to publishing open access.

2.5.3. Potential Biases among the One Health Domains

Providing data lake application programming interfaces (APIs) and NLP processing
tools with a specific set of search terms inherently introduces bias into the results. These
terms were iteratively collated by the domain experts and referenced against ontologies to
provide potential synonyms. Without providing these tools with an initial direction, these
results would culminate in discovering the most commonly used word, overall, in the
EuroPMC repositories. This search term bias is unavoidable at project conception, but can
be mitigated by future programmatically driven analysis to identify alternative principal
agents that may be responsible for the trends seen. While we cannot state that all findings
are concisely linked to the terms we have identified, there is confidence that these results
do indicate that term usage discrepancies exist, and that the dissimilarities must first be
identified consistently before domain-level changes can be made.

Additional biases can be shown by authors or search term users through both Journal
choice for publication, and more importantly, when searching for relevant AMR literature
using search terms in title/abstract. The search strings used for the four binned groups in
this study came from multiple brainstorming sessions with the authors, librarians, and a
group of AMR-focused researchers, veterinarians, economists, and extension specialists
from a USDA-NIFA funded workshop (detailed at https://osf.io/g7amj/, accessed on
1 April 2021). After using TDM to gather the count frequency of the search terms from
the queries, the top 100 words from each domain were analyzed. The NLP analysis
identified several terms that were not part of our search queries (Table S8). Among these,
the word “cell” occurred most frequently in all three domains (Human, Animal, and
Environment), with “study,” “gene,” and “protein” also found in all three domains. The
human and animal group shared four additional terms (“patient,” “cancer,” “human,”
and “expression”), possibly due to the conceptual links and overall health goals of both
human and veterinary medicine. In contrast, the human and environment group only
shared one additional term (“treatment”). We suspect that the term refers to caring for a
patient in the Human domain and processing wastewater in the Environmental domain,
another example of how the same word conveys different meanings across One Health
teams. The Human and Animal groups each had one word in the top ten list that was
unique to their group (“disease” and “level,”, respectively). The Environment group had
four terms that were unique, highlighting fundamentally different perspectives and subject
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matter of the environmental pillar compared to the other two groups. Interestingly, the
search term “resistance” was within the top ten search terms found only in the Animal and
Environmental groups. The top ten words returned among all the binned articles included
words specific to molecular research levels (i.e., cell, gene, protein, expression, and cancer)
(Table S8).

Within the last decade, AMR articles have shifted to focus on specific microbial,
genetic, ecological, public health, and disease mechanisms as critical research questions.
The TDM analysis illuminated this shift and can be used to help researchers and policy
makers within the One Health domains better understand which AMR related research
areas are growing and which areas of growth are needed within each domain and across
domains. One hypothesis for the unique and rather clumped molecular and medically
related terms being more frequently used in all the analyzed articles may be related to
funding sources within each domain. For example, the National Institute of Health (NIH)
established Public Access Policy in 2008 that required all research funded by NIH to be
published in an open-access format [40]. However, most Animal and Environmental AMR
funding sources (i.e., US USDA, and US CDC) do not require research to be published
open access. Promotion of open-access publishing among the animal and environmental
domains could partially address this gap.

2.5.4. Implications for Accessing the Literature

Given the differences in language use among the domains and over time, barriers
likely exist for researchers to access publications from different disciplines. Differences exist
in how major search engines identify publications based on keywords and/or controlled
language [41]. For example, in PubMed, a search for antibiotic resistance returns the
following search: “drug resistance, microbial” [MeSH Terms] OR antibiotic resistance
[Text Word]. In contrast, a search for antimicrobial resistance returns a different search
string: “anti-infective agents” [All Fields] OR “anti-infective agents” [MeSH Terms] OR
antimicrobial [Text Word] AND resistance [All Fields]. This work identifies a need for
researchers to consider using keywords and controlled language that may be outside their
discipline, with the understanding that different assumptions and search algorithms of
the various databases (Europe PMC, PubMed, Agricola, Scopus, Web of Science, etc.) will
not capture all relevant publications across the One Health domains when language use
is domain specific. This lack of a common language used in AMR-related articles limits
results being produced from search that span across disciplines, which limits engaging in
interdisciplinary team science due to the lack of common language usage across the One
Health domain.

2.6. Using Text Data Mining to Predict Patterns of Historical and Future Events

TDM was valuable in detecting a decreasing trend in use of “antibiotic resistance”
following 2009, which highlights the importance of understanding potential associated
historical events that may have substantial effects on language usage in the One Health
arena. In 2009, the Pandemic A(H1N1) outbreak occurred, claiming the lives of 123,000–
395,600 people worldwide [42]. While this could be coincidental, it is also possible that
the resources being used to study AMR within the One Health domains shifted to focus
on the influenza outbreak, decreasing antibiotic-resistance related research and ultimately
publications in 2009 and beyond [43,44]. The TDM analysis provided critical insight into a
potential shift in research within the One Health domains after the 2009 HIN1 pandemic,
which resulted in a 26% decrease in resistance related terms in 2010. At the time of
publication of this work, the outbreak of the novel COVID-19 coronavirus is ongoing.
It will be interesting to consider whether this trend may be seen again in coming years
as research shifts focus to antiviral associations, despite concerns with breakdowns in
antimicrobial stewardship given new reliance on telemedicine [45,46].

The relationships between AMR common terms and common misconceptions may be
another communication issue for One Health moving forward. For example, antimicrobial
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soaps and sanitizers have been marketed for COVID-19 protection [47], and AMR is now
being linked to COVID-19 [48,49]. This COVID-19 era highlights the importance of commu-
nication and having a common language to inform all stakeholders (i.e., essential workers,
health care workers, school teachers etc.) of the current situation. Although AMR research
is 20-30 years ahead of the COVID-19 pandemic, there is not a consensus surrounding
AMR language within the One Health domains. Similar to the AMR research conducted
here, TDM and NLP techniques can be used in the future to understand the beginning
trends of COVID-19 research and how common language, or inconsistent language, was
used during the COVID-19 pandemic. Currently, there is not enough academic literature
to conduct this analysis, but in time, this type of study can be used to identify and coalesce
a common language for COVID-19 related research without having to wait a quarter of a
century to do so.

3. Materials and Methods
3.1. Open Access Data Collection

ContentMine’s GetPapers [50] was utilized to create a text data lake (centralized
repository) of relevant academic articles based on our search terms (Table 1) for each One
Health domain. GetPapers is an open-source text mining tool, ran on NodeJS, designed to
identify and retrieve open-access, peer-reviewed, full-text articles from Europe PMC [51].
GetPapers can pull the full text and metadata from Europe PMC, IEEE, ArXic, and Crossref
via their respective APIs (application programming interface). These APIs allow for large
scale recursive search and retrieval of articles without the need to manually do so via the
website. This enabled automated replicable data collection to mine the large numbers of
articles necessary. By using GetPapers, our search queries had the same functionality and
parameters as searching those repositories directly with the added benefit of automating
the large-scale collection. An example of the GetPapers Europe PMC query syntax can
be found in the Supporting Information (Figure S2). Multiple terms related to the same
topic, such as “multi-drug resistance” and “antibiotic resistance” were pulled/retrieved if
the domain experts felt that the terms are used interchangeably or in different frequencies
within the term bins. The intention of this data pull was to pull as many related articles
to these search terms, and redundant terms increased the potential search sample. Each
search domain category (Human, Animal, Environment, One Health) is classified as a term
bin. The search was restricted to articles written in English. Full-text articles were returned
as both PDF and JavaScript Object Notation (JSON)-formatted files that were binned into
groups (i.e., bins), initially, based on the One Health search domains. NodeJS was used to
run the ContentMine library. Workflow of the data collection, processing, and visualization
is detailed in Figure S3.

Table 1. Specific search key terms binned by One Health domains used to query and return articles from ContentMine
containing the key terms in the title or abstract, with at least one word from the ‘AND’ row in the article’s title or abstract
and not articles returned with words from the ‘NOT’ row.

Term Bin Human Animal Environment One Health

Search Terms Human, patient,
pharmaceutical, clinic 1

Animal, dairy, cow,
beef, cattle, poultry,
swine, chicken, pig,
turkey, fish, porcine,

bovine, finfish, shellfish

Ecosystem, ecohealth,
environment, soil, agriculture,
wastewater, drinking water,
groundwater, surface water,
compost, manure, biosolids,

aquaculture, wastewater treatment

One health, one
medicine

AND antimicrobial resistance, antibiotic resistance, drug resistance, multi-drug resistance, resistance, AMR, ARB,
AR, MDR

NOT Herbicide, pesticide, disease resistance
1 all possible endings to the root of “clinic” were included.
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Initially, One Health specific key terms (i.e., one health, one medicine) were included
in each binned search query. However, that resulted in the binned queries occasionally
returning articles that only contained One Health terms in the title or abstract, and not being
related to AMR. These hits artificially raised the total counts per bin without providing
data that informed the experimental questions related to AMR language use across the One
Health domains. To enhance relevant sample size and text representation in all domains,
One Health as a search term was added as a fourth term bin (i.e., domain), and articles were
further processed downstream to confirm utilization of One Health terms and utilization
with respect to AMR as an additional group (Table 1).

In total, 1.2 million articles were returned from the Europe PMC search queries for
all articles by search term bins (Human, Animal, Environment, and One Health; n = 4)
by title/abstract. To create a workable and representative sample size, up to 2000 articles
were pulled from Europe PMC for each search term bin for every year from 2000–2019.
Additionally, a data pull was done for each search term bin for the years 1990–1999, again
with a 2000 article cap. As there were less articles in Europe PMC during that duration,
one pull was sufficient to gather the majority of the articles. All pulled articles were used
to create a data lake of up to 168,000 total articles with full text and metadata. It was not
possible to search the terms for each bin without yearly constraints, as the EuroPMC API
defaults to providing the most recent articles first. By specifying and running multiple
queries per term bin, we were able to ensure that every year was represented, and no year
was overly represented in the sample, as long as papers with those terms existed during
that year. From this article data lake, 5000 randomly selected articles were pulled for each
term bin to create a dataset of 20,000 articles for downstream TDM analysis. This created
fixed, uniform sample sizes for each term bin that could then be analyzed.

3.2. Non-Open Access Data Collection

The Journal of Dairy Science (JDS) was used to descriptively compare the TDM results
from open-access vs. non-open/restricted access articles within the animal domain using
the same search queries as the ContentMine data mining process presented above (Table 1).
As stated in Buyalskaya et al. [52], the silos that exist within journals that cater to the
readership of a specific discipline may limit access to information for interdisciplinary
researchers within the One Health context. JDS was chosen as an example discipline-
specific journal, because the manual review of an initial search revealed that the animal
domain more frequently had relevant AMR articles in non-open/restricted access journals
compared to the other domains surveyed. In addition to its clear categorization within the
animal domain of the One Health triad, the JDS data structure allowed for an automated
search via EBSCOhost database using the same queries that were used to search Europe
PMC via ContentMine. Unlike the millions of open-access articles returned from Europe
PMC that were subset into 5,000 articles per topic bin from 1990–2019, the JDS search
queries returned 689 Human, 1,853 Animal, 340 Environment, and 14 One Health binned
articles. A sample (40%) of each topic bin was randomly downloaded for returned articles
(saved as PDF) using EndNote, and the saved PDFs were used to compare the language
and key term frequency use between open vs. non-open/restricted access articles.

3.3. Text Data Mining Processing

A total of 20,000 open-access articles from Europe PMC and 972 non-open/restricted
access articles from Journal of Dairy Science were collected as PDFs in the four topic
bins and further analyzed. All search queries, keyword binning, manuscript retrieval
and processing methods, script files, and raw data can be found on our Open Science
Framework (OSF) site (https://osf.io/g7amj/, accessed on 1 April 2021). While our search
queries specified open access articles, which primarily have a CC BY license attached, we
have not provided the individual text articles, as the exact copyright requirements for
each document cannot be assumed. These search queries are specific and will pull a near
identical set to the data we collected.
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Natural Language Processing (NLP) trained libraries were used to extract data from
published peer-reviewed articles. NLP, among other functions, creates structure out of
unstructured text through analyzing, understanding, and deriving meaning from human
written language [53]. Using NLP can give researchers insight into the meaning, purpose,
sentiment, and more of natural (i.e., human-written) text information that was previously
locked primarily behind individual or group manual interpretation. Downloaded PDFs
were first converted to plain text files using the python package pdf2text. The NLP package
NLTK (www.nltk.org) was then used to create consistency with letter case style, remove
punctuation, tokenize, remove stop words, and lemmatize the text. Lemmatization, in NLP
context, means to reduce alternate forms of a word, for example “am”, “are”, and “is” are
all grouped together under the verb “be”, and “cars”, “car”, and “car’s” are all grouped
together under the noun “car.”

The clean data were then merged with metadata (i.e., DOI, article title, year published,
journal, PMC ID) from the paired JSON files for each article, and a combination of Pandas,
a popular python library with integrated data processing functions, data frames and NLTK
processing were used to calculate the term counts per article. Terms that were comprised
of two or more words (i.e., antibiotic resistance) were counted with text processed in
bi-grams. The total number of words per article was used to provide a percentage of term
counts related to each unique article. Percentages based on the total word count were
used to standardize against differing article lengths. Data were trimmed to remove articles
that comprised the bottom and top 10% of search term frequencies. This was done to
further normalize the data and omit outliers (i.e., a 48-page review on antibiotic usage in
agriculture and related public health implications that used the word “resistance” 409 times
(PMC6017557, [54]) compared to the average and standard deviation term count (16 ± 28)
across all articles analyzed.

3.4. Data and Statistical Analysis

Tableau Desktop (Tableau Software, Seattle, WA) was used to process and analyze
the merged data after cleaning [55]. Two-Way Analysis of Variance (ANOVA) was used to
determine the variance between the top 25 search key terms frequencies counted (Text S1),
as well as the key term frequency usage among their associated topic bins. The correlation
coefficient was used to determine similarity of total key term frequencies between the topic
bins. Additionally, correlation coefficients between the top 25 key terms (Text S1) were used
to determine the potential of terms co-existing within an article, regardless of the articles’
original topic bin. Interactive Tableau visualizations to explore all avenues of the dataset
can be found at the publicly available collection within the OSF site (https://osf.io/g7amj/,
accessed on 1 April 2021). Cytoscape software (www.cytoscape.org) was used to create a
network graph [56]. This network graph plotted the frequency in which each article used
any of the search key terms (Table 1) in their title or abstract and allowed visualization of
potential overlap in key term use between the four One Health domains.

4. Conclusions

Using TDM methods, our study highlights what many researchers in the One Health
domains already perceive with respect to AMR: we do not communicate well outside
of our trained disciplines, and this is reflected in the peer-reviewed literature. This is in
part due to the differences in our use of key search terms, where we publish, and how
we identify interdisciplinary and transdisciplinary research articles. Moving forward,
we suggest the following for authors publishing AMR-related research within the One
Health context: (1) increase title/abstract searchability by including both antimicrobial
and antibiotic related search terms; (2) include “One Health” in the title/abstract and
keywords; and (3) prioritize publishing open-access. Additionally, we suggest that in
order to bridge the gap between the One Health domains, researchers need to incorporate
specific, and multiple, search terms when looking for relevant AMR research (i.e., include
both antibiotic and antimicrobial resistance term groups). Table 1 from this study can
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be used as a guide for choosing relevant terms. Throughout this article, we specifically
chose to use antimicrobial resistance as our key term to include bacterial, fungal, parasitic,
and viral resistance representation, following the common language used by the World
Health Organization (WHO) for AMR global action plan and the World Organization for
Animal Health (OIE). While we chose to use AMR here, our study found that antibiotic
resistance was the more frequently used key term, suggesting that the use of different
derivatives of this term (i.e., antimicrobial, multidrug, etc.) may not be accessed by One
Health researchers actively searching for antibiotic and not antimicrobial. The keywords
used to collect the articles, and in turn the data used, were intentionally terms that are
broadly used throughout the One Health domain. This study acts as a first milestone on
this research, reaffirming the notion that disparate language use within One Health is
prohibitory towards collaboration and crosstalk between domains. With that milestone,
a crucial next step will be to replicate this research and data collection with a new list of
terms specific to one domain or research area to isolate examples of this happening, and
begin qualifying and quantifying the language discrepancies.

Using the data produced from the TDM analysis in this study, we propose future
research analyzes that address connotations of the language found in these articles using
NLP techniques, such as sentiment analysis, topic modeling, and summarization. Further,
these methods, both search term frequency and context, can be incorporated when analyz-
ing writing intended for a greater audience (i.e., not solely peer-reviewed articles). This
study can be scaled to include consumer and extension databases, web pages, blogs, and
trade magazines to understand how AMR is communicated to those outside academia.
Our python scripts have been made open source and are readily adaptable to new search
terms, articles, or domains, enabling future language studies by researchers seeking to
understand how topics and terms differ across disciplinary lines. Additionally, the links to
our interactive Tableau dashboards can be found on our OSF site (https://osf.io/g7amj/,
accessed on 1 April 2021). The strength of NLP lies in the fact that it can be used to predict
the direction of the field based on past research. We hope that once a common language
is established within One Health for AMR research, NLP can be used to predict the gaps
and next steps to holistically address AMR globally through team science that is truly
interdisciplinary; this starts with understanding differences in language use and language
context.
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Abstract: Climate change has become a controversial topic in today’s media despite decades of
warnings from climate scientists and has influenced human health significantly with the increasing
prevalence of infectious pathogens and contribution to antimicrobial resistance. Elevated temperatures
lead to rising sea and carbon dioxide levels, changing environments and interactions between humans
and other species. These changes have led to the emergence and reemergence of infectious pathogens
that have already developed significant antimicrobial resistance. Although these new infectious
pathogens are alarming, we can still reduce the burden of infectious diseases in the era of climate
change if we focus on One Health strategies. This approach aims at the simultaneous protection
of humans, animals and environment from climate change and antimicrobial impacts. Once these
relationships are better understood, these models can be created, but the support of our legislative
and health system partnerships are critical to helping with strengthening education and awareness.

Keywords: climate change; One Health; Candida auris; COVID 19; emerging pathogens;
antimicrobial resistance

Climate change has become a controversial topic in today’s media despite decades of warnings
from climate scientists [1,2]. Reports of “The Hottest Month Ever Recorded,” “Glaciers Melting” and
“Earth’s Food Supply Under Threat” are news headlines with which people have become familiar [3].
Most recently, the Australian wildfires are another example of the urgency to address climate change.
Additionally, several studies suggest climate change is contributing to infectious disease emergence [4].
The Centers for Disease Control and Prevention stated that the impact of climate change on human
health is significant [5]. Increasing temperatures have led to extreme weather resulting in rising sea and
carbon dioxide levels, which contributes to increased prevalence of infectious agents. These changes
affect adaptations in vector ecology, water quality and decreased nutritional supply that are associated
with infectious diseases such as tickborne encephalitis, cryptosporidiosis and leptospirosis [2,6]. It also
contributes to increased antimicrobial resistance [7]. We analyze the One Health approach, which
focuses on the simultaneous protection of humans, animals and the environment from climate change
and antimicrobial impact [8].

The relationship between global warming and infectious pathogens dates back many years.
For example, Roman aristocrats used to vacation in the summer at hill resorts to avoid malaria [9].
Although humans thought they could “outsmart” these infections, many viruses, bacteria, protozoa
and multicellular parasites have evolved to the human species as their natural reservoir through
vector-borne transmission [10]. These infectious agents adapt to their optimal climate that includes
temperature, precipitation, elevation and daylight duration. According to the Centers for Disease
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Control and Prevention, about 75% of emerging diseases and 60% of known human infectious diseases
originate in animals. It is imperative that we learn to diagnose and control zoonotic infections,
while evaluating the impact of human activity and environmental change on nonhuman reservoirs of
disease [11].

Even though climate change impact and its effect on infectious diseases are well reported, it is
occurring at an accelerated rate. Legionnaires’ disease, a waterborne illness, is rising with a rate
of reported cases increasing 5.5 times from 2000 to 2017 [12]. Vector-borne infections such as Zika,
Chagas disease, dengue and chikungunya that are usually localized to tropical climates as they require
higher temperatures to complete their life cycle, are slowly migrating towards temperate climates,
such as the United States, as global temperatures are increasing even in winter months [13]. Malaria is
the most prevalent vector-borne disease globally [14,15]. Temperature and humidity are among the
most important factors for disease transmission and extrinsic incubation period, and are facilitating
the spread of malaria into areas that are currently malaria-free large urban highland populations [9].
Similarly, dengue viruses are traditionally transmitted in the tropics because frost and sustained cold
weather kills adult mosquitoes and overwintering eggs and larvae [16,17]. Warming trends are shifting
the vector and disease distribution to higher latitudes and altitudes. Warmer temperatures reduce the
larval size of the Aeagypti mosquito as well, requiring the adult to feed more frequently, increasing bite
rates and spread of infection [18,19]. Additionally, mosquito-borne diseases, such as West Nile virus,
that typically occur during the rainy season are now occurring during the drought season. This shift is
occurring because mosquitoes are brought into proximity with birds at scarce water sources, enhancing
the transmission of the virus in the enzootic cycle [13,20,21].

Tickborne infections that were once thought to be confined to the Northeast United States are now
expanding throughout the Midwest and further West. This is in part due to increased temperatures,
which are increasing the survival and activity period of ticks, allowing extension of the range of both
the reservoir and tick hosts. Additionally, this prolongs the duration of the season when people
are exposed to the ticks [22]. Bacterial and protozoan tickborne diseases doubled in the United
States between 2004 and 2016 as reports of both Ixodes scapularis and Amblyomma americanum ticks are
expanding to new areas [23,24]. These ticks are known to transmit infections such as Lyme disease,
Anaplasma phagocytophilum, babesiosis, human monotrophic ehrlichiosis and tularemia.

Diarrheal diseases such as Campylobacter, Salmonella and cholera survive better in warmer
temperatures and, with the increasing temperatures in our water systems, we have seen the reemergence
of these diarrheal infections in recent years [20,25]. This is particularly alarming as we already have
significant antimicrobial resistance to these Gram-negative pathogens, and as these bacteria evolve,
treatment options may be limited [20,26–28]. For example, there have already been numerous outbreaks
of Salmonella typhi with resistance to several key therapeutic antimicrobials such as ciprofloxacin;
however, now nontyphoidal salmonellas, which are being frequently transmitted by means of
contaminated water supply, have developed decreased susceptibility to fluoroquinolone antimicrobials
in developing countries [29]. Additionally, Gonzalez et al. found that Campylobacter jejuni survives in
well water for long periods of time and the effect of ciprofloxacin resistance was temperature-dependent
as the resistance mechanisms in vitro increased as temperatures went from 4 to 25 ◦C [30].

A well-known infection that is hypothesized to have arisen from climate change is Candida auris,
which previously existed as a plant saprophyte and gained thermotolerance and salinity tolerance
from the effects of climate change on the wetland ecosystem [31,32]. C. auris was first isolated in 2009
from a human ear and since then has been associated with human disease in many countries and
exhibited nonsusceptibility to antifungal agents [32]. This new thermotolerant C. auris was proposed
to have been transplanted by birds across the globe to rural areas where humans and birds are in
constant contact. Human migration likely led to the emergence of C. auris into urban healthcare
environments in which antimicrobial resistance and infection control issues have arisen. C. auris is
the only Candida species that has isolates shown to be resistant to all four classes of antifungal drugs,
which has created higher risks for clinical infections and breakthrough infections during antifungal
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treatment and prophylaxis [33]. These infections have the potential to result in significant morbidity
and mortality and could be on the rise as climate change continues [3].

SARS-COV-2, the virus responsible for COVID-19, originated from the interplay between humans
and animals. The likely transmission of the virus came from bats and potentially used an intermediate
source, the pangolin, to transmit the virus to humans [34]. Many of the initial cases had a common
exposure to the Huanan wholesale seafood market that also traded live animals. On 7 January 2020,
the virus was sequenced and was found to have >95% homology with the bat coronavirus [35]. Through
travel and community spread, it has become a global pandemic. Bats are especially vulnerable to
climate change due to low reproductive output, ecological specialization and high trophic positions [36].
Their large surface area of noninsulated wings create significant water loss that is higher than in
other small animals [37]. Thus, with climate change, increased aridity and prolonged droughts in
their endemic areas bats migrate to more populated areas in search of insect prey, thereby increasing
their interaction with humans, and as a result, may transmit virulent infections [37,38]. Additionally,
although the prevalence of confirmed community-onset bacterial coinfections are low in patients
with COVID-19, 56.6% of hospitalized patients in 38 Michigan hospitals received empiric antibiotic
therapy [38]. This study and many others bring to light the urgency of antimicrobial stewardship
principles to prevent antimicrobial resistance during the COVID-19 era [39].

The implications of antimicrobial resistance due to the emergence and reemergence of infectious
pathogens from climate change are complex as the decreasing effectiveness of antibiotics has accelerated
in recent years [40]. In 2016, a U.K government-commissioned report estimated that if no action
were taken, by 2050, antimicrobial resistance would cause up to 10 million annual deaths globally,
reduce gross domestic product by 2% to 3.5% and cost 100 trillion US dollars [41]. A key feature of
antimicrobial resistance and climate change is that antibiotic consumption and carbon use will bring
about adverse future consequences [42]. Tackling this issue has led to the establishment of a global
innovation fund for both antimicrobial resistance research and investing in new drugs; however, both
developments are financially competing against each other [43].

Recent evidence shows that higher temperatures are associated with higher resistance levels in
common pathogens such as Escherichia coli, Klebsiella pneumoniae and Staphylococcus aureus [44]. In an
unadjusted analysis, MacFadden et al. demonstrated an increase of 10◦C across all regions in the
United States was associated with increased resistance of 5.1%, 3.4% and 3.1% for E. coli, K. pneumoniae
and S. aureus respectively [45]. This association postulates that due to horizontal gene transfer, warmer
temperatures could affect the way bacteria respond to certain drug mechanisms [45]. Another recent
study suggested an association between temporal climate developments and carbapenem-resistance in
Pseudomonas aeruginosa in Europe [7]. Climate change and antimicrobial resistance are also driven by
the consumption of carbon and antibiotics that can provide people with valuable short term benefits
but impose long term costs [44,46]. Although both antimicrobial resistance and climate change are
not wholly comparable, both issues require participation from the local, national and international
organizations to help solve their challenges [47].

Additionally, animal and environmental compartments play a significant role in antimicrobial
resistance [48]. There are multiple links between humans, animals and environmental compartments
allowing for movement and alteration of genetic elements of bacteria and creating resistance to
antimicrobials [45,49]. Industrial agriculture relies heavily on the widespread use of antimicrobials for
livestock farms for therapeutics, prophylactics and controversially growth promotion [48]. Agricultural
usage of antimicrobials exceeds and rivals medical usage in the United States and Europe respectively,
and observational studies and surveillance reports have described antimicrobial resistance in farm
animals resulting from misuse [40,48]. Small doses of antibiotics from urine, feces, manure and
pharmaceutical waste are also being released into the environment through rivers, lakes and
soil [50]. These sublethal doses allow for antimicrobial resistance to occur as they do not reach
“cidal” concentrations [51].
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With the emergence and the reemergence of these infectious pathogens, our hospital systems
need to be equipped with the proper resources and education. Infection control and antimicrobial
stewardship efforts will need to adapt and be prepared for these pathogens as they become more
resistant to antimicrobials and cause “outbreaks” in hospital settings. Sentinel, vector, syndromic and
real-time surveillance will be necessary to monitor changes related to climate change to help hospitals
prepare for the emergence of new pathogens [25]. Evidence-based epidemic intelligence with early
identification of infectious disease threats related to climate change is crucial to help with adaptation
and preparedness for these outbreaks [25]. Microbiology laboratories will need to develop advanced
capacity to identify these new organisms. As more infections are transmitted from animal reservoirs,
communication between veterinarians and clinicians will be necessary in order to prevent animal
transmission to humans that could lead to significant morbidity and mortality [8].

Although these new infectious pathogens and potential for increased antimicrobial resistance are
alarming, we can still reduce the burden of infectious disease in the era of climate change if we focus
on One Health strategies. We must acknowledge both the fragility of our healthcare systems and the
healthcare’s own large carbon footprint [52]. One Health is an approach that recognizes that the health
of people is closely connected to the health of animals and our shared environment. This is not a new
concept, but one that is becoming important in recent years as human populations are growing and
expanding into new geographic areas [8,53]. More people are now living in close contact with wild and
domestic animals, both livestock and pets. Close contact with animals and their environments provides
more opportunities for diseases to pass between animals and people. Additionally, our planet has
experienced changes such as deforestation and intensive farming practices because of climate change.
Disruptions in environmental conditions and habitats can provide new opportunities for diseases to
pass to animals. Finally, the movement of people, animals and animal products has increased from
international travel and trade leading to global transmission of pathogens as we are now seeing with
COVID-19 [53–55].

The One Health concept is gaining recognition in the United States and globally as an effective way
to fight health issues at the human–animal–environment interface. Preventative One Health strategies,
such as mass vaccinations of animal populations can help reduce livestock-mediated zoonoses, and
is both feasible and cost-effective [56]. Livestock vaccination against brucellosis and leptospirosis
has been effective in reducing the burden of disease in many parts of the world where diagnosis and
treatment of these diseases are limited [56–58]. International implementation by the World Health
Organization has already utilized the One Health approach for Influenza A H1N1 in 2009, Polio in
2014, Ebola in 2014 and the Zika virus in 2016 by declaring them potential public health emergencies
of international concern. This approach has had relative success by incorporating aspects of human,
animal and environmental health to help with mitigation of these diseases [59]. However, there is
controversy if One Health will be enough to fight climate change [8]. To implement this protection,
we need to learn more about the underlying complex relationships of these pathogens and vectors
and develop well-designed mitigation measures. Successful public health interventions require the
cooperation of human, animal, and environmental health partners. Professionals within these sectors
need to communicate, collaborate and coordinate activities [53,54]. Once these relationships are
better understood, these models can be created, but the support of our legislative and health system
partnerships are critical to helping with strengthening education and awareness.
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Abstract: Several experts have expressed their concerns regarding the potential increase in an-
timicrobial resistance (AMR) during the COVID-19 pandemic as a consequence of the increase in
antimicrobial and biocide use in humans globally. However, the impact of the pandemic on antimi-
crobial use (AMU) and AMR in animals has yet to be discussed and evaluated. Indeed, veterinary
practices have been hugely impacted by the pandemic and its restrictive measures around the world.
In this perspective, we call for more research to estimate the impact of COVID-19 on AMU and
AMR in both humans and animals, as well as on the environment, in coherence with the One Health
approach. In addition, we argue that the current pandemic is an opportunity to accelerate the
implementation of a One Health approach to tackle the AMR crisis at the global scale. Indeed, the
momentum created by the increased general awareness of both the public and decision-makers for
the development and maintenance of effective drugs to treat human infections, as well as for the
importance of a One Health approach to prevent the emergence of infectious diseases, should be
used as a lever to implement global collaborative and sustainable solutions to the complex challenges
of AMR.

Keywords: antimicrobial use; antimicrobial resistance; COVID-19; SARS-CoV-2; farm animals;
one health

1. Introduction

When first identified in December 2019, in Wuhan (Hubei, China), coronavirus disease
2019 (COVID-19), caused by the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), was described as a mystery viral pneumonia outbreak [1]. A few months after, the
World Health Organization (WHO) declared a global pandemic on 11 March 2020. The
uncertainties surrounding the severity, mortality, treatment, transmission dynamics, risk
factors, individual and herd immunity of this new global threat led some to qualify it as one
of “unknown unknowns” [2]. As of March 2021, there is still no solid evidence about the
effectiveness of existing antivirals or other drugs for the treatment of COVID-19, nor is there
any long term study about the duration of protective immunity after infection with SARS-
CoV-2 or following vaccination against the disease [3]. Moreover, the recent emergence
of SARS-CoV-2 variants, which could escape naturally in induced or vaccine-induced
immunity, is a current global concern [4].
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Multiple countries experienced multiple waves of cases and hospitalizations, pushing
authorities to implement strict public health measures. This unprecedented global health
issue is exerting a colossal pressure on scientists and physicians to develop and use ther-
apeutic and prophylactic strategies to counter the severe consequences of this infection,
so that societies can return to some form of normality and the economy can be restarted.
Increasing evidence suggests that this context has resulted in an increase in both AMU and
AMR in humans, followed by an increase in AMR bacteria shed into the environment [5–7].
It is noteworthy that AMR is a complex issue affecting the health of humans, animals and
the environment on a global scale. Thereby, addressing this problem requires a coordinated
multisectoral and multidisciplinary approach, such as the One Health approach [8,9]. This
approach recognizes that human health and animal health are interconnected and linked
to their shared environment [8]. According to the WHO, the areas of interest in which a
One Health approach is particularly relevant include food safety and the control of both
zoonoses and AMR [10].

In this perspective we: (i) give an overview of the trends in AMU during this pan-
demic and its consequences on humans and the environment; (ii) explore the potential
consequences of the pandemic on AMU/AMR in veterinary medicine; and (iii) explain
how the pandemic is an opportunity to strengthen the One Health approach for AMR
prevention and control.

2. Impact of the COVID-19 Pandemic on Antimicrobial Use and Antimicrobial
Resistance in Humans and in the Environment

In May 2016, an independent review on AMR reported that AMR infections in humans
were estimated to cause at least 700,000 deaths per year and this number is projected to
increase up to 10 million deaths per year by 2050 globally, overtaking the number of people
dying from cancer (8.2 million each year) [11]. In the United States, it is estimated that
each year at least 2.8 million people get an antibiotic-resistant infection, and that more
than 35,000 people die as a consequence of these resistant infections [12]. The Council of
Canadian Academies estimated that AMR had caused 5400 human deaths (almost 15 hu-
man death per day) in Canada and cost the Canadian healthcare system nearly CAD 1.4
billion in 2018 [13]. On the other hand, many publications reported that the majority of
hospitalized patients with COVID-19 were treated with antimicrobials, mostly to prevent
or to treat secondary bacterial and fungal infections, despite a low proportion of these
coinfections [14–16]. Indeed, Chen et al. have reported that around 71% of the hospitalized
COVID-19 patients, admitted at Jinyintan Hospital in Wuhan (China) from 1 January to 20
January 2020, had received antimicrobial drugs (cephalosporins, quinolones, carbapenems,
tigecycline, linezolid, and antifungal drugs), while only 1% and 4% demonstrated sec-
ondary bacterial or fungal coinfections, respectively [14]. Moreover, in a large multicenter
Chinese study, 58% of patients admitted to hospitals as of 29 January 2020, received intra-
venous antimicrobials (without specification regarding the molecules used) [16]. Moreover,
Wu et al. reported that, in three hospitals of Jiangsu Province, China (from 22 January to
14 February 2020), all patients were treated empirically with a single antibiotic, mainly
moxifloxacin, for a period of 3 to 12 days (median 7 days) [15]. In addition, an interna-
tional survey, performed in April 2020 amongst 166 participants from 23 countries and 82
different hospitals, suggested that broad-spectrum antimicrobials were commonly used in
patients with COVID-19 [7]. Rawson et al. performed a review of the medical literature
published between 1 January 2020, and 18 April 2020, to explore commonly reported
bacterial/fungal coinfections in patients admitted to hospitals with lower respiratory tract
infections associated with coronavirus [6]. The results of this review showed that the use of
broad-spectrum antimicrobial therapy was widely reported, with 72% of COVID-19 cases
receiving antibacterial therapy, while only 8% of the patients were reported as experiencing
bacterial/fungal coinfections [6]. As such, prescribing of antimicrobials is significantly
higher than the prevalence of bacterial/fungal coinfections, suggesting an empirical use of
antimicrobials in patients with COVID-19, and such practice could increase the emergence
of multidrug-resistant microorganisms as well as the development of other microbial in-
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fections (e.g., Clostridioides difficile infection) [17,18]. Consequently, in July 2020, the WHO
warned of the risk of AMR spread as well as an impairment to antimicrobial stewardship
as a result of the misuse of antimicrobials during this pandemic [19]. While some studies,
mostly from Asia and the United States, have shown evidence about the negative impact
of COVID-19 on AMR, other studies from France and Spain did not show an increase in
infections with multidrug-resistant bacteria during the COVID-19 pandemic [20]. This
conflicting evidence highlights that the impact of the pandemic on AMR in humans remains
largely unknown, thereby more research is needed to better estimate the consequences
of the unnecessary use, in just a few months, of high levels of antimicrobials on AMR
development and spread worldwide.

In addition, considerable amounts of these antimicrobials could reach the environ-
ment in their active forms and might exert selection for resistant bacteria [21,22]. Moreover,
the use of sanitizers and other biocidal agents (e.g., quaternary ammonium compounds
(QACs), hydrogen peroxide, sodium hypochlorite, peroxyacetic acid, chlorine dioxide) has
dramatically increased during the COVID-19 pandemic [23], hand hygiene and surface dis-
infection being among the most important preventative measures used globally to reduce
SARS-CoV-2 transmission. Antimicrobial soaps and disinfectant cleaners could contami-
nate the environment, mostly through wastewater, in high concentrations and could select
for AMR microorganisms [23–25]. Indeed, cross-resistance to clinically used antimicrobials
has occurred following bacterial exposure and adaptation to some biocides [26]. It should
be noted that quaternary ammonium compounds (QACs) constitute the highest percentage
of biocidal agents in EPA approved disinfectant products for COVID-19 disinfection [27].
Many studies reported a cross-resistance to QACs and antimicrobials in E. coli, Salmonella
and Pseudomonas strains [28,29]. In fact, a subinhibitory concentrations of some QACs (e.g.,
benzalkonium chloride (BAC), didecyl dimethyl ammonium chloride (DDAC)) can select
for bacteria resistant to medically important antibiotics such as ampicillin, cefotaxime, cef-
tazidime, ciprofloxacin and colistin [28,29]. Moreover, it was reported that the exposure of
Pseudomonas aeruginosa isolates to increasing concentrations of BAC selected for mutations
in the polymyxin resistance (pmrB) gene, as well as for some physiological adaptations
(including an overexpression of mexCD-oprJ multidrug efflux pump genes), contributing to
a higher tolerance to polymyxin B and to other antimicrobials (e.g., ciprofloxacin, chloram-
phenicol, and rifampin) [30]. Common mechanisms such as bacterial membrane alterations
and upregulation of efflux pumps are the most documented mechanisms responsible for
bacterial cross-resistance to biocides and antimicrobials [26,31]. In addition, the use of
these household cleaners, disinfectants, and sanitizers may be implemented globally for a
prolonged time even beyond the COVID-19 pandemic, due to the change in world popula-
tion’s behavior regarding hygiene, and such use could exert further selection for resistant
bacteria to both antimicrobials and biocides.

3. Potential Impact of the COVID-19 Pandemic on Antimicrobial Use and
Antimicrobial Resistance in Food-Producing Animals

In farm animals, antimicrobials are used therapeutically (to treat clinically sick animals)
for prophylaxis (to healthy animals at risk of infection), for metaphylaxis (to prevent
infection among healthy animals in contact with infected animals), and some are still used
for growth promoting purposes [9,32]. In 2010, the global antibiotic consumption in the
livestock sector was estimated at 63,151 tons, with some models suggesting that it could
increase by 67% to reach 105,596 tons by 2030 [33]. In the United States, antimicrobial use
in farm animals was estimated to account for 80% of the nation’s annual antimicrobial
consumption in 2010 [33]. The Public Health Agency of Canada estimated in 2018 that
the livestock sector accounts for 79% of the total antimicrobial use in Canada [34]. It is
noteworthy that of the 41 antimicrobials (including ionophores) that are approved for used
in food-producing animals by the Food and Drug Administration (FDA), 31 are categorized
as being medically important for human use [11]. While there is mounting evidence of a link
between the preventative/growth promotion use of antimicrobials in animal production
and the occurrence of AMR bacteria in humans and in animals [32,35,36], the relative
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contribution, in this issue, of AMU in farm animals remains unknown [37]. Despite this
uncertainty, considerable efforts have been made in veterinary medicine to limit the spread
of AMR bacteria and to preserve the effectiveness of antimicrobials [38–40]. Research on
alternatives to the use of preventative antimicrobials in farm animals has increased in the
recent years [41], especially following the ban of several classes of antimicrobials as growth
promoters in several countries [38].

The impact of the COVID-19 pandemic on the global efforts to control AMU and AMR
in animals is unknown. The following factors could have contributed to an increase in
AMU and ultimately an increase in AMR. First, veterinary services were not considered
essential in several countries implementing lockdowns, at least during the first wave
of the pandemic, and consequently veterinarians were not able to offer preventative
care, including vaccination, to their clients (farmers, pet owners, etc.). This could have
resulted in animals developing infections which would normally be prevented and hence
an increase in AMU in animal production. Second, the unavailability of veterinary services,
particularly during the first lockdown, could increase self-medication as well as off-label use
of antimicrobials on farms. Furthermore, the pandemic has also resulted in instances where
animals were kept on farms for longer than usual due to large outbreaks in slaughterhouses
and the disruption of inter-regional and international transportation. This situation might
lead to an increase in AMU in animal production as a consequence of the increase in animal
density on farms, which could facilitate the spread of infectious diseases. In addition,
all research and development activities of alternatives to antimicrobials and vaccines in
animals could be disrupted worldwide during this pandemic, which could create more
pressure on the AMU in animals in the long term.

On the other hand, the pandemic may have also resulted in a decrease in AMU in farm
animals. Indeed, access to antimicrobials (or their molecules or ingredients) could have
been disrupted by commerce and transport limitations. Moreover, the pandemic may have
caused a breach in surveillance for AMU and AMR in food systems globally. For example,
in several countries (Canada and France, for example), the majority of animal health
laboratories were redirected towards COVID-19 diagnoses in support of the public health
laboratories. Food safety regulatory agencies also faced a huge challenge related to staff
shortages, resulting in a reorientation of the inspection and the sampling activities towards
certain sectors (e.g., meat processing plants), rather than sampling for AMR monitoring,
to avoid further overloading of the human health systems with foodborne infections.
Sampling along the food chain (on farms, at slaughterhouses, and from retail meats) and
the analysis for the surveillance of AMR for some foodborne pathogenic bacteria (e.g.,
Salmonella, Campylobacter, E. coli) were greatly altered by the pandemic and particularly
during the first lockdown. The extent to which the pandemic led to an increase or a
decrease in AMU and ultimately its impact on AMR in animal populations should be
urgently assessed in future studies.

4. Lessons Learned from the COVID-19 Pandemic to Strengthen the One Health
Approach for the Control of Antimicrobial Resistance

By the end of February 2021, more than 100 million people had been diagnosed with
SARS-CoV-2 and 2.5 million people had died of the disease it causes globally [42]. The
ongoing pandemic constantly reminds the public of the importance of hand-washing and
there has been a growing interest in vaccination against influenza and pneumococcal dis-
ease, which, in combination with the current efforts to social distance and wear masks, will
likely decrease the spread of other airborne infections [43]. Moreover, to prevent COVID-19
contamination, several interesting communication tools (e.g., brochures, flyers, advertising
spot) have been developed by health authorities around the world in order to educate,
while simplifying the information, all citizens, even those in the most remote regions of
the planet, so they adhere to some precautionary COVID-19 measures (e.g., wearing a
face mask, social distancing). This has been accompanied by important media coverage,
investigations and interviews with experts regarding emerging infections, zoonoses, public
health and the One Health approach. Such communication tools are also very relevant to
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raise awareness regarding AMU and AMR at the human–animal–environment interface.
In fact, awareness campaigns on AMR through effective education and communication
constitute the first goal of the WHO Global Action Plan on Antimicrobial Resistance [44]. In
the current context, all humanity is very aware of the importance of having effective drugs
to treat microbial infections and also the necessity to protect their effectiveness through
time. This aspect is much more important in the current context of AMR, where multidrug-
resistant bacteria have spread widely and the number of brand new drugs placed on the
market is drastically decreasing. Indeed, the last new class of antimicrobial discovered
is daptomycin (1986), which was only approved in 2003 by the US Food and Drug Ad-
ministration (FDA), showing that antimicrobial agents found on the market in the last
30 years are associations or redevelopments of classic antimicrobials [45]. Thereby, it is the
responsibility of all stakeholders involved in AMU (e.g., physicians, pharmacists, patients,
veterinarians, agronomists, farmers and regulatory agencies) to develop various strategies
ensuring the responsible use of antimicrobials in order to protect their effectiveness for as
long as possible.

Environmental changes and ecosystem degradation across the planet (e.g., deforesta-
tion, intensified agriculture and livestock production, illegal and poorly regulated wildlife
trade) increased the frequency of contacts between wild animals, domestic animals and hu-
mans, contributing to a zoonotic transfer of diseases [46]. Thereby, the COVID-19 pandemic
is bringing to light the importance of protecting the environment and the ecosystem, which
is of paramount importance in the context of AMR management. Indeed, there is growing
evidence that the environment plays an important role in the transmission of AMR bacteria
and/or AMR genes to humans and livestock in addition to serving as a reservoir of AMR
microorganisms. For example, Shewanella algae, an environmental species from marine and
fresh water, was identified as a reservoir of plasmid-mediated quinolone resistance (QnrA)
in Enterobacteriaceae [47]. Cabello et al. suggested that mobile colistin resistance (mcr)
genes may have originated in aquatic environments as a result of aquaculture activities,
and these genes could have earned terrestrial bacteria by horizontal gene transfer to yield
colistin-resistant bacteria in humans and animals [48]. It should be stressed here that the
United Nations Environment Programme (UNEP) ranked environmental AMR first among
the six emerging issues of concern (environmental dimensions of AMR, nanomaterials,
protected marine areas, sand and dust storms, off-grid solar solutions, and environmental
displacement) [49]. It is therefore essential to establish science-based standards regarding
the acceptable antimicrobial concentrations (and AMR genes) in soil (manured or not), in
aquaculture, in farm and hospital environments as well as in manufacturing effluents in
order to better inform and involve policy-makers in the management of this issue [50].

Finally, by joining the few episodes of infectious diseases that have deeply shaped
human history, the COVID-19 pandemic had succeeded, in an unprecedented way, in
increasing awareness of both the public and decision-makers regarding the development
and maintenance of effective drugs to treat human infections as well as for the importance
of the One Health approach to prevent the emergence of infectious diseases. We believe
that these prerequisites should be used as a lever to accelerate both the development of
global collaborations and the implementation of sustainable solutions for the management
of the current AMR crisis.

5. Conclusions

Antimicrobial resistance is a cross-sectoral complex problem affecting the health of
humans, animals and the environment. We strongly believe that COVID-19 pandemic has
generated a powerful incentive and momentum to address the AMR crisis by accelerating
collaborations and interdisciplinary communication between concerned stakeholders (e.g.,
researchers, physicians, veterinarians, pharmacists, farmers, other health and environmen-
tal professionals, public and policy-makers), while taking into account the specificity of
each sector during and beyond this pandemic. More research and retrospective analysis of
surveillance data are needed in both humans and animals as well as in the environment to
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estimate the impact of COVID-19 on AMU and AMR in coherence with the One Health
approach. One of the lessons of the COVID-19 pandemic is that acting too late carries
serious costs to both health and the economy. Thereby, the colossal budgets allocated
to human medicine worldwide for the control of this pandemic should not compromise
efforts conducted to manage the current AMR crisis at the human–animal–environment
interface. We stress here the paramount importance of the One Health approach to face
the increasing threat of AMR, and we believe that this pandemic could be an excellent
opportunity to accelerate its implementation for an effective surveillance, prevention and
control of AMR at the global scale.
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Abstract: Antibiotic resistance is a serious global threat to human and animal health. In this study, we
explored perceptions of work to contain antibiotic resistance with a focus on the environment. Nine
stakeholders from six different areas were interviewed in 2018. A short information update was given
by informants from four of the areas in 2021. Interview transcripts were analyzed by conventional
content analysis. The stakeholders’ perceptions were concluded in three categories: “examples of
actions taken to combat antibiotic resistance”, “factors influencing work”, and “factors hindering
work”. All informants reported having a role to play. Some of them were very engaged in this
issue, whereas among others, antibiotics and resistance were just one part of a general engagement.
To be able to act, the policymaker stakeholders asked for more knowledge about antibiotics in the
environment and possible actions to take. Actions from the government were requested by several
informants. Coordination of the work to combat antibiotic resistance in the environment was not
recognized and the One Health approach was known at policy level but not among practitioners.
Still, actions seemed to be coordinated, but this was, according to the stakeholders, based on findings
from research in their area rather than on strategies developed by national authorities.

Keywords: strategic action plan on antibiotic resistance; Swedish stakeholder perceptions; One
Health; qualitative study

1. Introduction

Antibiotic resistance is a global threat to human and animal health [1,2]. The number
of deaths at the global level associated with bacterial antimicrobial resistance in 2019 was
estimated to 4.95 million [3]. The World Bank has described antibiotic resistance as a major
threat to the world economy [4]. Antibiotic resistance can affect multiple sectors in society,
as resistant bacteria can be transmitted between humans, animals, and the environment.
Coordinated action has been suggested as a means of combating the threat of antibiotic
resistance [5]. In 2015, the World Health Organization (WHO) published a Global Action
Plan (GAP) based on a “One Health” approach [6]. The GAP set out five strategic objectives
and stressed coordination between sectors and actors [6]. Member states were expected
to develop and implement national action plans aligned with the GAP objectives [7].
The commitment of actors and stakeholders, for instance government authorities, policy
makers, healthcare workers, university teachers, pharmaceutical companies and consumers,
is essential [5], as well as multisectoral involvement, including human and animal health,
together with the environment, trade, intellectual property, and innovation [8].
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The Swedish government published its first action plan in 2016 [9]. When presented,
it was based on a One Health approach, and had the overarching goal “To preserve the
possibility of effective treatment of bacterial infections in people and animals”. A quotation
from the foreword reads, “It is a top priority for Sweden that the action plan is put into
practice”. This action plan was updated in 2020 [10]. Some years before the first action
plan, in 2012, a national intersectoral coordinating platform was established to coordinate
the work of national government agencies [9]. At that time, 21 government agencies were
included in the platform [9], and some years later the number of government agencies
involved was 25 [10].

This study is part of the ABRCARRO (A One Health Systems and Policy Approach to
Antibiotic Resistance Containment: Coordination, Accountability, Resourcing, Regulation
and Ownership)—an international project which aims to explore and describe how national
action plans against antibiotic resistance were developed, implemented, monitored, and
evaluated in Sweden, South Africa, and Swaziland. The project includes interviews with
different categories of stakeholders, policymakers at government level, and professionals
in human, animal, and environment/agriculture sectors, as well as policy document
analyses. In this paper, we explore efforts to contain antibiotic resistance in the environment
in Sweden.

Studying how actors and organizations work to contain the spread and development
of antibiotic resistance in the environment is challenging. To begin with, it is known that
the use of antibiotics has accelerated the development and spread of resistance in microbial
populations [11]. However, the understanding of the role of the environment in the
development and spread of antibiotic resistance is still limited [12]. At first, the role of the
environment was recognized as a pathway for the spread of antibiotic resistance [5]. Later
studies suggested that the environment is also involved in the development of antibiotic
resistance [11,12]. Residual concentrations of antibiotics and resistant bacteria from human
waste, animal waste, and manufacturing waste may end up in the environment [13]. Studies
suggest that lakes can harbor antibiotic resistance genes, and also genes responsible for
mobilization of genetic material [14].

Secondly, the problem of working to contain antibiotic resistance in the environment
is multifaceted in such a way that multiple sectors must be involved to have some sort
of impact. To reach effectiveness, organizations and actors generally not linked to each
other most probably need to work together for the same goal. Research on how this can be
experienced is sparse. Thus far, knowledge of actual Swedish efforts to contain antibiotic
resistance in the environment, and how they are perceived, is limited. Further exploration
is needed.

The aim of the present study was to explore and describe how informants working
on environmental issues in a strategic selection of health and public sectors in Sweden
perceive their own work, as well as other work in Sweden, to contain antibiotic resistance
in the environment.

2. Method
2.1. Design

According to the explorative approach of the topic, a qualitative research design
based on interviews was chosen [15,16]. By asking open-ended questions and letting the
informant speak freely about the topic, data were collected as text, i.e., transcripts of the
interviews. A content analysis approach was then chosen in the analysis and presentation
of the findings of the transcribed interview texts. We used conventional content analysis
with no predefined categories [17].

2.2. Informants

Our aim was to include informants involved in work to contain antibiotic resistance in
the environment. We therefore approached individuals working at six strategically selected
health and public service areas, see Table 1. Exploring their involvement and contributions
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can give insight into this work from their perspective, impart knowledge of the current
situation in their area, and indicate directions for future efforts. Representatives from these
selected areas were contacted by email and asked to participate. All approached persons
accepted. In one case, the pharmaceutical company employee, the person first had to
ask management for permission to take part in the interview. However, one informant
withdrew the interview some years later. This was when the informant was asked to
provide an update of the information (see below), explaining that they had no time to
present an update and therefore chose not to participate at all.

Table 1. The informants and the rational for choosing the selected area of work.

Health and Public
Service Area Informants Rational for Choice of Selected Area

Government authority
One analyst working at the

Swedish Environmental
Protection Agency

According to the agreement taken in the WHO, national governments
should develop national action plans to combat antibiotic resistance.
In Sweden, a national action plan was ready in 2016, and updated in
2020 [9,10]. Even so, written strategies must be put into practice, and

authorities have an important role to stimulate action on behalf
of the government.

Microbiology research One researcher in medical
microbiology and genetics

There is a need for new knowledge to understand the role of the
environment in antibiotic resistance development and spread.
Research in multiple fields is necessary, and one of the fields is

medical microbiology and genetics. The focus of this researcher was
basic research on how resistant genetic material is transmitted.

Pharmaceutical
companies

One pharmaceutical company
representative working in the

company’s medical department

The pharmaceutical industry plays an active role in research,
discovery, and development of new drugs and medicines. It also has
impact on production methods, and on the availability of drugs and

medications on the market.

Pharmacies

Two pharmacy representatives
responsible for quality

management in their respective
pharmacy chain

Consumers of antibiotics purchase their medications at a pharmacy.
In addition to dispensing medications prescribed by physicians,

pharmacists and pharmacy technicians can influence how consumers
manage medications they purchase at the pharmacy. Another role for

pharmacies is to collect consumer medical leftovers.

Hospitals

One environmental scientist
working in a regional

environmental department,
responsible for environmental
issues in hospitalsOne hospital
environment department head.

Hospitals are major users of antibiotics and preventing pollution
from hospitals seems to be essential. Patients in hospitals suffer from
more complicated infections and are often treated with multiple and

or broad-spectrum antibiotics. Many antibiotics used by hospital
patients leave the body unmetabolized and end up in the wastewater.

Wastewater treatment

Two water treatment plant
representatives responsible for
municipal water quality control

in two major Swedish cities

Wastewater plants are receivers of city wastewater, and their role is to
remove undesirable chemicals and microorganisms, or reduce their
concentration, so that water becomes clean enough to be released into
the environment. They also treat sludge from wastewater, which after

treatment is often used in agriculture.

2.3. Data Collection

A semi-structured interview guide was used, based on an interview guide previously
used by the research group when studying perceptions of antibiotic resistance work in the
human healthcare sector. Some questions were adapted to the purpose of the present study.
The interview guide was first pilot tested on two informants working in the human and
animal sectors, respectively. Results from these studies are presented elsewhere [18,19].
The main questions are presented in Table 2. The complete interview guide is available as
Supplementary Material File S1.
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Table 2. Interview guide, main questions.

1. What does antibiotic resistance mean to you?

2. How do you look upon your role in working to contain antibiotic resistance?

3. How do you look upon possibilities of limiting/preventing emergence and spread of antibiotic
resistance?

4. What do you think are the main causes of antibiotic resistance?

5. How do you think antibiotic resistance spreads?

6. How do you look upon the use of antibiotics in humans, animals, or any other areas?

7. Have you heard of the concept of ’One Health’?

8. Do you have any comments to add?

During the interviews, informants spoke freely and shared their thoughts and un-
derstandings. The interviewer followed up with different probing questions, depending
on what the informant was telling, for either more information or clarification. Author
IB conducted the interviews during the period April to June 2018 at a place selected by
the informant, usually at their workplace. The interviews lasted on average 47 min, with
a range of 25 to 72 min. All interviews were tape recorded and transcribed verbatim by
another person, and then the transcripts were checked and corrected, if necessary, by IB
before the analysis process started.

2.4. Data Analysis

An inductive approach was used, with no predefined codes or categories. Author IB
conducted the analysis, supported by author MR who acted as co-reader. The interviews
were first read through to get an overview of the content. Next, interviews were read line
by line and meaning units were picked out, given codes, and condensed. At this point each
meaning unit and code was given an id-number to facilitate the analysis process. Meaning
units were then sorted based on the codes, codes were merged and renamed in repeated
steps, and codes that did not concern antibiotics or antibiotic resistance were taken away.
Thereafter, all transcripts were sorted based on the new codes, and the content of each code
was examined.

The codes were rearranged in subcategories and three main categories were chosen in
a final step to organize and present the content of the interviews as follows: Informants’
perceptions of actual efforts to contain antibiotic resistance in the environment, their
perceptions of factors influencing their work, and factors hindering their work. All findings
describe informants’ perceptions.

2.5. Ethical Considerations

Ethical approval was sought from and granted by the Regional Ethics Board in Stock-
holm (Reg number: 2017/1999-31).

2.6. Contact with Informants in Autumn 2021 for Information Updating

Data collection took place in 2018 whereafter the interview material was analysed.
However, the manuscript was not completed for a period of nearly four years. Thus, to be
able to present current experiences, the authors felt that an update of the material would be
of value. All informants were therefore contacted by email in the autumn of 2021. The aim
was to obtain knowledge about the informants’ experiences and engagement in efforts to
contain antibiotic resistance, and if they differed or were similar as to the time of the first
interview in 2018. To help recall what they had said at the first interview, each informant
was shown the findings generated from their interview. The informants were asked three
questions: (1) whether the informant or their organisation worked in the same way as
they did in 2018, or if it had changed, and if so how; (2) whether the informant had noted
any new function or organisation which coordinated work against antibiotic resistance
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development and spread in the environment; and (3) whether there were any changes in
cooperation in the work to contain antibiotic resistance. The answers to the email questions
are summarized at the end of the results section.

3. Findings

We present our findings in three main categories (Table 3). They are further described
and illustrated by quotes from the interviews as follows.

Table 3. Main categories and subcategories describing the content of the interviews.

Categories Subcategories Area of Work Involved

Informants’ examples of
actions taken to combat

antibiotic resistance

Monitoring and risk analysis Government authorities

Developing knowledge Medical microbiological research
Wastewater treatment

Spreading knowledge Medical microbiological research
Pharmacies

Reduce antibiotics and bacteria
reaching the environment

Pharmacies
Hospital environment department

Wastewater treatment

Activities for restrictive antibiotic use

Medical microbiological research
Pharmaceutical companies

Pharmacies
Hospital environment department

Informants’ perceptions of factors
influencing work

Organisational and personal engagement
Legislation, governance, and resources

Cooperation and One Health
All areas of work contributed here.

Informants’ perceptions of factors
hindering work

Difficulties in setting environmental
demands

Lack of knowledge
Lack of action

Conflicting priorities

All areas of work contributed here.

3.1. Informants’ Examples of Actions Taken to Combat Antibiotic Resistance

The informants talked about many different actions, which they thought could con-
tribute to combat antibiotic resistance. These actions were identified as subcategories in our
analysis. Due to the large differences in work areas involved, and for a better understanding
of the contribution of each specific area, the following presentation of the content of this
subcategory is sorted according to the informants’ areas of work.

3.1.1. Actions Taken by Government Authority
Subcategories: Monitoring Environment Samples

The informant from the Environmental Protection Agency declared the agency had
only recently become involved in this work and had so far found it difficult to find its
role. The task of the agency was, according to the informant, to describe the state of the
environment by sampling water, sediment, fish and wild animals, but antibiotics and
antibiotic resistance were not a major issue.

“This cooperation between agencies started a few years ago, it was around then that some
people started to talk about it [ . . . ] and since then, it has grown [ . . . ] although just
here it is really not a major question.” (M2)

The informant gave examples of networks and platforms the agency was engaged
in, both nationally, at EU level, and globally. According to this informant, antibiotics or
antibiotic resistance were seldom the main focus in the environmental networks.
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3.1.2. Actions Taken in Medical Microbiological Research
Subcategories: Developing Knowledge, Spreading Knowledge, Action for Restrictive
Antibiotic Use

The medical research informant expressed explicit engagement in antibiotic resistance
issues, and creating new knowledge in this field, for example, studying how genes are
exchanged, and how resistance is spread through plasmids and viruses. We know that
genes are spread by plasmids, the informant explained, and we do know that resistance can
be transferred, but we do not know to what extent. The researcher informant furthermore
described a role as a teacher at a medical school, teaching medical students to always
think carefully before choosing infection treatment, and to always refrain from antibiotics
when possible. To contain antibiotic resistance in the environment, as well in humans and
animals, both safe use of antibiotics, and decreasing the use of antibiotics was required,
stated the informant.

“I understand if you have, for example, a blood-poisoning and someone who is acutely ill,
then I fully understand, it is clear then that antibiotics should be used I think, because
then it is a matter of saving lives, it is the grey areas where I think you have to be more
careful.” (M9)

3.1.3. Actions Taken by Pharmaceutical Companies
Subcategory: Action for Restrictive Antibiotic Use

Safe antibiotic use, with narrow-spectrum antibiotics, and decreasing the use of an-
tibiotics was brought up by the pharmaceutical company informant as ways to contain
antibiotic resistance. It was therefore important to focus on keeping narrow-spectrum an-
tibiotics commonly used in Sweden, as well as a wide assortment of dosage strengths and
package sizes. According to this informant, individual adaption of antibiotics dispensed
to patients, making sure the quantity of prescribed antibiotics does not exceed treatment
duration, was fundamental for safe use and optimal antibiotic treatment.

“Our most important task is, right now, to maintain a large assortment and a wide range.
Which is the basis for being able to eh, treat optimally and not drive resistance.” (M10)

This informant noted that the company had been involved in starting up a multi-
sectoral collaboration platform which gathered representatives from both healthcare and
authorities, aiming to ensure access to antibiotics in Sweden. The company’s interest here,
the informant continued, was to enable discussions about which antibiotics the companies
should fight to keep and develop, and which strengths and package sizes to focus on.

3.1.4. Actions Taken by Pharmacies
Subcategories: Action for Restrictive Antibiotic Use, Reduce Antibiotics and Bacteria
Reaching the Environment, Spreading Knowledge

The pharmacy informants stated that decreasing the use of antibiotics, as well as
safe use of antibiotics, were necessary to contain antibiotic resistance. Staff at pharmacies
have a role here, informants said, and this was to provide patients packages of antibiotics
adapted to their prescription, i.e., not give extra tablets that may be kept and used later for
self-treatment, and by counselling patients on medication use and relief of adverse effects.

“You should be given an adapted amount to take home” [ . . . ] “yes, we also sell lactic
acid bacteria, and some can help during an antibiotic treatment, counteract diarrhoea
and such that could be an obstacle to completing the cure, so it can actually help someone
complete their treatment.” (M6)

Furthermore, the pharmacy informants brought up the fact that pharmacies have
systems to collect medical waste, where all kinds of medicines are collected and sent for de-
struction, with no special focus on antibiotics. One informant worked in a pharmacy chain
which had employed a specific person to work with environmental aspects of medicines,
including antibiotic production. This chain was deeply involved in the issue of antibiotic
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waste at antibiotic production sites, and tried to reach the public, politicians and authorities
through seminars, podcasts, YouTube films and newspaper articles, hoping to create debate.
Another activity mentioned by the informant was a campaign driven in cooperation by
pharmacy chains, directed to the public, to not take antibiotics for common colds.

3.1.5. Actions Taken in Hospital Environment Department
Subcategories: Reduce Antibiotics and Bacteria Reaching the Environment, Action for
Restrictive Antibiotic Use

Hospitals have systems to manage medical waste, and the hospital wastewater is
connected to the city wastewater treatment system, said informants working in this area.
Medical waste, which included antibiotic waste, was collected in separate bins by the ward
staff, and then sent for incineration. According to one hospital informant, the hospital envi-
ronmental department focused on writing routines for collection, sorting and management
of medical waste, and following-up whether they were adhered to by staff.

The hospital environment department was responsible for creating lists of approved
products to be used in the hospital, one informant reported. One example of a product
that the informant especially did not want in use at the hospital was detergents with silver,
since, according to the informant, bacteria can develop resistance to silver, which can lead
to increased antibiotic resistance. This hospital environmental department furthermore
cooperated with the hospital’s local Strama-group (Strama is the Swedish strategic pro-
gramme against antibiotic resistance) in their efforts to reduce the use of fluoroquinolones.
Another task of the environmental department, according to the informant, was to set
environmental demands when ordering hospital food. The informant believed buying
ecological meat was a way to support lower antibiotic usage in food-animal production.

“There are certain substances, antibiotics that are extremely persistent in the environment,
including fluoroquinolones that have long half-lives [ . . . ] because we see a connection to
the external environment or that effect, we have seen that, yes it makes sense to raise it as
an environmental goal as well, so we can pursue this together.” (M8)

3.1.6. Actions Taken in Wastewater Treatment
Subcategories: Reduce Antibiotics and Bacteria Reaching the Environment,
Developing Knowledge

Wastewater treatment plants did not have a special focus on antibiotic resistance,
according to informants working at these plants. Both informants believed that the use
of high-quality wastewater treatment methods can contribute to containing antibiotic
resistance. Both said they worked at plants which had decided to study and install new
technology to improve water treatment, methods that reduce the discharge of bacteria. One
plant was installing effective membranes, and the other ozonation technology. The latter
method will also reduce drug residues, according to the informant.

“We had a project just a couple of years ago then, or yes, it ended well last year, [ . . . ] but
then we had, among other things, sampling up there, where we looked at bacteria, how
much bacteria comes out of the membranes and how much antibiotic-resistant bacteria
comes out. And it was basically zero.” (M1)

“Ozone is a very powerful eh, oxidizing agent, it breaks down most drug residues eh, or
drug molecules, eh, quite effectively. [ . . . ] It has a very strong effect on bacteria as well,
they break down, so it is very effective.” (M5)

Both informants described how sludge was managed in the plants, since sludge, after
the treatment process, and control of salmonella, metal, and toxic products, was often
used in agriculture. Most antibiotics coming to the wastewater treatment plant stick to the
sludge, said informants, and were thus separated from the water. Monitoring was also
conducted at city wastewater treatment plants, informants said. In one treatment plant,
follow-ups focused on known toxic compounds and on bacteria. The other treatment plant
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had decided to study pharmaceutical residues with the highest concentration levels in
wastewater, the informant reported. However, this did not include antibiotics.

3.2. Informants’ Perceptions of Factors Influencing Work
3.2.1. Organisational and Personal Engagement

All informants stated that they or their organisation had a role to play in containing
antibiotic resistance. However, many highlighted that Strama (the Swedish strategic pro-
gramme against antibiotic resistance) was more directly involved in work against antibiotic
resistance than their own organisation. A few talked about their personal engagement. One
was very frustrated about the low activity to contain antibiotic resistance in Sweden and at
the global level.

3.2.2. Legislation, Governance, and Resources

Legislation to protect development of antibiotic resistance in the environment was
not an option according to the informants. Legislation was not possible because we do not
know which measures to take, said the Environmental Protection Agency informant. The
researcher informant did not believe that new regulations were necessary, because factors
in society that are important to contain antibiotic resistance, such as functioning healthcare
and functioning infrastructure, already existed in Sweden, although they can be improved.

There were different views among the informants on who governs or should govern
work to contain antibiotic resistance. One said that healthcare and some social institutions
should control the work, whereas another could not see who should be responsible. One
informant concluded that there was no central governance in how to conduct the work in
wastewater treatment plants. Many had, however, a clear belief that the issue must be on
the national agenda. The national government has the resources and must decide what to
do, said one informant.

Several of the informants said it was difficult to determine whether enough resources
were available for work to contain antibiotic resistance. One informant observed that
pharmaceutical companies needed extra resources for development of new antibiotics, and
another informant lifted the necessity of long-term funding to preserve existing antibiotics
which were no longer profitable.

Furthermore, financing was a factor that could affect the work of many informants.
The researcher was dependent on funding for the research group. Informants from wastew-
ater treatment plants applied for funding for monitoring and developing new treatment
techniques. According to the informants, the funders were often national authorities and
institutions, which in turn were funded by the government.

3.2.3. Cooperation and One Health

All informants thought cooperation was important, and it was mentioned as a facil-
itating factor in work to combat antibiotic resistance. Reasons for wanting to cooperate
were many, e.g., limited resources, the broadness of the issue and involvement of several
sectors, or the fact that when working together, organizations could become stronger and
were in a better position to make demands. Some informants emphasized the importance
of international cooperation and said it was necessary because problems with antibiotic
resistance were greater outside Sweden.

Only a few informants knew about the One Health concept. The government authority
informant had a general understanding of the concept, and the researcher informant was
familiar with the concept. However, the concept One Health was not known among the
rest of the informants.
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3.3. Informants’ Perceptions of Factors Hindering Work
3.3.1. Difficulties in Setting Environmental Requirements

Setting environmental requirements on pharmaceutical production when purchasing
drugs for hospitals, as well as for pharmacies, could be difficult according to informants
working in these areas.

“As I have understood it, so this with procurements is quite tricky when it comes to drugs
because it is difficult, there is not always good transparency so that you know how this is
manufactured [ . . . ] As I have understood it the pharmaceutical companies are quite like,
it’s a bit difficult to get insight into what is done.” (M4)

Pharmacy chains cannot influence the production of prescription drugs, informants
from this area noted, because Swedish pharmacies must dispense the “product of the
period” (i.e., the cheapest available generic of the prescribed drug, decided by the National
Dental and Pharmaceutical Benefits Agency, TLV). One pharmacy informant said that the
pharmacy chain had tried to influence a national authority to set environmental require-
ments on prescription medications the pharmacy was required to deliver, but this had
failed.

“They [TLV] refuse and say that we do what the state has ordered from us, that, they are
a state authority, and they try to follow the guidelines and requirements that they have
from the state.” (M7)

Nearly all informants remembered and mentioned the detection of high levels of
antibiotics in a river close to a pharmaceutical manufacturing plant in India. The pharma-
ceutical company informant, reflecting on this from a supplier’s perspective, said that a
single company cannot make demands on the production of the drugs they buy, and all
companies must have the same requirements for this to work. There were two possible
options, the informant continued: an alliance of all companies with common agreements,
or demands of transparency set by a national authority. According to this informant, the
company monitors what is financially feasible to implement and then balances the costs of
production with the price they can negotiate with the benefits agency in Sweden.

Maintaining a wide assortment of antibiotics was another challenge. The pharmaceu-
tical company informant explained how the company tried hard to keep the assortment,
but this could be difficult due to the fact that the market was shrinking.

“For this, is the challenge, one of the challenges with existing antibiotics that you have to
keep them, they have to exist, there is like no future with them because you want to, you
will have reduced use, no money for companies that want to make money.” (M10)

3.3.2. Lack of Knowledge

A general problem mentioned by the informants was that knowledge was lacking and
it was therefore hard to know which measures to take. For instance, the Environmental
Protection Agency had discovered antibiotics in water after treatment in treatment plants,
and the researcher informant had been involved in detecting resistant bacteria in water and
soil. However, as the informant from the Environmental Protection Agency expressed, we
do not know what this means.

“ . . . [antibiotics] is one of several chemicals, then you see it as a chemical substance.
And if it comes out in water and sludge, then you have a cocktail of everything possible,
it’s not certain that it is only the antibiotics that play a role, but rather that they interact
with everything else that is there [ . . . ] So it is very difficult to say which role antibiotics
play there.” (M2)

3.3.3. Lack of Action

Several informants called for actions from the politicians. Political actions were, for
instance, requested to influence the pharmaceutical production sites to reduce pollution of
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antibiotics. Another suggestion was action from the government to initiate drug treatment
at wastewater treatment plants.

3.3.4. Conflicting Priorities

Two informants mentioned how different disciplines sometimes have conflicting
priorities. One example was that the hospital hygiene department recommended the
hospital to use disposable equipment to reduce infection, whereas the environmental
department recommended the hospital to use less disposable equipment for environmental
reasons. Another conflict reported by the researcher informant was between physicians and
pre-clinical researchers. Physicians want to treat their patients with antibiotics, whereas
researchers emphasize the importance of avoiding antibiotics as much as possible. This
conflict was also mentioned by the informants from environmental departments.

3.4. Development after the Interviews Were Conducted in 2018

There were four informants who answered the questions. They represented a phar-
macy chain, a wastewater treatment plant, the pharmaceutical company, and the Swedish
Environmental Agency. Three informants were the same informants that had taken part
in the interviews conducted in 2018. The Environmental Agency had a new representa-
tive in the cooperation platform against antibiotic resistance, and this person answered
the questions.

The informant from the wastewater treatment plant noted that ozone technology had
been developed further and the antibiotic residues which were analysed were effectively
removed. However, according to this informant, coordination and cooperation in work to
contain antibiotic resistance in the environment had not changed since 2018.

In the field of pharmaceutical products, new activities were mentioned. The work at
the pharmacy had not changed, wrote the pharmacy chain informant, and the pharmaceu-
tical company informant reported that the company had continued its work to keeping
the broad assortment of narrow-spectrum antibiotic products in Sweden. Other engage-
ments which were mentioned in 2018 had grown. The pharmacy chain had continued
its engagement for transparency in pharmaceutical production and was now working
together with all Swedish pharmacy chains in achieving transparency in the production of
non-prescription drugs. The pharmaceutical company informant reported that the coop-
erative platform, which had recently been initiated in 2018, now gathered more partners,
and the informant was now in the management team. The two informants mentioned
new measures taken at policy level. These included governmental assignments for the
Swedish Medical Products Agency (MPA) and for the National Dental and Pharmaceutical
Benefits Agency (TLV), e.g., to organize an environmental premium for procurement of
antibiotics, to strengthen access to older antibiotics, and to open a new knowledge centre for
pharmaceutics in the environment, with the aim to spreading knowledge and stimulating
measures and development in the area.

The informant from the Environmental Protection Agency said that there was no major
difference in how the agency was monitoring the environment compared to the year 2018.
However, the antibiotic resistance issue had started to reach networks and platforms where
the Agency was involved, and during 2018 to 2023, the agency will be distributing grants
for drug treatment at wastewater treatment plants. The Swedish platform for agencies has
a role to coordinate the work to combat antibiotic resistance, but the antibiotic resistance
issue was still no big question at any environment agency, reported the informant.

4. Discussion

This study explored how a selected number of stakeholders from six different health
and public service sectors and areas looked upon their role in combating antibiotic resis-
tance. We found that all of them thought they had a role to play, and that their actions
can be described in five subcategories: monitoring environment; developing knowledge;
spreading knowledge; reducing antibiotics and bacteria reaching the environment; and
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activities for restrictive antibiotic use. Many informants were active in more than one
of these subcategories. Another finding was that most of them felt a lack of governance
in this work. In spite of this, their actions were in accordance with measures suggested
in the Swedish national action plan. The One Health approach was only known by the
policymaker informant and the medical microbiology researcher, but not among informants
at the practical level.

Bloomer and McKee [20] suggest four actions to reduce antibiotic resistance in the
environment. The first is prevention to reduce the need for and use of antimicrobials. The
other three are different actions to prevent or reduce antimicrobials contaminating the
environment: improved/alternative wastewater treatment processes; reduced API (active
pharmaceutical ingredient) emissions by manufacturers; and management of manure. The
stakeholders in the present study were active in all these suggested activities except the
management of manure.

This is the third interview study from our research group exploring how stakeholders
from different sectors and areas, and from various levels, perceive their role and how they
can contribute to containing antibiotic resistance. In total, 34 interviews were performed
during a period of six months in the year 2018. At the time of analysis, interviews were
divided into three parts: the human sector; the animal sector, and the environment sector.
The rational for this was our perception that the work to contain antibiotic resistance were
mainly going on in the sectors separately. Our first two studies focused on human medicine
and animal production, respectively [18,19]. In both these areas, work to contain antibiotic
resistance had started early [21], and extensive efforts within the sectors had resulted
in well informed practitioners and low levels of antibiotic resistance in an international
perspective [22]. Further similar findings in both studies were the common belief among
stakeholders that antibiotics should be used restrictively, and that there were obvious
leaders in each sector which were known by stakeholders at the practical level [18,19]. The
leaders they identified represented the national level, and their methods were to provide
information and the best available knowledge on how to act to combat antibiotic resistance,
i.e., using non-authoritative networks to reach stakeholders to gain change.

Our findings in the present study were different. All informants thought they had a
role to play to combat antibiotic resistance and talked about activities they were involved in.
However, they did not see any leadership of actions. Some of the stakeholders in our study
expressed a personal engagement and they followed new findings from research in their
area. This could probably explain why their actions were in line with the recommended
actions and appeared to be coordinated according to the national action plan, even though
they themselves did not seem to be aware of this plan. These stakeholders seemed to be
ahead of the national plan in their requests for actions from authorities. A few years later,
some of these requested issues were included in the updated national action plan. Other
stakeholders in our study were waiting for information from the policy level. One example
was the Swedish Environmental Protection Agency which was awaiting directions from
the government to act.

The Swedish Environmental Protection Agency could possibly take a role to lead the
activities to combat antibiotic resistance in the environment. However, the agency had at
the time of the interview just recently been involved in the national network of agencies
against antibiotic resistance, and had not yet found its role. As the informant explained,
they needed more knowledge about what it means when antibiotic residues are found in
the environment, and about which measures to take before they can act. In the autumn
2021, the agency reported that the issue of antibiotic resistance in the environment still was
no big question at environmental agencies, but that this question had started to reach the
networks and platforms the agency took part in. Our findings are in accordance to the
global situation in general, and less attention has been given to antibiotic contamination of
the environment [20,23].

A common finding in the three interview studies was that the One Health approach,
with few exceptions, was only known at the policymaker level. Swedish agencies have

45



Antibiotics 2022, 11, 646

worked together since an intersectoral coordinating mechanism was initiated in 2012 [21].
This means that One Health at the policy level can be perceived as implemented in Sweden.
In contrast, professionals at the practical level of the three sectors we have studied were
not at all familiar with the concept. Although the Swedish national strategies adopted
cross-sectorial work at an early stage in the year 2000 [21], this strategy has not reached the
practical level. However, it is possible that practitioners do not have to know about One
Health to be successful in their own field to combat antibiotic resistance, as long as they
know what measures to take. It is most likely therefore that cooperation between sectors is
necessary at the policy level.

Cooperation between stakeholders at different levels was seen in our study in the
animal production sector [19]. To involve different stakeholders at practical levels in the
environmental sector, with all the diverse areas that are must be involved, coordination is
necessary. Gulati et al. [24] define coordination as the deliberate and orderly alignment or
adjustment of partners’ actions to achieve jointly determined goals. Coordination typically
involves the specification and operation of information-sharing, decision-making, and
feedback mechanisms in the relationship to unify and bring order to partners’ efforts, and
to combine partners’ resources in productive ways [24].

The use of antibiotics is the main driving factor for antibiotic resistance develop-
ment [11,12]. Thus, using antibiotics restrictively can slow the development of antibiotic
resistance. This strategy is useful in all sectors, even the environmental sector. Many
of our informants in the present study worked actively to restrict antibiotic use, for ex-
ample, through education of medical students and spreading knowledge to the public.
Being restrictive includes using narrow-spectrum antibiotics when possible, a perception
shared by several informants, and in general accepted in Sweden, where narrow-spectrum
penicillin is effective, and thus is often used [25]. Access to narrow-spectrum penicillin is
therefore important in Sweden. However, there are large global differences in antibiotic
prescribing by doctors, drug dispensing by pharmacists, as well as expectations from the
public regarding antibiotics. Promoting restrictive antibiotic use, and making sure the
quantity of prescribed antibiotics does not exceed treatment duration, may be hard to
accept in countries where patients self-medicate, or are able to purchase antibiotics without
prescription [26].

Informants representing wastewater plants, environmental departments at hospitals,
and pharmacies appeared to have a role in reducing pollution of antibiotics and other chem-
icals in the environment. Even here, collection of pharmaceutical waste can differ globally.
A study in Ghana revealed that four out of five hospitals were without separate collection
and disposal programs for waste management, and that large parts of the population had
unused, leftover or expired medicines at home [27,28]. Rules and regulations for waste
management exist in many countries, but little appears to be known about how these rules
are followed by healthcare facilities [27]. Wastewater treatment systems also differ globally.
Many treatment systems in developing countries are neither successful nor sustainable,
mainly because they are copies of Western treatment systems, where no consideration has
been taken as to the appropriateness of the technology for the culture, land and climate of
the country in question [29].

The Environmental Agency monitored toxic compounds in water and soil. However,
the identification of antibiotics in treated water by the Environment Agency did not always
lead to any action, the argument being that the board needed more knowledge about
effective measures before actions could be taken. It is interesting to note that, in this
manner, the Environmental Agency appeared to have the least engagement in work to
contain antibiotic resistance in the environment.

Lack of knowledge, and not knowing what measures to take, was considered problem-
atic by other informants as well. Other problems included the inability to set environmental
requirements when the pharmacies and hospital purchased medications, and the lack
of central governance in how to conduct the work. These findings suggest the need for
some sort of governance in work to contain antibiotic resistance in the environment. The
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Swedish strategic programme against antibiotic resistance (Strama) has played a central
role in providing surveillance of antibiotic use and antibiotic resistance in Sweden since
1995. However, as long as there is a lack of knowledge about which methods have the best
effect, it is difficult for an organization to lead the work to limit antibiotic resistance in
the environment.

Lack of resources and financing could affect the antibiotic resistance work of infor-
mants representing pharmaceutical companies and medical research. The pharmaceutical
industry is slowly being incorporated into public health efforts regarding which products
and how much of them are used [30]. As noted in our findings, there was preservation of
existing antibiotics which were no longer profitable and which can affect the spread of an-
tibiotic resistance, and pharmaceutical companies needed extra resources for development
of new antibiotics. The medical research informant depended on funding for the research
group, a problem that is not unique for just researchers in Sweden. A recent observational
analysis of antibacterial research funding in JPIAMR countries (Canada, Czech Republic,
Finland, France, Germany, Israel, Italy, Latvia, The Netherlands, Norway, Poland, Romania,
South Africa, Spain and Sweden) showed that only 3% of research projects on antibiotic
resistance proposed to tackle issues related to the environment [31].

The first Swedish national action plan with a One Health approach was launched in
2016 [9]. However, the need for multisectoral collaboration in work to contain antibiotic
resistance was not new at that time. Cross-sectorial work was mentioned in 2000 in a
proposal for a Swedish national action plan [32]. A proposition presented in 2005 included
work in human medicine and veterinary medicine, agriculture and food production, and
proposed the mapping of environmental effects of antibiotic use in order to learn more about
consequences of antibiotic pollution [33]. Still, in the national plan from 2016, focus was set
on gaining more knowledge [9]. The plan concluded that knowledge was incomplete, but
data indicated that antibiotics and other antibacterial agents in the environment could give
rise to antibiotic resistance. Technology for the cleaning of pharmaceutical residues and
other substances in water treatment plants should be tested and evaluated. Furthermore,
the plan included development of support for county councils’ procurement processes in
order to move towards minimizing releases of antibiotics into the environment during the
production of pharmaceuticals.

Strategies were further developed in the updated Swedish national plan from 2020,
and issues that the informants in our study asked for have now been included [10]. Now
the plan concludes that knowledge of the role of the environment in the development and
spread of antibiotic resistance is increasing. Examples of proposed actions include advanced
treatment of wastewater, and that Sweden pushes for the development of regulations to
steer towards minimized emissions of antibiotics to the environment in pharmaceutical
production. According to the updated information given by informants in autumn 2021,
some of these proposals have been developed into action by new governmental assign-
ments to the Swedish Medical Products Agency (MPA) and to the National Dental and
Pharmaceutical Benefits Agency (TLV).

Strengths and Limitations

The main contribution of this qualitative study is its insight into the unique perspec-
tives and perceptions of work to contain antibiotic resistance in the environment among
a select number of informants working in areas that were supposed to have impact on
environmental issues in Sweden. All informants perceived they had a role to play in
containing antibiotic resistance in the environment. Our intention was not to present a
representative survey of all stakeholders’ perceptions of work to contain antibiotic re-
sistance in the environment. Our findings are thus based on the perceptions of a small
sample size of informants and cannot be generalized. It was beyond the scope of this
study to include perceptions of other stakeholders in other regulatory bodies or sectors also
involved in work to contain antibiotic resistance in the environment. For example, there
were no stakeholders from the animal sector included in this study. If other sectors than the
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chosen had been included, we would probably have identified other activities to reduce
antibiotic resistance and resistant bacteria in the environment. A strength of the study is
the qualitative design with interviews that allowed the informant to speak freely around
the subject. This design gave us a rich material from each of the informants and good
insights into their work from their perspective. The analysis was careful and structured to
ensure trustworthiness, and was performed by two experienced qualitative researchers.
The findings were further strengthened by the follow-up questions sent to the informants
and the answers that were given from informants from four different areas.

5. Conclusions

A One Health approach to contain antibiotic resistance means to simultaneously work
to reduce the development and spread of antibiotic resistance in humans, animals, and
in the environment. So far, there appears to be little coordination in the work to contain
antibiotic resistance in the environment in Sweden. The stakeholders at the practical level
were involved in activities in their own area which they perceived could have an impact
on antibiotic resistance, but did not feel that they were included in a common program.
Their actions seemed to be coordinated, but this was, according to the stakeholders, based
on findings from research in their area rather than on strategies developed by national
authorities. The One Health approach has been implemented and was known at the policy
level in Sweden, but was not established at the practical level.
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Abstract: Antimicrobial resistance (AMR) is a global public health problem affecting animal and human
medicine. Poultry production is among the primary sources of income for many Zambians. However,
the increased demand for poultry products has led to a subsequent increase in antimicrobial use. This
study assessed the awareness of AMR and associated factors among layer poultry farmers in Zam-
bia. A cross-sectional study was conducted among 77 participants from September 2020 to April 2021.
Data was analysed using Stata version 16.1. The overall awareness of AMR among the farmers was
47% (n = 36). The usage of antibiotics in layer poultry production was high at 86% (n = 66). Most an-
tibiotics were accessed from agrovets (31%, n = 24) and pharmacies (21%, n = 16) without prescrip-
tions. Commercial farmers were more likely to be aware of AMR compared to medium-scale farmers
(OR = 14.07, 95% CI: 2.09–94.70), as were farmers who used prescriptions to access antibiotics compared to
those who did not (OR = 99.66, 95% CI: 7.14–1391.65), and farmers who did not treat market-ready birds
with antibiotics compared to those who did (OR = 41.92, 95% CI: 1.26–1396.36). The awareness of AMR
among some layer farmers was low. Therefore, policies that promote the rational use of antibiotics need to
be implemented together with heightened surveillance activities aimed at curbing AMR.

Keywords: awareness; antimicrobial resistance; antimicrobial stewardship; layer poultry farms; one
health; surveillance
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1. Introduction

The use of antimicrobials in layer poultry production has continued to increase sig-
nificantly in the recent past as the demand for poultry meat and eggs increases due to
improvements in the social and economic lives of people [1]. Antimicrobial drugs effectively
treat infectious diseases caused by pathogenic bacteria that usually affect egg production [2].
However, their increased use for disease prevention and treatment to sustain improved
egg production has contributed to escalating antimicrobial resistance (AMR) [3–6]. AMR
is a global health problem that continues to negatively affect the health of humans and
animals [7–9]. This phenomenon has continued to burden the healthcare system, leading to
prolonged hospital admissions, difficulty in treating infections, increased medical bills and
increased morbidity and mortality [10,11]. If left unmanaged, AMR will cause more than
10 million deaths by 2050 [12]. AMR awareness among layer poultry farmers is cardinal in
curbing this global problem. However, most poultry farmers have been reported to be less
aware of AMR and the contributing factors [13].

Humans can contract antimicrobial-resistant microorganisms from animals through
the food chain [14–16]. Equally, humans may transmit antimicrobial-resistant microor-
ganisms to animals and the environment [17]. Therefore, this highlights the importance
of adherence to biosecurity measures among layer poultry farmers and their workers.
Many microorganisms have become resistant to commonly used antimicrobials in livestock
production [17]. Escherichia coli is one of the highly antimicrobial-resistant pathogens in
livestock [18–22]. Equally, antimicrobial-resistant Enterococcus and Salmonella have been
reported in livestock production [16,19,23–25]. Besides, Staphylococcus aureus and Listeria
species have developed resistance to antimicrobials that are commonly used in poultry and
humans [23,26–28]. These antimicrobial-resistant pathogens can be transmitted to humans
through the food chain and cause disease in humans [24].

Many poultry farmers have access to antibiotics without prescription [29–33]. This
means they can easily access antibiotics and administer them to their birds without consult-
ing experts such as veterinarians and pharmaceutical personnel [34]. Hence, the farmers
may fail to consistently follow the recommended antibiotic dosage or consider the required
withdrawal period before selling their birds. Evidence has shown a link between antibi-
otic consumption and AMR development [1,3,35]. This implies that the use, misuse, and
overuse of antimicrobials have been among the factors contributing to the development
of AMR [36,37]. Antimicrobials have been misused in poultry feed and drinking water
for growth promotion, egg production, disease prevention or prophylaxis, and empiri-
cal treatment [38]. This presents a greater risk for AMR development in poultry flocks
and products.

Since AMR has been shown to affect animals, humans and the environment, there is a
need to address this problem using the “One Health Approach” [5]. Under the One Health
Approach, the focus is on the interaction between animals and humans in the environment
and the use of antimicrobials in this interaction [39]. Antimicrobial use (AMU) in animals,
humans, and the environment must be monitored and controlled [40]. Therefore, there is a
need for continuous monitoring and surveillance of AMU and AMR in poultry farming [41].

At a global level, a lack of awareness of AMR and associated factors among poultry
farmers has been reported to be among the factors that exacerbate AMR [42]. Poultry
farmers who are not aware of AMR tend to access antimicrobials without prescriptions and
use them irrationally and excessively without advice from animal experts [43]. Besides,
such poultry farmers do not practise the biosecurity measures that are recommended to
help prevent infections in birds. In Africa, a lack of awareness of AMR among poultry
farmers has been reported [44]. This has contributed to the rise of AMR because the farmers
usually access antimicrobials from unregistered outlets without prescriptions and use them
for growth promotion, disease prevention and improving production [44]. This arbitrary
use of antimicrobials is a problem that requires urgent attention.

In Zambia, poultry production is a source of income for many farmers and contributes
to the country’s food security [45]. There has been an increase in the demand for poultry
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products (eggs and chicken meat) among the Zambian people [45,46]. The increase in the
demand for poultry products has led to poultry farmers increasing the use of antibiotics
to promote growth and increase the production of eggs [47]. Besides, there is evidence
of isolation, identification, and confirmation of antimicrobial-resistant pathogens from
Zambian poultry [18,48]. Much of the work on AMR in Zambia has been conducted in
regard to broilers, and less in layers. Hence, there is a paucity of information on AMR
awareness and associated factors among layer poultry farmers in Zambia.

This study was conducted to assess the awareness of AMR and associated factors
among layer poultry farmers in Zambia.

2. Results
2.1. Study Participant Characteristics

Of the 77 layer farmers interviewed, the majority (70; 90.9%) were male. About
22 (28.6%) were from Kitwe, and 24 (31.2%) sourced antibiotics from agrovet shops. A total
of 39 (50.7%) participants were commercial farmers (>10,000 birds), 66 (85.7%) used antibi-
otics, 39 (50.6%) used a prescription to access antibiotics, 45 (58.5%) used antibiotics for the
prevention of infections, 66 (85.7%) consulted a veterinary doctor before using antibiotics,
and 48 (62.3%) observed the antibiotic withdrawal period. Additionally, 55 (71.4%) farmers
did not treat market-ready birds with antibiotics, and 70 (90.1%) practised biosecurity.
There was evidence of an association between awareness of AMR and district of residence,
type of farmer, source of antibiotics, use of a prescription to access antibiotics, consulta-
tion of a veterinary doctor before using antibiotics, knowledge of the observation period,
treatment of market-ready birds and biosecurity practice. The overall awareness of AMR
among study participants was 46.8% (n = 36), as shown in Table 1.

Table 1. Study characteristics of participants by awareness of AMR in Lusaka and Copperbelt
provinces of Zambia.

Factor Attribute Total Population
(N = 77) n, (%)

Not Aware of AMR
(n = 41

{53.3%})

Aware of AMR
(n = 36

{46.8%})
p-Value

Sex of farm owner Female
Male

7 (9.1)
70 (90.9)

2 (4.9)
39 (95.1)

5 (13.9)
31 (86.1) 0.170 a

District

Chongwe
Kafue
Kitwe

Lusaka
Ndola

Rufunsa

17 (22.1)
20 (25.9)
22 (28.6)

5 (6.5)
10 (12.9)
3 (3.9)

11 (26.8)
9 (21.9)

14 (34.12)
-

7 (17.1)
-

6 (16.7)
11 (30.6)
8 (22.2)
5 (13.9)
3 (8.3)
3 (8.3)

0.025 a

Type of farmer
Commercial

Medium-scale
Small-scale

39 (50.7)
20 (25.9)
18 (23.4)

14 (34.2)
16 (39.0)
11 (26.8)

25 (69.4)
4 (11.1)
7 (19.4)

0.004 b

Antibiotic use No
Yes

11 (14.3)
66 (85.7)

6 (14.6)
35 (85.4)

5 (13.9)
31 (86.1) 0.926 b

Source of antibiotics

Agrovet/Pharmacy
Agrovet

Pharmacy
Not accessed

Veterinarian/agrovet

16 (20.8)
24 (31.2)

7 (9.1)
11 (14.3)
19 (24.7)

8 (19.5)
8 (19.5)
7 (17.1)
6 (14.6)

12 (29.3)

8 (22.2)
16 (44.4)

-
5 (13.9)
7 (19.4)

0.023 a

Use of prescription
No

Sometimes
Yes

39 (50.7)
15 (19.5)
23 (29.9)

31 (75.6)
6 (14.6)
4 (9.8)

8 (22.2)
9 (25.0)

19 (52.8)
<0.001 b
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Table 1. Cont.

Factor Attribute Total Population
(N = 77) n, (%)

Not Aware of AMR
(n = 41

{53.3%})

Aware of AMR
(n = 36

{46.8%})
p-Value

Prevention of diseases
using antibiotics

No
Yes

32 (41.6)
45 (58.4)

13 (31.7)
28 (68.3)

19 (52.8)
17 (47.2) 0.061 b

Improving production
using antibiotics

No
Yes

40 (51.9)
37 (48.1)

19 (46.3)
22 (53.7)

21 (58.3)
15 (41.7) 0.293 b

Consultation of
Veterinarian

No
Yes

11 (14.3)
66 (85.7)

9 (21.9)
32 (78.1)

2 (5.6)
34 (94.4) 0.040 b

Knowledge of
observation period

No
Yes

29 (37.7)
48 (62.3)

25 (60.9)
16 (39.0)

4 (11.1)
32 (88.9) <0.001 b

Treatment of
market-ready birds

No
Yes

55 (71.4)
22 (28.6)

20 (48.8)
21 (51.2)

35 (97.2)
1 (2.8) <0.001 b

Biosecurity practices No
Yes

7 (9.1)
70 (90.9)

7 (17.1)
34 (82.9)

-
36 (100) 0.013 a

a Fisher’s exact test, b Pearson Chi-square test, biosecurity practices (fencing of poultry, footbaths at the farm
and poultry entrance, restrictions on poultry entrance, limited access to poultry by other animals and isolation of
sick birds).

2.2. Factors Associated with Awareness of AMR in Layer Poultry Farms

The results from a multivariable analysis of factors associated with awareness of AMR
are shown in Table 2. In the adjusted model, factors associated with awareness of AMR were:
the farmer type, source of antibiotics, use of prescriptions to access antibiotics, and treatment
of market-ready birds with antibiotics. The analysis revealed that commercial farmers were
more likely to be aware of AMR than medium-scale farmers (OR = 14.07, 95% CI: 2.09–94.70).
Additionally, farmers who used prescriptions to access antibiotics were more likely to be aware
of AMR than those who did not (OR = 99.66, 95% CI: 7.14–1391.65). Furthermore, farmers
who sourced antibiotics from agrovets only were more likely to be aware of AMR than those
who did not or sourced antibiotics from other sources (OR = 1.38, 95% CI: 0.11–18.20). Besides,
farmers who did not treat market-ready birds with antibiotics (OR = 41.92, 95% CI: 1.26–1396.36)
compared to than those who did and female farmers (OR= 17.14, 95% CI: 1.02, 286.74) were
associated with higher odds of AMR awareness.

Table 2. Multivariable logistic regression model of factors associated with AMR awareness.

Factor Attribute Crude Estimates Adjusted Estimates

OR 95% CI OR 95% CI

Sex of farm owner
Male Ref Ref

Female 3.14 0.57, 17.33 17.14 1.02, 286.74 a

Type of farmer
Medium Ref Ref

Commercial 7.14 1.99, 25.59 14.07 2.09, 94.70 b

Small scale 2.55 0.60, 10.84 9.26 0.76, 112.69

Source of antibiotics

Agrovet/pharmacy Ref Ref
Agrovet only 3.75 0.55, 7.31 a 1.38 0.11, 18.20
Not accessed 1.56 0.36, 6.76 1.10 0.04, 27.58

Veterinarian/Agrovet 1.09 0.31, 3.88 0.07 0.01, 1.31

Use of prescription
No Ref Ref

Sometimes 5.81 1.60, 21.17 b 5.25 0.48, 57.49
Yes 18.40 4.87, 69.54 b 99.66 7.14, 1391.65 b

Treatment of market-ready birds Yes Ref Ref
No 36.75 4.59, 294.15 b 41.92 1.26, 1396.36 a

Key: OR—odds ratio, 95% CI—95% confidence intervals, a p < 0.05, b p < 0.01.
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3. Discussion

This study aimed to assess antimicrobial resistance (AMR) awareness and the associ-
ated factors among layer poultry farmers in Zambia. The overall awareness of AMR among
the layer poultry farmers was 46.8%. Factors associated with awareness of AMR in our
study included type of farmer (i.e., being a commercial farmer rather than a medium-scale
farmer), source of antibiotics (i.e., sourcing antibiotics from agrovet shops rather than
general pharmacies or veterinarians), use of prescriptions to access antibiotics and avoiding
the use of antibiotics to treat market-ready birds.

Less than 50% of the participants in the current study were aware of AMR and the
associated factors. These results corroborate the findings in similar studies conducted in
low- and medium-income countries, where the majority of the participants were not aware
of AMR and the associated factors [13,42,49]. A lack of AMR awareness and associated
factors has been linked to the development of antimicrobial-resistant pathogens [50]. The
lack of awareness of AMR and associated factors by poultry farmers is mainly due to a lack
of training or education on antimicrobials [50]. Besides, poultry farmers who are not aware
of AMR tend to misuse antimicrobials, leading to the exacerbation of AMR and its conse-
quences, such as increased morbidity in both animals and humans [51]. Therefore, there is
a need to provide adequate and appropriate information to poultry farmers on antibiotics
and the possible consequences of their inappropriate use. The appropriate information
can be conveyed to layer poultry farmers through the extension of veterinarian support
services or visitation, training, and educational programs on the use of antimicrobials and
the factors that can lead to AMR [52,53]. This can eventually lead to increased awareness of
AMR and its associated risk factors among the layer poultry farmers.

Commercial farmers from different districts were more aware of AMR than medium-
scale and small-scale farmers. Similarly, a study in Ghana reported that commercial
farmers tend to be more aware of AMR and antibiotic use than medium and small-scale
farmers [54]. In low- and medium-income countries (LMICs), small-scale farmers have
been reported to have limited information about AMR and are more likely to misuse
antibiotics compared to medium-scale and commercial layer farmers [54,55]. This could be
because commercial farmers keep more birds than medium-scale and small-scale farmers.
Hence, they are concerned about the ease of disease transmission from one bird to another
and huge business losses due to high mortality [44]. Commercial farmers tend to have
a better awareness of AMR and associated factors because they can afford to pay for the
services of the veterinarians who usually visit their farms compared to medium- and
small-scale poultry farmers [44,54]. Such farm visits also translate into opportunities to
offer some extension services. Additionally, commercial farmers tend to engage or employ
more skilled and qualified workers who are aware of AMR, compared to medium- and
small-scale poultry farmers.

Our study found that farmers who accessed antibiotics from agrovets were more likely
to be aware of AMR than those who only went to the veterinarian or general pharma-
cies. This could be because agrovets are more accessible than veterinarians and general
pharmacies and there are more agrovets in many areas than veterinarians and general phar-
macies [56]. Similarly, in Bangladesh, many poultry farmers accessed antibiotics for their
birds from agrovets due to ease of access to these premises [1]. According to another study,
many African poultry farmers obtained antibiotics from agrovet stores without consulting
pharmaceutical or veterinary experts [57]. In Vietnam, livestock farmers sourced antibiotics
from local drug vendors and depended on information regarding antimicrobial use and
AMR provided by unqualified personnel [58]. Sourcing antibiotics from feed and chick
sellers alone may prevent poultry farmers from getting advice from pharmaceutical and
veterinary experts regarding antibiotic use and AMR. Accessing antibiotics from privately
owned shops, such as unregistered local drug vendors, hinders access to expert input from
animal health professionals [44,57,58]. This calls for the implementation of antimicrobial
stewardship (AMS) programs and the strengthening of surveillance systems for monitoring
AMR and AMU in poultry production. Further, there is a need for strict regulation of
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poultry antibiotic prescribing and dispensing by pharmaceutical and veterinary experts.
Furthermore, providers of antibiotics such as general pharmacies and veterinarians need to
undergo continuous AMR training programs so that they can educate poultry farmers on
the prudent use of antibiotics [56]. There is a need to increase access to animal specialist
personnel who can provide essential information on AMR and associated factors to the
poultry farmers.

Antibiotics were used by 86% of the layer poultry farmers and were mainly accessed
through agrovet shops and veterinarians without using a prescription. Similar findings
have been observed in some studies conducted in other countries, including Ghana, Kenya
and Grenada [44,49,59]. In a study conducted in Ghana, the use of antibiotics in poul-
try was high, and antibiotics were mainly obtained without prescriptions from agrovet
shops [44]. In Kenya, the use of antibiotics in poultry was high, with antibiotics mainly
obtained without prescriptions from veterinary offices [49]. Similarly, a high rate of use
of antibiotics that were accessible without a prescription was reported in Grenada [59].
Many poultry farmers use antibiotics because of the enormous demand for poultry prod-
ucts such as eggs and chicken meat [1]. We speculate that this could be because many
poultry farmers depend on their personal experience, peer-to-peer advice, and information
from feed sellers regarding disease prevention and treatment using antibiotics. The use
of farmers’ personal experience and information gathered from feed sellers have been
among the causes of inappropriate use of antibiotics and a contributing factor to the rise of
AMR [43,50,59]. Studies conducted in Ghana and Nigeria reported lower use of antibiotics
in poultry at approximately 43% and 8%, respectively [54,60]. The current study found that
most poultry farmers used antibiotics for prophylaxis against infections and to improve
poultry production. Similarly, layer farmers in Bangladesh and Ghana used antibiotics for
prophylaxis and growth promotion [1,54]. This usage is inappropriate because it can lead
to the development of AMR across common pathogens found in poultry.

Our study found that most layer poultry farmers consulted veterinarians on antibiotics
in poultry. Despite accessing antibiotics from various sources, the participants reported that
they consulted veterinarians on antibiotics used in poultry. Similarly, a study conducted in
Ghana showed that many poultry farmers consulted veterinary officers on antibiotics [61].
Consulting veterinarians is essential because they can provide expert and necessary infor-
mation to the poultry farmers about the antibiotics used to treat animal diseases [55]. In
the current study, the majority of the participants stated that they observed the treatment-
withdrawal period and never treated market-ready birds with antibiotics, although this
was not verified. These findings are different from the study findings reported in Ghana,
where the use of antimicrobials such as tetracyclines was very high with little or no ob-
servation of the withdrawal period [62]. Another study in Nepal reported that poultry
farmers did not observe the withdrawal period of antibiotics, hence contributing to the
global problem of AMR [42]. In Cameroon, poultry farmers did not observe the antibiotic
withdrawal period [63]. In Bangladesh, poultry products were sold while antibiotics such
as ciprofloxacin, trimethoprim-sulphonamides, and amoxicillin were still being adminis-
tered [1]. Non-adherence to the withdrawal period exposes consumers of poultry products
to antibiotic residues, especially sulphonamide antibiotics [64]. Most farmers are worried
about losing money if they adhere to withdrawal periods [44,56]. This is because they
would have to get rid of the eggs produced during the period in which they were still
administering antibiotics to the birds.

Our study revealed that many farmers implemented and practised suitable biosecurity
measures on their farms. This is good for the layer poultry farmers because biosecurity
measures help prevent the transmission of infections from humans to animals and vice-
versa. The biosecurity measures included the fencing of poultry, footbaths at the gate,
restriction on poultry entrance, limited access to poultry by other animals and isolation of
sick birds. Biosecurity measures in poultry farming are crucial for disease prevention in
poultry and a consequent reduction in the use of antimicrobials [65,66]. However, a study
in Ethiopia reported that layer poultry farmers and their employees implemented poor
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biosecurity measures [67]. The poor biosecurity status among the Ethiopian poultry farmers
and their employees was due to a lack of training regarding biosecurity. Poor biosecurity
practices can lead to disease transmission from sick birds to those that are not sick, or from
people to the birds, or from the environment to the birds, and vice-versa. Therefore, poultry
farmers must practice good biosecurity measures that help prevent the spread of infectious
diseases around the farm premises and thus reduce the use of antibiotics in poultry [68,69].
Finally, the training of poultry farmers in implementing good biosecurity practices should
be encouraged.

This study had some limitations that must be considered when interpreting our
findings. The study used a small sample size of the poultry farmers that were registered
with the animal health authorities of Lusaka and Copperbelt provinces at the time of the
survey. However, to the best of our knowledge, this study was the first to be conducted in
Zambia to pave the way for the development and implementation of AMR surveillance
strategies in layer poultry farming. Thus, this epidemiological survey will be combined
with molecular methods that will help come up with the best ways of monitoring AMR in
layer poultry production in Zambia.

4. Materials and Methods
4.1. Study Design and Site

A cross-sectional study was conducted in Zambia’s Lusaka and Copperbelt provinces
from September 2020 to April 2021. Lusaka, Kafue, Rufunsa, Chongwe, Kitwe, and Ndola
cities were purposively selected from the two provinces after considering the similarities
in farming activities, practices, and population density based on the Poultry Association
of Zambia (PAZ) data for layer poultry farms [70]. The map of Zambia and its respective
provinces and the sampled cities are shown in Figure 1.
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4.2. Study Population

The study was conducted among eligible layer poultry farmers in the study sites. To
be eligible, a farmer had to reside in Lusaka or Copperbelt provinces and sign a written
consent to be part of the study. All the farmers reared layer chickens in the production
stage at the time of data collection. We excluded layer farmers who were not available
during the study period and those who were not comfortable being interviewed due to the
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fear of contracting COVID-19. We also excluded layer farmers who reared layer chickens
that were not in the production stage.

A multi-stage sampling procedure was used in this study. The districts in Lusaka
and Copperbelt provinces were categorised based on farming activities and practices.
Lusaka province had seven (7) districts, while the Copperbelt had 10 districts. Then,
we purposively selected a total of six (6) districts from the two (2) provinces. In Lusaka
province, the selected districts included Chongwe, Kafue, Lusaka and Rufunsa whereas the
selected districts from the Copperbelt province were Kitwe and Ndola. Research assistants
were first assigned in each province to identify potential participants from the eligible
farms in each selected district. Registers from PAZ and District Veterinary Offices (DVOs)
revealed a total of 96 (n = 56 for Lusaka, n = 40 for Copperbelt) layer poultry farms. In
each of the selected districts, farms were categorised into three (3) strata, i.e., commercial
farms (>10,000 birds), medium-scale farms (1001 to 10,000 birds) and small-scale farms
(≤1000 birds). Of the 96 farmers that were identified, 92 met the inclusion criteria. Since the
obtained number of layer poultry farms was small, we conducted a complete enumeration.
Therefore, we aimed to enrol all the farmers that were identified through the registers and
met the inclusion criteria. Overall, 77 eligible layer farmers were included in the study and
completed the questionnaire.

4.3. Data Collection Tool

The data were collected using a semi-structured questionnaire adapted from a study
by Nkansa and colleagues [44]. Firstly, the questionnaire was circulated to public health
and epidemiology experts to allow for face and content validation. The questionnaire
was pre-validated for accuracy, simplicity, clarity, relevance, and understandability. The
adapted questionnaire had a Cronbach’s α-value of 0.78, indicating an acceptable internal
consistency. Then, a pilot study was conducted in conjunction with the University of
Zambia School of Veterinary Medicine AMR team under the Animal Fleming Fund Project
to validate the data collection tool. In the pilot study, 12 farmers were recruited and
were excluded from the final analysis. After the pilot study, minor modifications of the
questionnaire were done by incorporating the suggestions that came from the farmers. Face-
to-face interviews were conducted by the principal investigator and two research assistants.
The 20–30 min interviews were conducted in English and local languages, i.e., in Bemba
and Chinyanja. The questionnaire was divided into two (2) sections, namely, section A,
which contained questions on farm epidemiological data, and section B, which contained
questions on antibiotic use, source of antibiotics, use of prescriptions when accessing
antibiotics, prevention and treatment of infections using antibiotics, using antibiotics to
improve egg production, consulting veterinarians, knowledge of the withdrawal period,
treatment of market-ready birds, and biosecurity measures implemented at the farm. Finally,
the farmers were asked if they were aware of AMR or not. At the end of the interview, the
participants were allowed to ask questions and express any concerns regarding the use of
antibiotics, poultry infections, and AMR. See Supplementary Material.

4.4. Statistical Analysis

For statistical analyses, the collected data were entered into Microsoft Excel® and
imported into Stata® version 16.1 (Stata Corp., College Station, TX, USA). Categorical
variables were expressed as frequencies and percentages. The test of associations was done
using the Pearson chi-square test and, where necessary, Fisher’s exact value.

For the study outcome (awareness of AMR), univariable logistic regression was per-
formed with the study characteristics to obtain crude odds ratios. Further, a multivariable
logistic regression model was fitted, including only variables with a p < 0.20 from the
univariable analysis to obtain adjusted odds ratios. The multivariable regression model
was fitted using a machine-led backward stepwise regression technique. The final model
was fitted using robust standard errors to account for clustering among the farmers from
similar farming blocks. The Hosmer–Lemeshow goodness-of-fit test was used to assess
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the predictive ability of the model. Since the model fit was inadequate, we further inves-
tigated the possible interactions between significant variables and none were found to
reach any statistical significance. Additionally, we assessed for multicollinearity using
the variance inflated factor (VIF), and the highest value was 3.54, suggesting that multi-
collinearity was not a problem. All statistical tests were done at a 5% significance level and
a 95% confidence level.

5. Conclusions

The study found low awareness of AMR and associated factors among layer poultry
farmers in Zambia. These findings indicate the need to provide education to the farmers on
AMR and associated factors. There is a need to develop and implement AMR surveillance
and antimicrobial stewardship programs in layer poultry production in Zambia.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antibiotics11030383/s1, Table S1. Questionnaire.
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Abstract: Background: Campylobacter and Salmonella are the leading causes of foodborne diseases
worldwide. Recently, antimicrobial resistance (AMR) has become one of the most critical challenges
for public health and food safety. To investigate and detect infections commonly transmitted from
animals, food, and the environment to humans, a surveillance–response system integrating human
and animal health, the environment, and food production components (iSRS), called a One Health
approach, would be optimal. Objective: We aimed to identify existing integrated One Health studies
on foodborne illnesses in the Middle East and to determine the prevalence, serovars, and antimicrobial
resistance phenotypes and genotypes of Salmonella and Campylobacter strains among humans and food-
producing animals. Methods: The databases Web of Science, Scopus, and PubMed were searched for
literature published from January 2010 until September 2021. Studies meeting inclusion criteria were
included and assessed for risk of bias. To assess the temporal and spatial relationship between resistant
strains from humans and animals, a statistical random-effects model meta-analysis was performed.
Results: 41 out of 1610 studies that investigated Campylobacter and non-typhoid Salmonella (NTS)
in the Middle East were included. The NTS prevalence rates among human and food-producing
animals were 9% and 13%, respectively. The Campylobacter prevalence rates were 22% in humans
and 30% in food-producing animals. The most-reported NTS serovars were Salmonella Enteritidis and
Salmonella Typhimurium, while Campylobacter jejuni and Campylobacter coli were the most prevalent
species of Campylobacter. NTS isolates were highly resistant to erythromycin, amoxicillin, tetracycline, and
ampicillin. C. jejuni isolates showed high resistance against amoxicillin, trimethoprim–sulfamethoxazole,
nalidixic acid, azithromycin, chloramphenicol, ampicillin, tetracycline, and ciprofloxacin. The most
prevalent Antimicrobial Resistance Genes (ARGs) in isolates from humans included tetO (85%), Class
1 Integrons (81%), blaOXA-61 (53%), and cmeB (51%), whereas in food-producing animals, the genes
were tetO (77%), Class 1 integrons (69%), blaOXA-61 (35%), and cmeB (35%). The One Health approach
was not rigorously applied in the Middle East countries. Furthermore, there was an uneven distribution
in the reported data between the countries. Conclusion: More studies using a simultaneous approach
targeting human, animal health, the environment, and food production components along with a solid
epidemiological study design are needed to better understand the drivers for the emergence and spread
of foodborne pathogens and AMR in the Middle East.

Keywords: Middle East; One Heath; antimicrobial resistance; foodborne pathogens; Campylobacter
spp.; Salmonella spp.; systematic review; meta-analysis
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1. Introduction

Campylobacter spp. and Salmonella spp. are the leading causes of foodborne diseases
worldwide [1,2]. According to a report published by the World Health Organization
(WHO) in 2018, the global burden of food-borne illnesses is 1 in 10 individuals each year [3].
Annually, non-typhoid Salmonella (NTS) is responsible for more than 155,000 annual deaths
and 94 million annual cases worldwide [4]. Campylobacter infection is a public health
problem, causing about 8% of global diarrheal cases [5]. Since 2005, Campylobacter has
been the most reported gastrointestinal bacterial pathogen in humans in the European
Union (EU) [6,7].

The Middle East region has the third-highest prevalence of foodborne illness, with
100 million people estimated to be ill from foodborne illnesses each year. Norovirus,
Escherichia coli, Campylobacter, and NTS are responsible for 70% of all foodborne diseases
in the Middle East region [8]. The incidence rate of NTS among Jordanians was 124 per
100,000 in 2003–2004 and 30 per 100,000 among Israelis in 2009 [9,10]. In addition, Campy-
lobacter was identified in 61% of children with dysentery (63/99) in Israel, 33% (76/230)
in Iran 4.7% (7/150) in Palestine, and 3.7% (13/356) in Egypt during the period 2005–
2015 [11–14].

Antimicrobial resistance (AMR) is a major public health concern mainly resulting from
the use and misuse of antimicrobial agents. AMR occurs when bacteria, fungi, parasites,
and viruses change over time and are no longer susceptible to medicines, making infections
difficult to treat and increasing the risk of spreading the infection, intensifying the severity
of the disease, and raising death rates [15,16]. After the bacteria has acquired resistance,
AMR disseminates by clonal spreads of the bacteria and horizontal gene transfer (HGT), that
is, by integrons or plasmids, leading to the accumulation of antimicrobial resistance genes
(ARGs) in pathogenic and non-pathogenic bacteria within an individual organism [16].
Rising antimicrobial use contributes to the sharing of resistant bacteria and resistance
genes between food animals and humans through the food production chain [15]. AMR
in Campylobacter spp. and Salmonella spp. has been shown to be directly associated with
antimicrobial use in animal production. Food-borne diseases caused by these resistant
bacteria are well documented in humans [15].

Since humans and animals are in close contact and are intricately interconnected,
food safety and AMR are fundamental One Health issues [17,18]. However, most of
the current research in low- and middle-income countries (LMICs) focuses on human or
animal health risks separately and only a few studies have been conducted to understand
the problem in an interconnected manner [19,20]. Additional components of human
and animal health must be incorporated to make significant progress in reducing many
foodborne diseases [19].

The Joint Programming Initiative on Antimicrobial Resistance (JPIAMR) (www.jpiamr.
eu, accessed on 19 March 2022) identified several critical knowledge gaps. First, the
relative contributions of different sources of antibiotics and antibiotic-resistant bacteria
into the environment are unmeasured. Second, the role of the environment, particularly
the anthropogenic inputs, on the evolution of resistance is not understood. Third, the
overall human and animal health impacts caused by exposure to resistant bacteria from the
environment have not been studied. Finally, the efficacy of technological, social, economic,
and behavioral interventions to mitigate environmental antibiotic resistance have not been
evaluated [21]. A recent review of integrated studies on antimicrobial resistance in Africa
concluded that data on AMR from a One Health perspective in Africa are scarce with only
18 studies meeting the minimal standards of addressing simultaneously at least two of the
environment–animal–human realms [16].

This systematic review and meta-analysis aims to summarize the scientific literature
published between January 2010 and August 2021 on the prevalence, serovars, and an-
timicrobial resistance phenotypes and genotypes (ARGs) of Salmonella and Campylobacter
strains from integrated studies, studying at the same time humans and food-producing
animals and their products in the Middle East region. In addition, it attempts to address the
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knowledge gap and summarize the available information about the situation by applying
the integrated studies to follow up Salmonella spp. and Campylobacter spp. as the leading
foodborne illnesses in the Middle East.

2. Methodology

The protocol for this systematic review was registered in the International Prospective
Register of Systematic Reviews (PROSPERO ID: CRD42021277400).

2.1. Search Strategy

We conducted a systematic search on PubMed, Web of Science, and Scopus, limiting
the search to the literature published from 2010 until 30 September 2021. Two reviewers
performed the initial search, abstract screening, and data extraction, and any discordances
were solved by a third reviewer. The exact search strategy used for each database is
included in Supplementary Table S1.

2.2. Inclusion and Exclusion Criteria

We aimed to analyze the available information about prevalence, serovar distribution,
and antimicrobial resistance phenotypes and genotypes of Salmonella and Campylobacter
strains among humans and food-producing (terrestrial) animals and their products in the
Middle East region. It included all peer-reviewed literature published from 1 January 2010,
until 30 September 2021. The search included only studies that were published in English.
We excluded publications published before 2010, grey literature, non-peer-reviewed litera-
ture, and studies with a different design than cross-sectional, cohort studies, and studies
using survey system data (Routine data). In addition to information on Salmonella spp.
and Campylobacter spp. isolates originating from companion animals, plant-based food,
aquatic products (fish), water sources, and concerning Salmonella enterica serotypes Typhi
and Paratyphi.

2.3. Study Selection

Two independent reviewers used Covidence software (www.covidence.org, accessed on
23 September 2021) for the title and abstract screening. Studies that were eligible for full-
text review were further reviewed. Subsequently, risk assessment and data extraction
were undertaken. Disagreements between reviewers in the title and abstract screening or
full-text review were resolved through consultation with a third reviewer.

2.4. Data Extraction

Two independent reviewers extracted the data for the included papers, and the re-
quired data was entered into an Excel (Microsoft Inc.TM, Redmond, WA, USA) sheet. Data
included author, publication year, year of data collection, collection country, study out-
comes, study design, the validity and reliability of the study methodology, as well as details
available regarding analysis, human and animal sample sizes, sample sources, isolated
bacteria source, and prevalence. In addition, data regarding serotype prevalence, AMR
gene prevalence, and NTS and Campylobacter AMR profiles were collected.

2.5. Risk of Bias Assessment

We used the risk of bias tool developed by Hoy et al., 2012 [22] to assess the overall
quality of the papers. Two independent reviewers performed the risk of bias assessment
and disagreements were solved by consensus.

2.6. Data Synthesis

The number of studies remaining at each stage of the selection process is summarized
in the flowchart in Figure 1.
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The pooled prevalence rate of Salmonella spp. and Campylobacter spp. and their
main serotypes for human and food-producing animals (live animals and products) were
calculated separately based on the following Equation (1):

Prevalence rate =
No. o f isolated bacteria

Total number o f collected samples
. (1)

AMR profile among NTS and C. jejuni was calculated using Equation (2):

Resistance rate =
No. o f resistance Isolates

Total number o f isoalted bacteria
. (2)
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2.7. Statistical Analysis

Relative risks were assessed based on the total number of samples and the number of
NTS, Campylobacter spp., and AMR positive samples (phenotype and genotype). Studies
were stratified by bacterial species and sources. A pooled risk ratio (RR) was calculated
separately for each bacterial species. The I2 and r2 statistics assessed heterogeneity. We
exclusively used the random-effects model, irrespective of the heterogeneity results. For
all statistical analyses, we used the R software environment version 4.0.3 and the “meta-
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package” version 4.14-0. We used the function ‘metabin’ using the Mantel–Haenszel
method with inverse variance weighting for pooling [23].

3. Results
3.1. Studies Identified and Included in the Final Analysis

Based on the eligibility criteria, a total of 2534 publications were identified. After
removing duplicates, we screened 1610 abstracts of which 565 were eligible for full-text
screening. Out of 565 articles, 41 studies met the inclusion criteria for this meta-analysis
(Figure 1). In total, 31 studies used a cross-sectional study design, and 10 studies used
routine data (Supplementary Table S2).

The overall result of the risk assessment that was conducted for the included studies
indicated that the majority of studies had an overall low risk of bias, and none of the papers
had a high risk of bias. This result was based on the risk of bias assessment using the
Hoy et al., 2012 tool [22].

3.2. Overview of the Selected Studies

A total of 16 countries were included in this literature review: Qatar, United Arab
Emirates, Bahrain, Saudi Arabia, Kuwait, Israel, Oman, Iran, Jordan, Lebanon, Palestine,
Syria, Yemen, Turkey, Iraq, and Egypt. Of these, nine countries had no published literature
matching the study inclusion criteria available (Qatar, United Arab Emirates, Bahrain,
Saudi Arabia, Kuwait, Oman, Syria, Yemen, and Iraq), while seven countries had at least
one article available (Egypt, Iran, Turkey, Lebanon, Israel, Jordan, and Palestine).

Of the included studies, 26 (63.41%) were conducted in Egypt, 8 in Iran (19.51%), 2 in
Turkey (4.88%), 2 in Lebanon (4.88%), 1 in Israel (2.44%), 1 in Jordan (2.44%), and 1 in
Palestine (2.44%) (Figure 2a). Of these, 17 reports (42%) included data about Salmonella spp.
(the number of reports used for Salmonella spp is the same as that used for NTS), and
8 reports (20%) had data about Campylobacter spp. In addition, some articles focused
on one of Salmonella and Campylobacter serovars; Campylobacter jejuni (nine reports, 22%),
Campylobacter coli (one report, 2%), Salmonella Enteritidis (four reports, 10%), Salmonella
Typhimurium (one report, 2%), and Salmonella Heidelberg (one report, 2%) (Figure 2b) and
(Supplementary Table S3).
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Figure 2. Number of studies (a) per country and (b) per pathogen.

3.3. Prevalence and Serotype Distribution of Salmonella spp. and Campylobacter spp. among
Humans and Food-Producing Animals

Out of 41 eligible articles, 31 were cross-sectional studies. We used the cross-sectional
data to calculate the prevalence rate for each pathogen separately. Of the 1317 human
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samples, 167 (13%) were positive for Salmonella spp. (14% in diarrhea patients and 9% in
high-risk population). In food-producing animals, out of 3520 samples, 585 (17%) were
positive for Salmonella spp. (31% in poultry and poultry products and 4% in ruminants and
ruminant products). Moreover, NTS was reported with a prevalence of 9% (109/1167) in
humans (10% in diarrhea patients and 6% in high-risk populations) and 13% (352/2718)
in food-producing animals (33% in poultry and poultry products and 4% in ruminants
and ruminant products). The two most common NTS serovars were S. Typhimurium
with a prevalence of 5% (36/780) in humans (4% in diarrhea patients and 6% in high-
risk populations) and 3% (91/3038) in food-producing animals (7% in poultry and poultry
products and 0.6% in ruminants and ruminant products) and S. Enteritidis with a prevalence
of 2% (12/585) in humans (2% in diarrhea patients and 2% in high-risk population) and
3% (87/2534) in food-producing animals (9% in poultry and poultry products and 0.3% in
ruminants and ruminant products) (Tables 1 and 2).

Campylobacter spp. was reported with a prevalence of 22% (435/2008) in humans
(23% in diarrhea patients and 14% in high-risk populations) and 30% (1253/4122) in
food-producing animals (39% in poultry and poultry products and 10% in ruminants and
ruminant products). The two most commonly detected Campylobacter spp. serovars were
C. jejuni with a prevalence of 16% (422/2693) in humans (16% in diarrhea patients and 9%
in high-risk populations) and 22% (1182/5472) in food-producing animals (25% in poultry
and poultry products and 14% in ruminants and ruminant products) and Campylobacter coli
with a prevalence of 4% (72/1938) in humans (3% in diarrhea patients and 8% in high-risk
populations) and 9% (367/4037) in food-producing animals (13% in poultry and poultry
products and 2% in ruminants and ruminant products) (Tables 1 and 2).

3.4. Microbial Resistance Patterns Detected by Phenotypic Screening

Based on the prevalence rate results and the number of eligible articles included in
this review, NTS and C. jejuni were the two most prevalent representatives of Salmonella
spp. and Campylobacter spp., respectively. The average resistance of NTS and C. jejuni was
calculated for each pathogen separately depending on the source of the isolated bacteria
(human or food-producing animals) (Supplementary Table S4).

For NTS, information on 13 different antibiotics was available and is summarized in
Table 3. NTS isolated from humans showed resistance against erythromycin (100%), amoxi-
cillin (71%), tetracycline (62%), ampicillin (52%), azithromycin (43%), amoxicillin–clavulanic
acid (42%), streptomycin (40%), cefotaxime (31%), trimethoprim–sulfamethoxazole (24%),
chloramphenicol (15%), ciprofloxacin (9%), imipenem (2%), and ceftriaxone (1%). NTS iso-
lated from food-producing animals showed resistance against erythromycin (100%), amoxi-
cillin (91%), tetracycline (50%), ampicillin (69%), azithromycin (9%), amoxicillin–clavulanic
acid (70%), streptomycin (43%), cefotaxime (63%), trimethoprim–sulfamethoxazole (8%),
chloramphenicol (12%), ciprofloxacin (17%), and ceftriaxone (7%). Amoxicillin–clavulanic
acid was used more frequently in animal isolates (70%), with a pooled risk ratio (RR) of
1.09 (95% confidence interval (CI): 1.01–1.18) and with a heterogeneity of I2 = 34% and
r2 ≤ 0.001, while the pooled RR close to 1 in ampicillin and streptomycin suggests a similar
probability of occurrence in humans and animals. For the other antibiotics, no clear pattern
was detected (Table 3).

For C. jejuni, we had data on 11 antibiotics. The phenotypic resistance results are
summarized in (Table 4). C. jejuni isolated from humans showed resistance against amoxi-
cillin (100%), trimethoprim–sulfamethoxazole (93%), nalidixic acid (89%), azithromycin
(88%), chloramphenicol (82%), ampicillin (81%), tetracycline (75%), ciprofloxacin (73%),
amoxicillin–clavulanic acid (68%), erythromycin (65%), and streptomycin (39%). C. jejuni
isolated from food-producing animals showed complete resistance against amoxicillin
(100%) and azithromycin (100%) and to a lesser extent resistance against trimethoprim–
sulfamethoxazole (83%), nalidixic acid (76%), chloramphenicol (69%), ampicillin (64%),
tetracycline (56%), ciprofloxacin (71%), amoxicillin–clavulanic acid (32%), erythromycin
(38%), and streptomycin (21%).
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Azithromycin was detected more frequently in animal isolates, with a pooled risk ratio
(RR) of 1.13 (95% confidence interval (CI): 1.04–1.24) and a heterogeneity of I2 = 72% and
r2 = 0.033. Amoxicillin–clavulanic acid was detected more frequently in human isolates,
with a pooled risk ratio (RR) of 0.79 (95% confidence interval (CI): 0.67–0.95) and hetero-
geneity of I2 = 53% and r2 ≤ 0.001. For the other antibiotics, no clear pattern was detected.
Most phenotypic resistance had a pooled RR close to 1, suggesting a similar probability of
occurrence in humans and animals (Table 4)

3.5. Assessment of Shared Antimicrobial Resistance Genes

Only six studies reported resistance genes targeted at three serovars of Salmonella spp.
and Campylobacter spp. These serovars were C. jejuni (three studies), NTS (two studies),
and Salmonella Heidelberg (one study). We calculated the average prevalence for every
single resistance gene from food-producing animals and human sources separately. For
human isolates, tetO was the gene with the highest prevalence (85%), followed by Class 1
Integrons (81%), blaOXA-61 (53%), cmeB (51%), blaCMY-2 (38%), Class 2 integrons (29%),
tetA (21%), blaOXA (21%), blaSHV (19%), AAC(6’)-Ib (16%), blaCTXM-1 (16%), blaAMPc
(13%), and blaTEM (13%). For food-producing animals, tetO was the most prevalent gene
(77%), followed by Class 1 Integrons (69%), blaOXA-61 (35%), cmeB (35%), tetA (30%),
Class 2 integrons (27%), blaCTXM-1 (22%), AAC(6’)-Ib (22%), blaSHV (20%), blaTEM (15%),
blaCMY-2 (11%), blaOXA (11%), and blaAMPc (3%) (Table 5) (Supplementary Table S5a–c).

Resistance in Campylobacter spp. was exclusively reported as data for C. jejuni isolates.
The three studies reporting data on resistance compromised 274 isolates (232 human isolates
and 42 food-producing animals and their products). The most frequent genes were Class
1 Integrons (96%), tetO (85%), blaOXA-61 (53%), cmeB (51%), and tetA (17%). For food-
producing animals and their product isolates, the most frequently detected genes were
Class 1 Integrons (100%), tetO (77%), blaOXA-61 (35%), cmeB (35%), and tetA (30%). There
was no evidence for a significant difference in the occurrence of the genes between human
and food-producing animals and their products (Table 5) except for Class 1 integrons,
which were detected more frequently in food-producing animals, with a risk ratio (RR) of
1.04 (95% confidence interval (CI): 1.01; 1.08) (Table 5). No clear pattern was detected for
the other genes, with most of the genes having a pooled RR close to 1, suggesting a similar
probability of occurrence in humans and animals (Table 5) (Supplementary Table S5a).

The two studies on NTS compromised 197 isolates (125 human isolate and 72 food-
producing animals and their products). The most frequent genes were Class 1 Integrons
(51%), Class 2 Integrons (29%), blaSHV (16%), blaCTXM-1 (16%), AAC(6’)-Ib (16%), blaTEM
(10%), and blaAMPc (1%). For food-producing animal isolates, the most frequently detected
genes were Class 1 Integrons (41%), Class 2 Integrons (27%), blaSHV (22%), blaCTXM-1
(22%), AAC(6’)-Ib (22%), and blaTEM (15%). No clear pattern emerged for the majority of the
genes in the random effect models comparing frequencies in humans and animals (Table 5),
suggesting there was no evidence for a significant difference in the occurrence of the genes
between humans and food-producing animals (Table 5) (Supplementary Table S5b).

The single study including Salmonella Enterica Serovar Heidelberg compromised
33 isolates (24 human isolates and 9 food-producing animals and their products). In isolates
from human sources, the most frequent genes were blaAMPc (50%), blaCMY-2 (38%), blaTEM
(29%), blaSHV (25%), and blaOXA (20%). For food-producing animal isolates, the most
frequently detected genes were blaAMPc (11%), blaCMY-2 (11%), blaTEM (11%), blaSHV
(11%), and blaOXA (11%). There was no evidence of a significant difference in the occurrence
of the genes between humans and food-producing animals (Supplementary Table S5c).
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4. Discussion

Although 41 articles were eligible for inclusion in this systematic review and meta-
analysis, there is an uneven distribution of the sources of the studies included. The majority
(63%) of eligible studies were from Egypt and 20% from Iran. On the other hand, there are
no published papers on applying a comprehensive One Health approach to study one of
the two major foodborne diseases (Salmonella and Campylobacter) in 9 counties from the 16
Middle Eastern countries, and none came from those high-income countries members of
the Gulf Cooperation Council.

Of the 41 studies included in this review, 31 were cross-sectional, and 10 were routine
data studies. Studies allow a comparison between human and animal sources; they do not
evaluate actual transmission methods because the few studies eligible for inclusion in this
review suffered from insufficient statistical data on foodborne pathogens and AMR and
assess only selected sections of the social ecosystem.

Furthermore, our systematic review and meta-analysis showed the prevalence of
Salmonella spp. and Campylobacter spp., resistance rates, and antimicrobial resistance genes
circulating in the Middle East region by using the random-effects model. The model showed
high heterogeneity results, which indicate variability in the study data. This might be due
to the study design (epidemiological study vs. routine data) or due to diverse sample
types. The human isolates used in the studies were from different sources (symptomatic
and asymptomatic participants), and the animal isolates used were from various sources
(live animals and products). Finally, the small sample size in each study and, in particular,
the human sample size could influence the results when measuring the prevalence and the
relationship between the humans and animal settings. The heterogeneity might explain the
insignificant relationship between animals and humans.

The low quantity (low sample size), uneven distribution in the reported data, and
weak epidemiological study designs from a One Health methodological perspective [24] in
the studies that targeted foodborne illness and antimicrobial resistance in the Middle East
can be explained by the food safety system’s challenges in this region. These challenges are
the lack of epidemiological and disease ecological capacity, diagnostic tools, and laboratory
facilities. Moreover, there is a lack of quality control and standardization of microbiological
identification and susceptibility testing techniques [15].

Our review demonstrates the prevalence of NTS and Campylobacter spp. and their
serovars circulating in the Middle East. The pooled prevalence of Campylobacter spp.
among humans was close to the higher estimate for the ranges reported in Sub-Saharan
Africa: and Northern Africa (2–27.5%) and more than the ranges reported in Southeast Asia
(8%) [25–27]. Additionally, the results show the prevalence of Campylobacter spp. in food-
producing animals and their products (30%). For Campylobacter spp., the prevalence rate is
similar to the systematic review and meta-analysis results that targeted Campylobacter spp.
globally, with approximately 30% of animal food products analyzed reporting Campylobacter
spp. [28]. Additionally, we looked at which Campylobacter serovars are circulating in the
Middle East and found C. jejuni and C. coli to be the predominant serovars, similar to
results that targeted Campylobacter in Africa as the C. jejuni and C. coli predominates in
Sub-Saharan Africa [29].

We identified two systematic reviews conducted by Al-Rifai and his colleagues that
targeted the Middle East and South African countries in 2019 and 2020; we will compare
our results with these relevant studies. In this review, the pooled prevalence rates of NTS
were 9% and 13% among humans and animals and their products, respectively. The pooled
prevalence in humans is higher than the results in the Al-Rifai study (2019) which was
7% [30]. In addition, the prevalence of the food-producing animals in this review is more
than the results of the Al-Rifai (2020) study, which was 9% [31]. Our findings are similar to
Al-Rifai’s studies of NTS serovars, in which S. Typhimurium and S. Enteritidis were the
main NTS serovars reported in this region [30,31].

Furthermore, this systematic review showed Campylobacter and Salmonella serovars are
highly prevalent in poultry and poultry products in the Middle East. The Campylobacter

74



Antibiotics 2022, 11, 536

prevalence in animals was less than the prevalence reported in broiler meat in Poland,
Slovenia, Spain, and Austria. Conversely, more than reported in Denmark and Finland [32].
The Salmonella prevalence in animals showed results less than the prevalence reported
in raw chicken at retail markets in China and more than reported in chicken carcasses in
Spain [33,34]. This endemic Campylobacter and Salmonella bacteria in animal food products
can be explained, at least partially, by the changes in animal production systems that have
tended to be more intense over the past decades [28]. These findings are essential because
transmission along the production chain is generally established as the most common
pathway used by Campylobacter and Salmonella to generate human infection [29].

AMR is a transboundary public health problem. New types of AMR strains can expand
worldwide following initial endemic emergence, as demonstrated by several resistant
pathogens that spread globally [35]. Our meta-analysis revealed a high NTS resistance
against erythromycin, amoxicillin, tetracycline, and ampicillin for isolates from humans
and food-producing animals. The isolates have similar resistance rates between humans
and animals in erythromycin but are higher in isolates from animal sources for amoxicillin
and ampicillin and higher in isolates from human sources in tetracycline. These results
are close to those reported by Alsayeqh’s systematic review in the Middle East region [15].
In addition, the most recent report on AMR in the EU in 2019–2020 found that resistance
of NTS to sulfonamides, ampicillin, and tetracycline was high in human isolates, while it
ranged from moderate to very high in animal isolates [36].

AMR phenotypic results for C. jejuni isolates (human and food-producing animals)
showed high resistance against amoxicillin, trimethoprim–sulfamethoxazole, nalidixic
acid, azithromycin, chloramphenicol, ampicillin, tetracycline, and ciprofloxacin. These
findings were close to Alsayeqh’s systematic review for trimethoprim–sulfamethoxazole,
nalidixic acid, and tetracycline. In comparison, it has a lower resistance rate for amoxicillin,
chloramphenicol, ampicillin, and ciprofloxacin [15]. Our results show that C. jejuni isolated
from humans has a phenotypical resistance rate against nalidixic acid and tetracycline
more than that reported in Italy and less against ciprofloxacin based on the same study
results [37]. At the same time, our results show that C. jejuni isolated from animals has
a phenotypical resistance rate against nalidixic acid, ciprofloxacin, and tetracycline more
than that reported in broiler chicken in Belgium [38]. This systematic review demonstrated
moderate to high resistance of C. jejuni to erythromycin. Conversely, the recent EU report
on AMR found that C. jejuni resistance to erythromycin was either undetected or detected
at very low levels in C. jejuni from food-producing animals and humans [36].

The WHO, Food and Agriculture Organization of the United Nations (FAO), and
World Organization for Animal Health (OIE) recommend reducing antibiotic use in animal
husbandry, particularly for those known to cause cross-resistance [39–41]. However, some
antimicrobials traditionally used in animal production as growth promoters and/or for
treating gastrointestinal infections are also used to control human infectious diseases
(e.g., tetracycline and quinolones) [42]. The misuse and overuse of antimicrobials in clinical
and veterinary medicine and agriculture have increased antimicrobial resistance pathogens,
including Campylobacter and Salmonella [43]. For instance, the Quesada study showed
that Salmonella isolated from animal food has significant antibiotic resistance in Latin
American countries [44]. The therapeutic and prophylactic use of antibiotics in animal
production for long periods is likely contributing to the widespread resistance against
antibiotics [43]. More integrated environmental–animal–human studies are needed in
the region to ascertain its effect on public health. This way, microbiological and clinical
evidence on the transmission of AMR between animals and humans can be ascertained in
Middle Eastern countries [43–45].

Data on antimicrobial resistance genes (ARGs) among Salmonella spp. and Campylobacter spp.
in the Middle East is limited. However, based on the reported information, we can argue
that food-producing animals and their products in the Middle East are not the main drivers
for the emergence of ARGs.
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Based on our eligibility criteria, six studies targeted ARGs among Salmonella and
Campylobacter as foodborne illnesses in the Middle East region [46–51]. Besharati’s study
and Youssef’s study were two studies that reported the ARGs among NTS. Besharati’s study
shows an association between the AMR phenotype results and ARGs results in Integron 1
and 2 classes and trimethoprim/sulfamethoxazole in Iran. Conversely, in Youssef’s study,
results from Egypt revealed no association between AMR phenotype results and ARGS.

Three studies reported the ARGs among C. jejuni (Abd-El-Aziz, Divsalar, and Ghoneim) [46–48].
The results in Divsalar and Ghoneim could not show a significant association between the
targeted ARGs and the AMR phenotype results. In turn, Abd-El-Aziz found an association
between Class 1 integrons and aminoglycoside resistance.

We identified small-scale studies with a small sample size for the ARGs in the NTS
and C. jejuni. The small sample size in the eligible studies might be responsible for the
insignificant difference in the occurrence of the genes between humans and food-producing
animals. Our results agreed with Escher’s systematic review that targeted ARGs in Africa
and found eligible studies characterized by small-scale studies and with a small sample
size [16]. Therefore, future studies should have an integrated approach to assess the ARGs
and should have a suitable sample size.

Partial sequencing of C. jejuni and NTS were performed using conventional PCR to
extract the ARGs. Therefore, there is a lack of laboratory techniques that determine the order
of bases in an organism’s genome in one process such as with Whole-genome sequencing
(WGS), to follow the foodborne illnesses and ARGs. Undertaking WGS of isolates, especially
those with high-level antibiotic resistance, is strongly encouraged to demonstrate the
involved ARGs and their genetic localization (plasmid, chromosome, genomic islands,
integrative and conjugative element, and transposon) as well as to detect the most prevalent
resistant serovars [36,52,53], detail their potential of horizontal transmission, and evaluate
the different sources and comparison of human and animal isolates [54].

5. Conclusions

To the best of our knowledge, this is the first systematic review assessing integrated
environment–animal–human studies using a One Health approach in the Middle East to
pursue foodborne illnesses and antimicrobial resistance. The One Health approach was not
rigorously applied in the Middle East countries. In addition to weak epidemiological study
designs from a One Health methodological perspective, there is an uneven distribution in
the reported data with about 60% of Middle Eastern countries having no published papers
included in this review. More research on foodborne illnesses and AMR in the Middle East
is urgently needed. The AMR phenotype results showed a high prevalence of resistance
rate for the isolated bacteria that highlights the importance of antimicrobial stewardship
in humans and animals in tandem. Furthermore, introducing new laboratory techniques
that determine the order of bases in an organism’s genome is essential to follow up the
foodborne illness outbreak and ARGs.

A simultaneous approach that targets human and animal health in tandem with a
solid epidemiological study design has a high potential to provide evidence for under-
standing the drivers for the emergence and spread of foodborne pathogens and AMR. A
comprehensive One Health approach, integrating by a sound epidemiological design the
spatio-temporal relationship of humans, animals, and their environment, will allow us to
identify key transmission pathways, which are essential for designing more efficient food
safety systems and AMR control policies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics11050536/s1, Supplementary Table S1: The search
strategy used for each database., Supplementary Table S2: Overview of the selected studies, Supple-
mentary Table S3: Summary of the selected studies showing the country and pathogens together,
Supplementary Table S4: Phenotypic resistance to antibiotics for all isolated serovars, Supplementary
Table S5. a, b, and c: Genotypic resistance to antibiotics for all isolated serovars.
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Abstract: Salmonella is one of the most important food borne zoonotic pathogens. While mainly
associated with poultry, it has also been associated with pigs. Compared to the high-income countries,
there is much less known on the prevalence of Salmonella in low- and middle-income countries,
especially in the Caribbean area. Therefore, we investigated the prevalence of Salmonella in pigs
and pig meat in Suriname. A total of 53 farms and 53 meat samples were included, and Salmonella
was isolated using standard protocols. Strains were subjected to whole genome sequencing. No
Salmonella was found on pig meat. Five farms were found to be positive for Salmonella, and a total of
eight different strains were obtained. Serotypes were S. Anatum (n = 1), S. Ohio (n = 2), a monophasic
variant of S. Typhimurium (n = 3), one S. Brandenburg, and one S. Javaniana. The monophasic variant
of S. Typhimurium belonged to the ST34 pandemic clone, and the three strains were very similar.
A few resistance genes, located on mobile genetic elements, were found. Several plasmids were
detected, though only one was carrying resistance genes. This is the first study on the prevalence
of Salmonella in pigs in the Caribbean and that used whole genome sequencing for characterization.
The strains were rather susceptible. Local comparison of similar serotypes showed a mainly clonal
spread of certain serotypes.

Keywords: Salmonella enterica; pigs; Suriname; whole genome sequencing

1. Introduction

Few studies have been performed on Salmonella in the Caribbean region, and those
mainly dealt with the prevalence in poultry. Prevalences were very variable depending
on the study. Moreover, most studies were performed in Trinidad and were mainly on
food products, both fresh and ready to eat. The prevalence on those products varied
between 0% (mainly ready to eat) and 7%. Several serotypes were isolated, including
S. Agona S. Kiambu, S. Kentucky, S. Derby, and S. Mbandaka as the most reported. The
few studies in the Caribbean that have been performed on live animals dealt with layer
chickens, and apart from one study, all were on eggs. Eggs have been a major focus for
the Caribbean. Prevalence on eggs varied from 1 to 13%, and a multicountry study in
2014 showed that 3% of the layer farms were positive. Prevalence in Barbados on layer
farms was the highest, with 73% of the farms being positive. It should be noted that for
the different studies, different sampling and isolation methods were used, and as such,
comparisons are difficult [1,2].

Several studies were performed on pet animals and mainly wildlife. In dogs, eight
Salmonella strains were recovered [3]; in iguanas, mongooses, tree boa, leatherback turtles,
blue land crabs, and toads, a few strains were found, though it should be noted that the
serotypes were very different, and that the iguanas had to be regarded as wildlife. These
strains in general carried few resistances [4–10].

There are very few studies on pork or pigs in the Caribbean region. An old study in
Trinidad and Tobago showed that about 18% of the swine carcasses sampled were positive
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for Salmonella [11], while a small-scale baseline study in the Bahamas showed that 8/42
of the retail meat samples were positive for Salmonella. At a pig slaughter plant, 44.1%
(15/34) and 2.9% (1/34) were found positive at the beginning and the end of the slaughter
process, respectively [12]. In both diarrheic and non-diarrheic pigs of different ages from
Trinidad, a prevalence between 3 and 4.5% was recorded. A more recent study in Cuba
demonstrated a prevalence of 2.2% in weaned piglets [13]. Apart from those studies, we
found no other studies in live pigs.

In humans, there is no systematic surveillance of nontyphoid Salmonella infections,
and as such, the incidence is unknown. However, the incidence has been estimated at an
annual rate of over five cases per 100,000 persons in Trinidad and Tobago [6,14].

Pig production is important in the food supply in Suriname. In 2018, 208 farms were
active, with a total of 21,362 pigs divided over the different farms. Since pig meat can also
be a major source of Salmonella infections in humans, we investigated the prevalence, as
well as the types of Salmonella in pigs in Suriname.

2. Materials and Methods
2.1. Sampling

Samples from pigs were taken at the only pork slaughterhouse in Paramaribo, Suri-
name in 2018. Farms were located in the districts of Paramaribo, Wanica Saramacca, and
Coronie. Pigs were mixed breed pigs, with breeds involved being the Dutch Landrace,
Yorkshire, Pietrain, and Duroc. Pigs originated from 53 farms in the central part of Suri-
name that were delivering pork to the slaughterhouse. One pig per farm was sampled
except for two farms; from one of these, two pigs were sampled on the same day; and from
another farm, two pigs were sampled, but on different sampling days. A sample was taken
from the cecum and ileocecal lymph node of each pig.

Meat samples were obtained from 53 retail stores in Paramaribo and Wanica. Most
retail stores are in Paramaribo, which contains about half of the population of Suriname.
Per retail store, one piece of fresh pork chop sample was obtained. There is no food tracing
system in Surname, and as such, the slaughter date nor origin of the meats could be traced.

2.2. Isolation and Identification

Salmonella was isolated using the ISO 6579 annex D. Briefly, after homogenization, the
sample (25 g) was inoculated in Buffered Peptone Water (BPW, Bio-Rad, Hercules, CA,
USA) (1:10, W/V) and incubated for 16–20 h at 37 ◦C. Of this, 0.1 mL was inoculated on
a Modified Semisolid Rappaport Vassiliadis agar plate (MSRV, Bio-Rad, Hercules, CA,
USA) and incubated for 21–27 h at 41 ◦C. Positive samples were inoculated on Xylose
Lysine Deoxycholaat agar plate (XLD, Bio-Rad, Hercules, CA, USA) and a nalidixine-
BGA plate and incubated for 21–27 h at 37 ◦C. Suspected colonies were inoculated on
Triple Sugar Iron agar (TSI, Bio-Rad, Hercules, CA, USA) and lysine decarboxylase broth
(Thermo Fisher Scientific, Waltham, MA, USA) and incubated for 18–24 h at 37 ◦C for
presumptive identification. Further identification was performed using the Gram-Negative
ID Plate (Sensititre GNID, TREK Diagnostic Systems, Cleveland, OH, USA), using the
protocols provided by the supplier, and using a Sensititre OptiRead analyzer (TREK
Diagnostic Systems, Cleveland, OH, USA). Salmonella isolates were then serogrouped
using the Wellcolex Color Salmonella Rapid Latex Agglutination Test Kit (Thermo Fisher
Scientific, Waltham, MA, USA). Strains that could serogrouped were selected for whole
genome sequencing.

2.3. Whole Genome Sequencing

Purified strains were sent to Macrogen (Seoul, Korea) for DNA extraction and se-
quencing on an Illumina platform using a TruSeq Babi DNA kit and 151 bp long paired-
end sequencing.
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Raw sequences (fastq files) were submitted to the NCBI database under PRJNA751882
with SAMN20584910, SAMN20584911, SAMN20584912, SAMN20584913. SAMN20584914,
SAMN20584915, SAMN20584916, and SAMN20584917.

Sequences were trimmed and assembled using SKESA [15]. Annotation was done
with PROKKA [16] and RAST [17]. The serotype was determined with Sistr [18]. The MLST
profile was determined using ‘mlst’ [19]. Phylogenetic analysis of the isolates of a same
serotype was done with NASP [20]. Further analysis of the strains was done using ARIBA
against the plasmid finder [21], ARg-ANNOT [22], and ResFinder [23,24]. Plasmids were
confirmed with Platon [25]. Using RAST analysis, we located the different associated genes.

2.4. Statistical Analysis

Confidence intervals of the prevalence of Salmonella on farms in Suriname were
calculated using exact binomials in an Excel file.

3. Results
3.1. Prevalence, Serotyes, and Epidemiology

Salmonella could not be isolated from any of the food samples. Of the 53 farms investi-
gated, a total of eight strains were isolated. Strains originated from five different farms (9%,
of the farms were positive, confidence interval 3.1–21%) and seven different animals. Five
different serotypes were isolated, including one S. Anatum, S. Ohio (n = 2), a monophasic
variant of S. Typhimurium (n = 3), one S. Brandenburg, and one S. Javaniana (Table 1).

Table 1. Isolation and serotype results and origin of the strains.

Isolate Farm Origin Serotype MLST

173 B Cecal Anatum ST64
174 * X Cecal Ohio ST329

175 * X Cecal Monophasic variant of
Typhimurium ST34

179 X Lymph node Monophasic variant of
Typhimurium ST34

180 P Lymph node Monophasic variant of
Typhimurium ST34

222 E Cecal Brandenburg ST65
250 X Lymph node Javaniana ST1674
543 F Lymph node Ohio ST329

* Strains from the same animal.

3.2. Antimicrobial Resistance Genes

All strains had at least one resistance gene (Table 2), though it should be taken
into account that all Salmonella have the aac(6′) gene in their chromosome [26]. As such,
three strains did not show any additional resistance gene. A total of five out of eight
strains were resistant to penicillins, mediated by the blaTEM-1 gene. All strains had at
least one resistance gene for aminoglycosides, and some strains had up to four different
aminoglycoside resistance genes. Four strains carried the sul2 gene, indicating sulfonamide
resistance. Only two strains carried the tetracycline resistance gene, tet(B), and one strain
carried a trimethoprim resistance gene, dfrAB. However, the latter strain was susceptible
to sulfonamide.
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Table 2. T Antimicrobial resistance and plasmids associated with the different isolates.

Isolate Serotype β-Lactam Aminoglycoside Sulphonamide Tetracycline Trimethoprim Plasmids

173 Anatum aac(6′) ColpVC_
174 Ohio aac(6′)

175 Monophasic variant
of Typhimurium blaTEM-1

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

sul2 IncQ1_1

179 Monophasic variant
of Typhimurium blaTEM-1

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

sul2 IncQ1_1,
IncI1_1_Alpha

180 Monophasic variant
of Typhimurium blaTEM-1

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

sul2 IncQ1_1

222 Brandenburg blaTEM-1
aac(6′), aph(6)-Id,

aph(3”)-Ib sul2 tet(B)

IncFIA(HI1)_1_HI1,
IncH1A/B,
ColRNAI_1,
Col440I_1

250 Javaniana aac(6′)

543 Ohio blaTEM-1
aac(6′), aph(6)-Id,

aph(3”)-Ib sul2 tet(B) dfrAB
IncFIA(HI1)_1_HI1,

IncHI1B(R27)_1_R27,
Col440I_1

3.3. Plasmids

Two strains did not carry any plasmids (strain 174, S. Ohio; and 250, S. Javaniana).
Five different Inc plasmids were detected: IncQ1_1, IncI1_1_Alpha, IncFIA(HI1)_1_HI1,
IncH1A/B, and IncHI1B(R27)_1_R27.

Three different colicin plasmids were found. The full sequence of a small plasmid
ColpVC_1 was found by Platon in strain 173, and this plasmid was nearly similar to earlier
described plasmids in E. coli and Salmonella (NCBI BLAST result). The Col440I_1 plasmid
from the S. Brandenburg and S. Ohio strain were identical. It was a small circular plasmid
of 1748 bp and contained four genes. The ColRNAI_1 plasmid from the S. Brandenburg
strain was 4597 bp and had seven genes.

3.4. Association of Resistance Genes with Mobile Genetic Elements

The aph(6)-Id (strB), aph(3”)-Ib (strA) genes in the three monophasic S. Typhimurium
strains were located on a same contig together with a sul2. However, there were no other
genes on that contig, making its location speculative. In the S. Brandenburg strain, this
same gene cluster was located on a 63,539 pb contig that also contained the blaTEM-1 gene,
downstream of the sul2 gene. In the S. Ohio strain 543, the aph(6)-Id, aph(3”)-Ib, blaTEM-1,
and sul2 genes were located as one cluster with a similar structure to the S. Typhimurium
and S. Brandenburg strains, and associated with the IS1 gene InsB, though the downstream
part associated with Tn7 was missing on the contig. In addition, copper and zinc resistance
genes were present in this cluster. This gene cluster most likely was associated with a
mobile Tn7-like transposon.

The aph(3′)-Ia gene was typically located on the InQ1_1 plasmid in the three monopha-
sic S. Typhimurium strains.

The tetracycline resistance genes found in the strains of this collection were located on
the same structure; however, the contig containing the tet(B) gene was too small to deter-
mine the exact location Blast analysis of the whole contig showed that it was similar to a
chromosomal location in the bacterial species Glasseralla parasuis, E. coli, and Shigella flexneri.

4. Discussion

This is one of the few more systematic investigations on Salmonella in pigs in the
Caribbean. Though few samples per farm could be tested, when lowering the sensitivity
for detecting positive farms, we found 5/53 farms positive, which was close to 10% of
the farms being positive. This was higher than what has been found in Cuba, though
it should be noted that this study was conducted on weaned pigs, while our study was
conducted on pigs at slaughter [13]. Our findings were lower than what was found on pig
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carcasses in Trinidad in 1978, while higher than what was found in the same country in
fecal material of pigs in 1993 (4.1% of the 294 pigs) and in 1994, with 4.5% of the diarrheic
pigs and 3.4% (n = 179) of the non-diarrheic pigs (n = 117) originating from 25 farms
sampled at different ages being positive [1,27]. The variations can also be explained by the
age or carcass contamination, as it is known that older pigs are in general more prone to
be positive than piglets [28], while contamination at the slaughter line may increase the
apparent prevalence [29].

In this study, we found five different serotypes. The most commonly found in the Euro-
pean Union and the US are S. Typhimurium, S. 1,4,[5],12:i:-, S. Derby, and S. Rissen, though
this varies in time and space [29,30]. While the monophasic variant of S. Typhimurium
is one of the most commonly found serotypes in pigs worldwide, and S. Brandenburg
is less commonly found, the other serotypes, S. Ohio, S. Anatum, and S. Javaniana, are
more rarely reported. This may indicate that there may be some differences in the epi-
demiology of Salmonella in the Caribbean; however, due to the low numbers of strains
recovered, this should be interpreted with care. Two of the monophasic S. Typhimurium
strains were the same based on the NASP SNP analysis, as they had no SNPs in the core
genome, while the other strain had only 235 SNPs different. It was striking that the two
equal monophasic S. Typhimurium strains were from two different farms. Unfortunately,
we could not determine whether those two farms had epidemiological connections. The
two different monophasic S. Typhimurium strains came from the same farm, but from
different pigs, indicating several different clones were circulating in that farm. All the
monophasic Typhimurium strains were ST 34, an epidemic clone in Europe [31] and other
parts of the world that is to be regarded as a pandemic strain [32–34]. Compared to other
S. Typhimurium ST34 strains, the Caribbean clone was remarkably susceptible. This may
be due to the limited availability of antimicrobials in Suriname. S. Anatum ST64 has been
reported as one of the most prevalent strains on retail pork in Juiangsu China [35]; however,
few data are available on this clone. The two S. Ohio strains originated from different farms
and had 716 SNPs different, indicating that they were unrelated strains.

We could not find a single study on antimicrobial resistance genes in Salmonella from
pigs in the Caribbean, and only few on Salmonella as a whole in the Caribbean. In poultry
strains in Trinidad, a quite higher prevalence of resistance was found compared to our
study, and this included plasmid-mediated colistin resistance [36–38].

All monophasic S. Typhimurium strains carried the IncQ1_1 plasmid. The full se-
quence of 6644 bp of this mobilizable plasmid was obtained. This plasmid also has been
found in other Salmonella and E. coli (BLAST search 2/2021), as well as in Aeromonas hy-
drophila isolated from swine [39]. The IncI1 plasmid, found in one of the monophasic S.
Typimurium strains, is a conjugative plasmid frequently associated with antimicrobial
resistance genes, though here we could not identify any. However, since the sequence
was not closed or complete (though it consisted of 68,689 bp), we could not confirm this.
Nevertheless, we found genes associated with heavy metal resistance: there was a silver
and copper resistance gene cluster on this plasmid. Copper is used in swine rearing, and
this use might have selected for this resistance.

The two IncHI1A_1 and IncHI1B_1 sequences were found on the same contig, in-
dicating this was a hybrid plasmid with two different replicons. Most likely, the Inc-
FIA(HI1)_1_HI1 replicon was also on this plasmid, as this rep protein was on a single gene
contig, and has been reported before on the same plasmid in other different serotypes of
Salmonella worldwide [40]. This combination of replicons, together with an IncN replicon,
has also been found in E. coli. This plasmid carried an mcr-gene encoding colistin resis-
tance [41]. A plasmid with exactly the same sequences was found in S. Brandenburg and
S. Ohio from two different farms, indicating its spread amongst Salmonella in Suriname.
Using BLAST on the NCBI database, a similar plasmid, though with lower coverage and
similarity, was found in a Klebsiella strain. Similarly, the ColpVC_1 plasmid was found
worldwide in different bacterial species [42]. It is clear that all the col plasmids spread
between the different Salmonella serotypes in Suriname.
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It was somehow difficult to locate all resistance genes, as Illumina sequencing, also de-
pending on the sequence depth, created several contigs that cannot be linked. Nevertheless,
on bigger contigs as well, it is not always evident to link to structures. We could link the
cluster encoding aminoglycoside, sulphomamide, and β-lactam (aph(6)-Id (strB), aph(3”)-Ib
(strA), sul2, blaTEM-1) resistance to an Tn7-like structure, also indicating its mobility, as it
was present in several strains and moving around as coresistances. This means when one
of the antimicrobials was used, it selected for all the resistance genes, and thus created
a larger problem. Moreover, we also had to take into account the use of heavy metals
such as zinc and copper in veterinary medicine. Resistance genes against these metals are
also located on this mobile genetic element (data not shown). The aph(3′)-Ia gene could
not be linked to any mobile structure. The location of the tet(B) gene could not really be
determined; however, through BLAST analysis, the same genes in the contig were also
present in Glasseralla parasuis, E. coli, and Shigella flexneri, which indicated the mobility or
preferential location of this gene.

5. Conclusions

In conclusion, this was the first study on the prevalence of Salmonella in pigs in the
Caribbean. About 25 of all the farms in Suriname were sampled, and prevalence was 9%
(CI 3.1–21%). Few strains were isolated, although they included the pandemic monophasic
S. Typhimurium ST34. Fewer resistances were found compared to other monophasic
S. Typhimurium ST34 strains isolated in other countries. In general, the strains were
rather susceptible, except for aminoglycoside resistance. Most resistances could be located
on mobile genetic elements, with a multi-resistant, Tn7-like element spreading. Local
comparison of similar serotypes showed a rather clonal spread of certain serotypes. More
strains should be analyzed to determine the local epidemiology of Salmonella in pigs in
Suriname. The fact that no strains could be isolated from meat samples showed that food
safety is not hampered very much by the presence of Salmonella in pigs.
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Abstract: Salmonella spp. is the most frequent cause of foodborne diseases, and the increasing occur-
rence of MDR strains is an additional and increasing problem. We collected Salmonella spp. strains
isolated from meat (poultry and pork) and analysed their antibiotic susceptibility profiles and the
occurrence of resistance genes. To determine the susceptibility profiles and identify MDR strains, we
used two MIC methods (MICRONAUT and VITEC2 Compact) and 25 antibiotics. Phenotypic tests
showed that 53.84% strains were MDR. Finally, molecular analysis strains revealed the presence of
blaSHV, blaPSE-1, blaTEM, but not blaCTX-M genes. Moreover, several genes were associated with resis-
tance to aminoglycosides, cephalosporins, fluorochinolones, sulfonamides, and tetracyclines. This
suggests that further research on the prevalence of antibiotic resistance genes (ARGs) in foodborne
strains is needed, especially from a One Health perspective.

Keywords: Salmonella enterica; Enteritidis; multidrug-resistant; Derby; foodborne pathogens

1. Introduction

The annual report on trends and sources of zoonoses published in December 2021
by the European Food Safety Authority (EFSA) and the European Centre for Disease
Prevention and Control (ECDC) shows that nearly one in four foodborne outbreaks in the
European Union (EU) in 2020 were caused by Salmonella spp., which makes this bacteria
the most frequently reported causative agent for foodborne outbreaks (694 foodborne
outbreaks in 2020) [1].

In the EU 52,702 confirmed cases of salmonellosis in humans were reported and
salmonellosis remains the second most commonly reported zoonosis in humans after
campylobacteriosis. The three most commonly reported Salmonella enterica subsp. Enterica
serovars in 2020 were S. enteritidis, S. typhimurium, and monophasic S. typhimurium, repre-
senting 72.2% of confirmed human cases with known serovar in 2020. Most of the reported
salmonellosis foodborne outbreaks were caused by S. enteritidis serovar (57.9%). S. enteritidis
was the predominant serovar in both human salmonellosis cases and reported foodborne
outbreaks. Due to the COVID-19 pandemic, total numbers of reported salmonellosis cases
as well as foodborne outbreaks are lower compared to previous years’ data. Increased use
of hygiene equipment, reduced exposure to food served in restaurants and canteens, and
more frequent cleaning during domestic food preparations might have had an impact on
reported data on salmonellosis. Despite the facts above, trends in salmonellosis occurrence
since 2016 data did not reveal statistically significant changes (EFSA December 2021) [1].
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Bacteria of the genus Salmonella are gram-negative, mostly motile rods, belonging to
the Enterobacteriaceae family. Salmonella spp. is well-established as a pathogen causing gas-
trointestinal diseases in humans and animals all over the world. Two species are included
in the genus Salmonella: Salmonella enterica spp. and Salmonella bongori spp. Almost 99%
of the Salmonella strains that cause infections in humans or other warm-blooded animals
belong to the species S. enterica, which includes six subspecies and >2587 serovars [2].

Salmonella enterica subsp. Enterica includes approximately 1547 serotypes which can
cause infections in animals and humans [2]. Salmonella infections in humans are usually
caused by eating food of animal origin, mostly eggs, poultry meat, or pork [3,4]. The
analysis by Gutema et al. (2019) shows that beef and veal can also be a source of Salmonella
spp. infection due to these animals being potential asymptomatic carriers [3].

Currently, one of the most important health problems in the world is the antimicrobial
resistance of Salmonella spp. [4,5]. Data from the EU show that the occurrence of resistance
in Salmonella from pigs, cattle, and broiler chickens largely resembles the appearance of
resistance reported for Salmonella in various foodstuffs and in people (EFSA [4]).

Multi-drug resistant Salmonella constitutes a serious threat to public health through
food-borne infections [6–8]. Currently, such multi-drug resistant strains are increasingly
isolated from beef and pork [9,10] poultry [11].

Because the problem of antimicrobial resistance became a global problem, in 2003
WHO, together with the Food and Agriculture Organization of the United Nations (FAO)
and the World Organization for Animal Health (OIE), began work on creating a List of
Critically Important Antimicrobials for Human Medicine (WHO CIA List) [12]. Tacconelli
et al. in 2018, pointed out that global research and development strategies should also
include antibiotics active against more common community bacteria, such as Salmonella
spp., Campylobacter spp. and H. pylori, which are resistant to antibiotics [13]. Therefore, the
scope of the new edition of the WHO CIA List, published in 2019, is limited to antibacterial
drugs of which most are also used in veterinary medicine. It is very important to use
critically important antimicrobials the most prudently in human and veterinary medicine.
With accordance monitoring of antimicrobial resistance in food and food-producing bacteria,
as defined in Commission Implementing Decision 2013/652/EU, Salmonella antibiotics
resistance, isolated from food and food-producing animals, should be targeted at broilers,
fattening pigs, calves less than 1 year old, and their meat (CID 2013/652/EU).

The aim of our research is to determine the antibiotic resistance of Salmonella spp.
isolated from raw meat products from beef, pork, and poultry production plants.

2. Results

Of the 170 meat samples tested, no Salmonella spp. were found in beef samples; but,
three Citrobacter braakii were isolated from them. Only one of the pork samples was positive
for Salmonella spp. and three Citrobacter braakii were isolated from them. Details of any
identification difficulties during the isolation of Salmonella spp. from meat samples tested
were presented by Pławińska-Czarnak in 2021 [14]. From the poultry samples, 38 were
positive for Salmonella spp. All Salmonella strains of the isolated species belong to Salmonella
enterica subsp. enterica and represented seven serotypes which shown in Table 1.

The most common serovars from all positive samples were: S. Enteritidis (58.97%);
S. Derby (12.82%) and S. Newport (12.82%), which were less frequently isolated; S. Infantis
(5.13%); S. Kentucky (5.13%); S. Indiana (2.56%); and S. Mbandaka (2.56%) (the details of
the results are presented in Table 1).
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Table 1. The Salmonella enterica subsp. enterica variously identified serovars isolated from meat
samples of pork and poultry.

Sample of Meat Salmonella enterica
spp. enterica Antigenic Formula Number of Isolated

Strains

pork
Enteritidis

1,9,12:g,m (without
phase II)

1
poultry 22

poultry Derby 1,4,12:f,g:-(without
phase II) 5

poultry Newport 6,8,20:e,h:1,2 5
poultry Infantis 6,7:r:1,5 2
poultry Kentucky 8,20:i:z6 2
poultry Indiana 4,12:z:1,7 1
poultry Mbandaka 6,7:z10:e,n,z15 1

Total Salmonella spp. n = 39
Annotation: Antigenic formula according to White-Kauffmann-Le Minor scheme somatic; somatic antigen O
(1,9,12 group O9, 1,4,12; 4,12 group O4, 6,8,20; 8,20 group O8, 6,7 group O8, flagellar antigen H phase I and II.

2.1. Antibiotic Susceptibility

Antibiotic susceptibility testing conducted on the 39 Salmonella strains shows that
only one strain (S. enteritidis) has resistance to two classes of antibiotics (CPH-GEN-STR)
whereas 38 strains (64%) were resistant to one or more of the tested antibiotics. How-
ever, no resistance against imipenem or colistin was detected. Surprisingly, we detected
that 100% of Salmonella strains were phenotypically resistant to streptomycin and gen-
tamycin. Salmonella strains had intermediate resistance to: amoxicillin (5.13%, S. Kentucky,
S. Newport), cephalexin (30.77%, S. Infantis, S. enteritidis), ceftiofur (2.56%, S. Infantis),
neomycin (7.96%, S. Newport), enrofloxacin (23.08%, S. Infantis, S. Mbandaka, S. Newport,
S. enteritidis), norfloxacin (15.8%, S. derby, S. Indiana, S. Enteritidis), doxycycline and oxyte-
tracycline (5.13%, S. Derby, S. Enteritidis), florfenicol (56.41%, S. Mbandaka, S. Kentucky, S.
Newport, S. Enteritidis), and trimethoprim-sulfamethoxazole (2.26%, S. Derby). In total,
35.9% (14/39) of the strains were resistant to ampicillin, 38.46% (15/39) to amoxicillin, and
7.69% (3/39) to amoxicillin and clavulanic acid. In the case of cephalosporins 46.15% (18/39)
of the strains were resistant to cephalexin, 38.46% (14/39) to cefalotin, 97.43% (38/39) to
cefapirin, 17.95% (7/39) to cefoperazone, 23.08% (9/39) to ceftiofur, and 12.82% (5/39) to
cefquinome. In the case of aminoglycosides, 10.25% (4/39) were resistant to neomycin. In
the case of fluoroquinolones, 28.2% (11/39) were resistant to enrofloxacin, 82.05% (32/39) to
flumequine, 33.33% (13/39) to marbofloxacin, and 10.25% (4/39) to norfloxacin. A total of
25.64% (10/39) were resistant to tetracyclines, 38.46% (14/39) to florfenicol, 56.41% (22/39)
to lincomycin/spectinomycin, and 7.69% (3/39) to trimethoprim/sulfamethoxazole.

2.2. Prevalence of Multiple Drug Resistance

In our study, most of S. Enteritidis showed an MAR index lower than 0.3, whereas one
(S. Newport) showed an MAR index above 0.5. We observed a high prevalence of multiple
antibiotic resistance amongst the isolates where 53.84% of the isolates were MDR strains,
with resistance from three to six different classes of antibiotics.

2.3. Antimicrobial Resistance Profile

All Salmonella strains of the isolated species belongs to Salmonella enterica subsp. enterica
and represented seven serotypes (Derby, Indiana, Infantis, Mbandaka, Kentucky, Newport,
and Enteritidis). All isolated Salmonella were sensitive to imipenem (IMP) and colistin
(COL)/polymixin B (PB).

A total of 53.84% Salmonella spp. strains isolated from meat were classified as MDR
strains that were resistant to the six antibiotic classes: penicillins, cephalosporins, amino-
glycosides, fluorochinolones, sulfonamides, and tetracyclines. S. Newport (sample 1)
presented the most extensive resistance profiles to 17 antibiotics (AMP-AMX-AMX/CL-
CFX-CFT-CPH-GEN-NEO-STR-ENR-UB-MRB-NOR-DOX-OXY-TET-LIN/SP), belonging
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to 5 classes of antibiotics (β-lactams, aminoglycoside, fluorochinolones, tetracyclines and
lincosamides with spectinomycin. In one of S. Derby (AMP-AMX-CFX-CFT-CPH-CFP-
CFTI-CFQ-GEN-STR-ENR-UB-MRB-FLR-LIN/SP-TR/SMX) and S. Newport (AMP-AMX-
AMX/CL-CFX-CFT-CPH-GEN-STR-ENR-UB-MRB-NOR-DOX-OXY-TET-LIN/SP), exten-
sive resistance profiles to 16 antibiotics were present. In S. indiana (AMX-AMX/CL-CTX-
CPH-CFTI-GEN-NEO-STR-DOX-OXY-TET-FLR-LIN/SP-TR/SMX), extensive resistance
profiles to 14 antibiotics were present.

The classes to which it presented the highest resistance were β-lactams (AMP, AMX) and
beta-lactam/beta-lactamase inhibitor combination (AMX/CL), I generation cephalosporin
(CFX-CFT-CPH), III generation cephalosporin (CFTI, CFP), aminoglycosides (GEN-NEO-
STR), fluorochinolones (ENR-UB-MRB-NOR), and tetracyclines (DOX-OXY-TET). The most
diverse serotype in terms of antimicrobial resistance turned out to be S. Enteritidis, in which
13 patterns of resistance were observed. Serovar S. Mbandaka showed complete resistance
to 9 antibiotics (AMP-AMX-CFX-CFT-CPH-GEN-STR-UB-LIN/SP), and S. Infantis showed
resistance to 10 antibiotics to varying degrees. The least resistant strain of S. Enteritidis was
strain from pork meat resistant to 3 antibacterial substances (CPH-GEN-STR), and the most
resistance to S. Enteritidis was strain 11 from poultry meat (AMP-CFX-CFT-CPH-CFTI-GEN-
STR-UB-MRB-FLR-LIN/SP).

For the particular serotypes of Salmonella enterica spp. enterica, all individual patterns
of resistance to multiple antibiotics are presented in Table 2.

The isolates were subjected to antibiotic susceptibility tests against 33 antibiotics
belonging to ten different classes using the MIC method Merlin MICRONAUT (MERLIN
Diagnostika GmbH, Niemcy) and AST-GN96 CARD and VITEK2 system (Biomerieux,
Marcy-l’Étoile, France). The AST card is essentially a miniaturised and abbreviated version
of the doubling dilution technique for MICs determined by the microdilution [15]. The
multiple antibiotics resistance index (MAR) was performed for isolates showing resistance
to more than two antibiotics and is presented in the Table 2 [16].

Table 2. Multiple Antibiotic Resistance Index and phenotype pattern of Salmonella enterica spp.
enterica all identified serovars isolates from meat samples of pork and poultry.

Salmonella Strains Sample Source Antibiotics Resistance Profiles MAR
Index

Salmonella Derby (BO4)

10 poultry AMP-CFX-CFT-CPH-CFP-CFTI-CFQ-GEN-STR-ENR-UB-
MRB-FLR-LIN/SP 0.42

22 poultry AMX-CPH-GEN-STR-LIN/SP-TR/SMX 0.18
36 poultry AMP-CFX-CFT-CPH-CFP-CFTI-CFQ-GEN-STR-ENR-UB-

MRB-FLR-LIN/SP 0.42

45 poultry AMP-CFX-CFT-CPH-CFP-CFTI-CFQ-GEN-STR-ENR-UB-
MRB-FLR-LIN/SP 0.42

46 poultry AMP-AMX-CFX-CFT-CPH-CFP-CFTI-CFQ-GEN-STR-ENR-
UB-MRB-FLR-LIN/SP-TR/SMX 0.48

47 poultry AMP-AMX-CFX-CFT-CPH-CFP-CFTI-CFQ-GEN-STR-ENR-
UB-MRB-FLR 0.42

Salmonella Indiana (BO4) 61 poultry AMX-AMX/CL-CTX-CPH-CFTI-GEN-NEO-STR-DOX-OXY-
TET-FLR-LIN/SP-TR/SMX 0.42

Salmonella Infantis (CO7)
3 poultry AMX-CPH-GEN-STR-UB-DOX-OXY-TET-FLR-LIN/SP 0.30
38 poultry CPH-CFTI-GEN-STR-UB-DOX-OXY-TET-FLR-LIN/SP 0.30

Salmonella Mbandaka (CO7) 9 poultry AMP-AMX-CFX-CFT-CPH-GEN-STR-UB-LIN/SP 0.27

Salmonella Kentucky (CO8)
24 poultry AMP-AMX-CFX-CFT-CPH-CFP-GEN-STR-ENR-UB-MRB-

DOX-OXY-TET 0.42

27 poultry AMP-AMX-CFX-CFT-CPH-CFP-GEN-STR-ENR-UB-MRB-
DOX-OXY-TET 0.42

Salmonella Newport (CO8)

1 poultry AMP-AMX-AMX/CL-CFX-CFT-CPH-GEN-NEO-STR-ENR-
UB-MRB-NOR-DOX-OXY-TET-LIN/SP 0.51

6 poultry AMP-AMX-AMX/CL-CFX-CFT-CPH-GEN-STR-ENR-UB-
MRB-NOR-DOX-OXY-TET-LIN/SP 0.48

8 poultry AMP-CFX-CFT-CPH-GEN-STR-UB-MRB-DOX-OXY-TET-FLR 0.36
12 poultry AMP-CFX-CFT-CPH-GEN-STR-ENR-UB-MRB-DOX-OXY-

TET-FLR 0.39

13 poultry AMP-AMX-CFX-CFT-CPH-GEN-STR-ENR-UB-MRB-DOX-
OXY-TET-FLR 0.42
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Table 2. Cont.

Salmonella Strains Sample Source Antibiotics Resistance Profiles MAR
Index

Salmonella Enteritidis (DO9)

2 pork CPH-GEN-STR 0.09
4 poultry AMX-CPH-GEN-STR-UB-FLR-LIN/SP 0.21
5 poultry AMX-CPH-GEN-STR-UB-NOR-LIN/SP 0.21
7 poultry GEN-STR-UB-LIN/SP 0.12
11 poultry AMP-CFX-CFT-CPH-CFTI-GEN-STR-UB-MRB-FLR-LIN/SP 0.33
30 poultry CPH-GEN-STR-UB 0.12
31 poultry CPH-GEN-STR-UB 0.12
32 poultry CPH-GEN-STR-LIN/SP 0.12
33 poultry CPH-GEN-STR-LIN/SP 0.12
34 poultry CPH-GEN-STR-UB-NOR-LIN/SP 0.18
35 poultry CPH-GEN-STR-UB 0.12
37 poultry CPH-GEN-STR-UB-LIN/SP 0.15
39 poultry CPH-GEN-STR-UB 0.12
40 poultry CPH-GEN-STR-UB-LIN/SP 0.15
41 poultry CPH-GEN-STR-LIN/SP 0.12
42 poultry CPH-GEN-STR-UB-LIN/SP 0.15
43 poultry AMX-CPH-GEN-STR-UB-LIN/SP 0.18
44 poultry CPH-GEN-STR 0.09
48 poultry AMX-CFX-CFT-CPH-CFTI-GEN-STR-UB-FLR 0.27
49 poultry CPH-GEN-STR-UB 0.12
64 poultry CFX-CPH-GEN-NEO-STR-UB 0.18
68 poultry CFX-CPH-GEN-NEO-STR-UB 0.18

Letter abbreviations correspond to the individual antibiotics according to list: ampicilln (AMP), amoxicillin (AMX),
amoxicillin and clavulanic acid (AMX/CL), cephalexin (CFX), cefalotin (CFT), cefapirin (CPH), cefoperazone
(CFP), ceftiofur (CFTI), cefquinome (CFQ), imipenem (IPM), gentamicin (GEN), neomycin (NEO), streptomycin
(STR), enrofloxacin (ENR), flumequine (UB), marbofloxacin (MRB), norfloxacin (NOR), docycycline (DOX),
oxytetracycline (OXY), tetracycline (TET), florfenicol (FLR), lincomycin/spectinomycin (LIN/SP), trimethoprim-
sulfamethoxazole (TR/SMX).

2.4. Genotypic Resistance

The gene blaCMY-2 that confers resistance to cefoperazone/ceftiofur was detected in
41.02%, and blaSHV in 35.9%. of strains. However, some Salmonella spp. strains did not
exhibit phenotypic resistance to III generation cephalosporins. In addition, 30.77% of the
strains demonstrated the presence of the genes blaPSE-1 and 48.72% blaTEM that conferred
resistance to ampicillin. Most of ampicillin-resistant strains (85.71%) contained blaPSE-1
and blaTEM, and 14.28% harboured only blaTEM gene. The gene aadB was detected in eight
strains, mainly in S. Derby. However, all Salmonella spp. strains were phenotypically
resistant to gentamicin. The genes aadA, strA/strB that confers resistance to streptomycin
was detected in all strains. All of neomycin resistant strains carried aphA1 and aphA2
genes. The tetA and tetB genes were detected in all strains resistant to doxycycline and
oxytetracycline. Sulphonamide-resistant strains contained at least one sul (1, 2, 3) and adfR
gene, of which the sul2 and adfR1 were the most frequently detected genes. The gene floR,
that confers resistance to florfenicol, was detected in all strains resistant to florfenicol.

Distribution of the various resistance genes and the prevalence of the corresponding
serovars are shown in Table 3.

Table 3. Distribution of resistance genes in relation to antimicrobial resistance patterns.

Salmonella Strains Sample Phenotypic Antimicrobial Resistance Profile Genotypic Antimicrobial Resistance
Profile

Salmonella Derby (BO4)

10 AMP-CFX-CFT-CPH-CFP-CFTI-CFQ-GEN-STR-ENR-
UB-MRB-FLR-LIN/SP

blaCMY-2, blaPSE-1, blaTEM, aadA,
strA/strB, floR

22 AMX-CPH-GEN-STR-LIN/SP-TR/SMX dfrA1, sul1, sul2, aadA, strA/strB, aadB
36 AMP-CFX-CFT-CPH-CFP-CFTI-CFQ-GEN-STR-ENR-

UB-MRB-FLR-LIN/SP
blaCMY-2, blaPSE-1, blaSHV, blaTEM, aadA,

strA/strB, aadB, floR
45 AMP-CFX-CFT-CPH-CFP-CFTI-CFQ-GEN-STR-ENR-

UB-MRB-FLR-LIN/SP
blaCMY-2, blaPSE-1, blaTEM, dfrA1, dfrA12,

sul2, sul3, aadA, strA/strB, aadB, floR
46 AMP-AMX-CFX-CFT-CPH-CFP-CFTI-CFQ-GEN-STR-

ENR-UB-MRB-FLR-LIN/SP-TR/SMX
blaCMY-2, blaPSE-1, blaTEM, dfrA1, dfrA12,

sul2, sul3, aadA, strA/strB, aadB, floR
47 AMP-AMX-CFX-CFT-CPH-CFP-CFTI-CFQ-GEN-STR-

ENR-UB-MRB-FLR
blaCMY-2, blaPSE-1, blaTEM, aadA,

strA/strB, floR
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Table 3. Cont.

Salmonella Strains Sample Phenotypic Antimicrobial Resistance Profile Genotypic Antimicrobial
Resistance Profile

Salmonella Indiana (BO4) 61 AMX-AMX/CL-CTX-CPH-CFTI-GEN-NEO-
STR-DOX-OXY-TET-FLR-LIN/SP-TR/SMX

blaCMY-2, blaTEM, dfrA1, sul1, sul2,
aadA, strA/strB, aadB, aphA1, aphA2,

tetA, tetB, floR

Salmonella Infantis (CO7)
3 AMX-CPH-GEN-STR-UB-DOX-OXY-TET-FLR-

LIN/SP
blaSHV, aadA, strA/strB, tetA, tetB,

floR

38 CPH-CFTI-GEN-STR-UB-DOX-OXY-TET-FLR-
LIN/SP

blaCMY-2, aadA, strA/strB, tetA, tetB,
floR

Salmonella Mbandaka
(CO7) 9 AMP-AMX-CFX-CFT-CPH-GEN-STR-UB-

LIN/SP blaPSE-1, blaTEM, aadA, strA/strB

Salmonella Kentucky
(CO8)

24 AMP-AMX-CFX-CFT-CPH-CFP-GEN-STR-
ENR-UB-MRB-DOX-OXY-TET

blaCMY-2, blaPSE-1, blaTEM, aadA,
strA/strB, aadB, tetA, tetB

27 AMP-AMX-CFX-CFT-CPH-CFP-GEN-STR-
ENR-UB-MRB-DOX-OXY-TET

blaCMY-2, blaPSE-1, blaTEM, aadA,
strA/strB, tetA, tetB

Salmonella Newport
(CO8)

1
AMP-AMX-AMX/CL-CFX-CFT-CPH-GEN-

NEO-STR-ENR-UB-MRB-NOR-DOX-OXY-TET-
LIN/SP

blaCMY-2, blaTEM, aadA, strA/strB,
aadB, aphA1, aphA2, tetA, tetB

6
AMP-AMX-AMX/CL-CFX-CFT-CPH-GEN-
STR-ENR-UB-MRB-NOR-DOX-OXY-TET-

LIN/SP

blaCMY-2, blaTEM, aadA, strA/strB,
tetA, tetB

8 AMP-CFX-CFT-CPH
-GEN-STR-UB-MRB-DOX-OXY-TET-FLR

blaPSE-1, blaTEM, aadA, strA/strB,
tetA, tetB, floR

12 AMP-CFX-CFT-CPH-GEN-STR-ENR-UB-MRB-
DOX-OXY-TET-FLR

blaPSE-1, blaTEM, aadA, strA/strB,
tetA, tetB, floR

13 AMP-AMX-CFX-CFT-CPH-GEN-STR-ENR-UB-
MRB-DOX-OXY-TET-FLR

blaPSE-1, blaTEM, aadA, strA/strB,
aadB, tetA, tetB, floR

Salmonella Enteritidis
(DO9)

2 CPH-GEN-STR aadA, strA/strB
4 AMX-CPH-GEN-STR-UB-FLR-LIN/SP blaCMY-2, aadA, strA/strB, floR
5 AMX-CPH-GEN-STR-UB-NOR-LIN/SP blaSHV, aadA, strA/strB
7 GEN-STR-UB-LIN/SP aadA, strA/strB

11 AMP-CFX-CFT-CPH-CFTI-GEN-STR-UB-MRB-
FLR-LIN/SP

blaCMY-2, blaPSE-1, blaTEM, aadA,
strA/strB, floR

30 CPH-GEN-STR-UB blaSHV, aadA, strA/strB
31 CPH-GEN-STR-LIN/SP blaSHV, aadA, strA/strB
32 CPH-GEN-STR-LIN/SP blaSHV, aadA, strA/strB
33 CPH-GEN-STR-UB-NOR-LIN/SP blaSHV, aadA, strA/strB
34 CPH-GEN-STR-UB blaCMY-2, aadA, strA/strB
35 CPH-GEN-STR-UB-LIN/SP blaSHV, aadA, strA/strB
37 CPH-GEN-STR-UB blaSHV, aadA, strA/strB
39 CPH-GEN-STR-UB blaSHV, aadA, strA/strB
40 CPH-GEN-STR-UB-LIN/SP blaTEM, aadA, strA/strB
41 CPH-GEN-STR-LIN/SP blaTEM, aadA, strA/strB
42 CPH-GEN-STR-UB-LIN/SP blaSHV, aadA, strA/strB
43 AMX-CPH-GEN-STR-UB-LIN/SP blaSHV, aadA, strA/strB
44 CPH-GEN-STR blaCMY-2, aadA, strA/strB
48 AMX-CFX-CFT-CPH-CFTI-GEN-STR-UB-FLR blaCMY-2, aadA, strA/strB, floR
49 CPH-GEN-STR-UB blaSHV, aadA, strA/strB

64 CFX-CPH-GEN-NEO-STR-UB blaTEM, aadA, strA/strB, aphA1,
aphA2

68 CFX-CPH-GEN-NEO-STR-UB blaTEM, aadA, strA/strB, aphA1,
aphA2

Letter abbreviations correspond to the individual antibiotics according to list: ampicilln (AMP), amoxicillin (AMX),
amoxicillin and clavulanic acid (AMX/CL), cephalexin (CFX), cefalotin (CFT), cefapirin (CPH), cefoperazone
(CFP), ceftiofur (CFTI), cefquinome (CFQ), imipenem (IPM), gentamicin (GEN), neomycin (NEO), streptomycin
(STR), enrofloxacin (ENR), flumequine (UB), marbofloxacin (MRB), norfloxacin (NOR), docycycline (DOX),
oxytetracycline (OXY), tetracycline (TET), florfenicol (FLR), lincomycin/spectinomycin (LIN/SP), trimethoprim-
sulfamethoxazole (TR/SMX).
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3. Materials and Methods
3.1. Sampling

A total number of 190 raw meat samples (60 beef, 60 pork, and 70 poultry) were
obtained from three sources within the meat industry, such as cuttings of beef, pork and
poultry carcasses in central Poland. All samples were obtained from carcass parts of animals
recognised as healthy: the tissues and organs of which were classified by the veterinary
inspection as fit for human consumption. All samples were considered a single sample,
weighing at least 200 g for each type of meat. The meat samples were collected randomly,
using an aseptic technique and packed into sterile bags, which were labeled. All samples
were transported to the laboratory in refrigerated containers at a temperature 4 ◦C and
processed within five hours.

3.2. Salmonella spp. Isolation and Identification

Salmonella spp. from all samples were isolated in accordance with PN-EN ISO 6579-
1:2017-04 Microbiology of the food chain—Horizontal method for the detection, enumera-
tion and serotyping of Salmonella—Part 1: Detection of Salmonella spp. (ISO 6579-1:2017).
Samples were pre-enriched: for pork and beef samples, the 10 g of each sample was mixed
with 90 mL Buffered Pepton Water (GRASO, Gdansk, Poland), and the 25 g of each poultry
meat sample was mixed with 225 mL BPW with a temperature of 25 ◦C (±3 ◦C) in a sterile
stomacher bag (Whirl-Pak, Nasco, Madison, WI, USA), and crushed for 2 min. After that,
they were incubated at 37 ◦C for 18 h. Selective proliferation of Salmonella spp. was carried
out using the MSRV agar (Modified semi-solid Rappaport-Vassiliadis—MSRV agar, GRASO,
Poland) with 0.1 mL of the pre-enriched culture as three equally spaced spots on the surface
of the MSRV agar were incubated at 41.5 ◦C for 24 h and 1 mL of the culture obtained was
put to a tube containing 10 mL of Muller-Kauffmann tetrathionate-novobiocin (MKTTn)
broth (GRASO, Gdansk, Poland) and incubated at 37 ◦C for 24 h. From the positive growth
obtained on the MSRV agar, it was chosen as the furthest point of opaque growth from the
inoculation points, and picked up a 1 µL loop and was inoculated on two selective agars:
XLD (Xylose Lysine Deoxycholate agar, GRASO, Gdansk, Poland) and BGA (Brilliant Green
agar, OXOID, Hampshire, UK). From the liquid culture obtained in the MKTTn, broth was
picked up of a 10 µL loop and spread on XLD agar and BGA agar to obtain well-isolated
colonies. All selective agars were incubated at 37 ◦C for 24 h (±3 h). Salmonella-suspect
colonies were transferred to Nutrient agar (GRASO, Gdansk, Poland) to obtain the pure
culture for further testing.

3.2.1. DNA Preparation and Presumptive Salmonella Confirmation

The Real-time PCR method, and an amplification based on detection gene specific
for Salmonella, was used to confirm presumptive identification. DNA for real-time PCR
was extracted from bacterial cells, using commercial Kylt® DNA Extraction-Mix II (Anicon,
Emstek, Germany). For the detection of Salmonella spp. commercial Kylt® Salmonella spp.
(Anicon, Germany) was used, and for the simultaneous detection of Salmonella Enteritidis,
the Typhimurium commercial Spp-Se-St PCR (BioChek, Reeuwijk, The Netherland) kit
was used. The Real Time PCR method to detect Salmonella was performed according to
the manufacturer’s instructions with using Applied Biosystems 7500 Fast Real-Time PCR
System (Thermo, Waltham, MA, USA).

3.2.2. Biochemical Strain Identification

For identification of the strains, two commercially available biochemical tests were
used according to the manufacturer’s instructions: Api20E (BioMérieux, Marcy-l’Étoile,
France) and the VITEK® 2 GN cards (Biomerieux, Marcy-l’Étoile, France).

3.2.3. Serological Testing

Serotyping was performed according to the White-Kauffmann-Le Minor scheme.
Serological testing was carried out by slide agglutination with commercial H poly antisera
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to verify the genus of Salmonella enterica (IBSS Biomed, Lublin, Poland), O group antisera
to determine the O group, (IBSS Biomed, Poland), and H phase and H factor antisera to
determine the H phase and H factor (IBSS Biomed, Lublin, Poland, Bio-Rad, Chercules, CA,
USA), as described in Pławińska-Czarnak [17].

3.3. Antimicrobial Sensitivity Testing

Each Salmonella strain was first subcultured as described previously. From an 18–24 h
culture, a DensiCHEK Plus (Biomerieux, Marcy-l’Étoile, France) instrument was used
to perform a suspension with a 0.5 McFarland range. Then, 145 µL of this inoculum
was transferred to another VITEK® tube containing 3 mL 0.45% saline. The card was
automatically filled by a vacuum device and automatically sealed. It was manually inserted
in the VITEK2 Compact reader-incubator module, and every card was automatically
subjected to a kinetic fluorescence measurement every 15 min. This is an automated test
methodology based on the MIC technique reported by MacLowry and Marsh [18], and
Gerlach [19]. A loop of the suspension was also inoculated onto blood agar (GRASO,
Poland) for the purity check.

Antimicrobial susceptibility was assessed by determining the MIC values using a
96 well MICRONAUT Special Plates with antimicrobials: β-lactams/aminopenicillin
(amoxicillin—AMX, amoxicillin and clavulanic acid—AMX/CL), β-lactams/I generation
cephalosporins (cephalexin—CFX, cephapirin—CPH), β-lactams/III generation cephalospo
rins (ceftiofur—CFTI), β-lactams/IV generation cephalosporins (cefquinome—CFQ), β-
lactams/penicillin cloxacillin—CLO, penicillin G—PG, nafcillin—NAF), aminoglycoside
(gentamicin—GEN, neomycin—NEO, streptomycin—STR), polymyxins (colistin—COL),
fluorochinolones (enrofloxacin—ENR, norfloxacin—NOR), tetracyclines (doxycycline—
DOX, oxytetracycline—OXY), macrolides erythromycin—ERY, tylosin—TYL), florfenicol—
FLR), lincosamides (lincomycin—LIN, lincomycin/spectinomycin—LIN/SP), trimethoprim-
sulfamethoxazole—TR/SMX, tiamulin—TIA, tylvalosin—TYLV (MERLIN Diagnostika
GmbH, Bremen, Niemcy). Simultaneously, antimicrobial susceptibility was assessed by
determining the MIC values using a VITEK® 2 System and AST-GN96 cards for Gram-
negative bacteria (BioMérieux). The AST card is essentially a miniaturised and abbreviated
version of the doubling dilution technique for MICs determined by the microdilution
method [c].

The MERLIN antibiotics concentration (µg/mL) is as follows: amoxicillin—0.25, 2, 4,
8, 16; amoxicillin and clavulanic acid—4/2, 8/4, 16/8; cephalexin—8, 16; cephapirin—8,
ceftiofur—2; cefquinome—2, 4; cloxacillin—2; penicillin 0.0625, 0.125, 2, 8; nafcillin—
2; gentamicin—4, 8; neomycin—8; streptomycin—8; colistin—2; enrofloxacin—0.5, 2;
norfloxacin—1, 2; doxycycline—2, 4, 8; oxytetracycline—2, 4, 8; erythromycin—0.25; 0.5,
tylosin—TYL; florfenicol—2, 4; lincomycin—2, 8; lincomycin/specinicin—8, 32; trimethopri
m-sulfamethoxazole—2/38; tiamulin—16; and tylvalosin—2, 4.

With using AST-GN96 susceptibility for β-lactams/aminopenicillin (ampicillin—AMP,
amoxicillin and clavulanic acid—AMX/CL), β-lactams/I generation cephalosporins (ce-
falexin -CFX), β-lactams/III generation cephalosporins (cefalotin—CFT, cefoperazone CFP),
β-lactams/III generation cephalosporins (ceftiofur—CFTI), β-lactams/IV generation cephalo
sporins (cefquinome—CFQ), carbapenems (imipenem—IPM), polymyxin (polymixin B -PB),
aminoglycoside (gentamicin—GEN, neomycin—NEO), fluorochinolones (enrofloxacin—
ENR), flumequine—UB), marbofloxacin—MRB), tetracycline -TET, florfenicol—FLR, and
trimethoprim/sulfamethoxazole (TR/SMX), were assessed.

The AST-GN96 antibiotics concentration (µg/mL) is as follows: ampicillin—4, 8,
32; amoxicillin and clavulanic acid—4/2, 16/8, 32/16; cephalexin—8, 16, 32; efalotin—2,
8, 32; cefoperazone 4, 8, 32; cefquinome—0.5, 1.5, 4; imipenem 1, 2, 6, 12; polymixin
B 0.25, 1, 4, 16; gentamicin—4, 16, 32; neomycin—8, 16, 64; enrofloxacin—0.25, 1, 4;
flumequine—2, 4, 8; marbofloxacin—1, 2; tetracycline—2, 4, 8; florfenicol—1, 4, 8; trimetho-
prim/sulfamethoxazo
le—1/19, 4/76, 16/304.
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The MICs were interpreted according to Clinical and Laboratory Standards Institute
(CLSI) and FDA breakpoints (CLSI M100-ED28, 2018). The AST card is essentially a minia-
turised and abbreviated version of the doubling dilution technique for MICs determined
by the microdilution method.

3.4. Determination of Antibiotics Resistance Profile of Salmonella spp. Isolates

In order to calculate multiple antibiotics resistance, we used the formula according to
the Akinola 2019, MAR index [16]:

MAR =
Number of resistance to antibiotics
Total number of antibiotics tested

Detection of Antimicrobial Resistance Genes by PCR

Mueller–Hinton agar was used to culture the bacterial isolates overnight at 35 ◦C.
Bacterial DNA isolation was performed using a standard bacterial DNA isolation Kylt®

DNA Extraction-Mix II (Anicon, Emstek, Germany). Eighteen resistance genes (aadA,
strA/strB, aphA1, aphA2, aadB, tetA, tetB, sul1, sul2, sul3, dfrA1, dfrA10, dfrA12, floR, blaTEM,
blaSHV, blaCMY-2, blaPSE-1 and blaCTX-M) were analysed by conventional PCR, using specific
primer pairs in multiplex or a single PCR reaction. The primer sequences predicted PCR
product sizes and references shown in Table 4.

Table 4. Description of primer sets, annealing temperature and product size for the molecular gene
identification [20–22].

Multiplex PCR or
Single PCR Gene/Antibiotic Primer Sequences 5’-3’ Annealing

Temperature Product Size (bp)

Multiplex 1 aadA
streptomycin

F-GTG GAT GGC GGC CTG AAG CC
R-AAT GCC CAG TCG GCA GCG 63 ◦C 525 bp

Multiplex 1 strA/strB
streptomycin

F-ATG GTG GAC CCT AAA ACT CT
R-CGT CTA GGA TCG AGA CAA AG 63 ◦C 893 bp

Multiplex 2 aphA1
neomycin

F-ATG GGC TCG CGA TAA TGT C
R-CTC ACC GAG GCA GTT CCA T 55 ◦C 634 bp

Multiplex 2 aphA2
neomycin

F-GAT TGA ACA AGA TGG ATT GC
R-CCA TGA TGG ATA CTT TCT CG 55 ◦C 347 bp

Multiplex 2 aadB
gentamicin

F-GAG GAG TTG GAC TATGGA TT
R-CTT CAT CGG CAT AGT AAA AG 55 ◦C 208 bp

Multiplex 3 tetA
tetracycline

F-GGC GGT CTT CTT CAT CAT GC
R-CGG CAG GCA GAG CAA GTA GA 63 ◦C 502 bp

Multiplex 3 tetB
tetracycline

F-CGC CCA GTG CTG TTG TTG TC
R-CGC GTT GAG AAG CTG AGG TG 63 ◦C 173 bp

Multiplex 4 sul1
sulfamethoxazole

F-CGG CGT GGG CTA CCT GAA CG
R-GCC GAT CGC GTG AAG TTC CG 66 ◦C 433 bp

Multiplex 4 sul2
sulfamethoxazole

F-CGG CAT CGT CAA CAT AAC CT
R-TGT GCG GAT GAA GTC AGC TC 66 ◦C 721 bp

Single PCR sul3
sulfamethoxazole

F-GGGAGCCGCTTCCAGTAAT
R-TCCGTGACACTGCAATCATTA 60 ◦C 500 bp

Single PCR dfrA1
trimethoprim

F-CAATGGCTGTTGGTTGGAC
R-CCGGCTCGATGTCTATTGT 62 ◦C 253 bp

Single PCR dfrA10
trimethoprim

F-TCAAGGCAAATTACCTTGGC
R-ATCTATTGGATCACCTACCC 59 ◦C 433 bp

Single PCR dfrA12
trimethoprim

F-TTCGCAGACTCACTGAGGG
R-CGGTTGAGACAAGCTCGAAT 63 ◦C 330 bp

Single PCR floR
florfenicol

F-CACGTTGAGCCTCTATATGG
R-ATGCAGAAGTAGAACGCGAC 61 ◦C 888 bp

5 blaTEM
ampicillin

F-TTAACTGGCGAACTACTTAC
R-GTCTATTTCGTTCATCCATA 55 ◦C 247 bp

5 blaSHV
ceftiofur

F-AGGATTGACTGCCTTTTTG
R-ATTTGCTGATTTCGCTCG 55 ◦C 393 bp

5 blaCMY-2
ceftiofur

F-GACAGCCTCTTTCTCCACA
R-TGGACACGAAGGCTACGTA 55 ◦C 1000 bp

Single PCR blaPSE-1
ampicillin

F-GCAAGTAGGGCAGGCAATCA
R-GAGCTAGATAGATGCTCACAA 60 ◦C 461 bp

Single PCR blaCTX-M
F-CGCTTTGCGATGTGCAG
R-ACCGCGATATCGTTGGT 60 ◦C 585 bp
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3.5. Statistical Assessment

Statistical testing was performed with Statistica software, version 13.1. Descriptive
statistics were computed to determine the proportions of isolates resistant to different
antimicrobial agents. Chi square tests were adopted for the determination of statistical
significance of differences between the proportions.

4. Discussion

Our data show that poultry meat is a relevant source of Salmonella, and the prevalent
serovar was Enteritidis (56.41%). We estimate the antibiotic susceptibility profiles of
Salmonella strains, and we found a high rate of strains showing at least one phenotypic
resistance. In our study, sensitivity to 25 antibiotics were assessed. Penicillins (cloxacillin,
penicillin G, nafcillin), macrolides (erythromycin, tylvalosin), lincomycin, tiamulin, and
tylvalosin were excluded from analysis, due to a natural lack of activity against Salmonella.

The results of the antibiotic resistance indicate that the Salmonella spp. strains isolated
from meat can be categorized as resistant to MDR: that is, bacteria exhibiting resistance
to one or more antibiotics from three or more classes of antibiotics. These bacteria are
resistant to β-lactams, aminoglycosides, cephalosporins, fluorochinolones, sulfonamides,
and tetracyclines. Resistance to third generation cephalosporins exhibited by the strains
isolated from meats represents a concern, because these antibiotics are used for salmonel-
losis treatment in human, thus rendering the transmission of resistant bacteria a public
health problem. All strains isolated from meat were resistant to gentamycin, which is one
of the major antibiotics used in the treatment of urinary infections in humans, and were
resistant to streptomycin used to treat tuberculosis and Burkholderia infection. Although
streptomycin is an aminoglycoside and not used for Salmonella treatment, streptomycin re-
sistance has been widely used as an epidemiological marker. Resistance to streptomycin is
analogous to the phenotypic characteristics observed in multi-drug resistance to ampicillin,
chloramphenicol, streptomycin, sulfonamides, and tetracyclines [23,24]. Regarding the
resistance to ampicillin (35.89%), previous studies from different countries report highest
resistance rates [25].

Moreover, Salmonella Derby from meat shows resistance to cefequinome, fourth gener-
ation cephalosporins, and antibiotics used in the treatment of mastitis and bovine pneumo-
nia. In Salmonella Derby and Indiana (both in the BO4 group), we found resistance against
sulphonamides, a class of antibiotics used in severe Salmonella infections. We also observed
resistance to third generation cephalosporins (cefoperazone and ceftiofur) in four Salmonella
Derby strains isolated from poultry meat. In addition, a high percentage of strains (Indiana,
Infantis, Kentucky, and Newport) showed resistance to tetracyclines (24.64%), despite the
fact that, in 2006, the European Union, imposed a ban on the non-therapeutic use of antibi-
otics important to humans, such as tetracyclines, in animal treatment. A total of 53.84% of
tested strains showed an MDR profile with resistance to one or more antibiotics from three
or more classes of antibiotics. On the other hand, all the Salmonella spp. strains were sus-
ceptible to imipenem, which is similar to the result reported previously [26]. Carbapenems
are the final choice of antibiotics used in the treatment of salmonellosis when the bacteria
exhibit resistance to antibiotics, such as ciprofloxacin and third generation cephalosporins.

These data are alarming for consumers because of the real possibility of an infection
with an MDR strain in food, but also because these strains showed resistance to antibiotic
classes crucial in human medicine, such as beta-lactamases.

Finally, because these antibiotic phenotypes can be conferred by several ARGs, the
detection of resistance genes was performed in order to confirm phenotypic pattern.

In Salmonella, the main mechanism of resistance to β-lactams is the acquisition bla
gene encodes beta-lactamase hydrolytic enzymes, which inactivate the antibiotic [27].
Extended-spectrum beta-lactamases (ESBLs), which inactivates first-, second-, and third-
generation cephalosporins and penicillins, and are encoded multi-variant blaTEM, blaSHV
and blaCTX-M genes [28]. The blaCTX-M genes encode for the extended-spectrum of β-
lactamases (ESBLs) were not present in analysed strains. These types of β-lactamases are
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active against cephalosporins and monobactams (but not carbapenems), and are currently
of great epidemiological and clinical interest. The blaSHV gene was found to be the most
prevalent gene amongst our isolates, mainly in S. enteritidis. The blaSHV gene is associated
with Enterobacteriaceae in causing nosocomial infections, but also in isolates from different
sources (human, animal, and environment). The gene blaCMY-2 encodes an extended-
spectrum beta-lactamase that is responsible for hydrolyzing the β-lactam ring that was
detected in 35.89% of strains. However, some Salmonella spp. strains did not expose
phenotypic resistance to this antibiotic. This gene confers resistance to ampicillin, ceftiofur,
cefoperazone and is associated with mobile elements, thus increasing the probability of
transmission between bacteria [29]. In our study, 28.21% of the strains demonstrate the
presence of the genes blaPSE-1 and blaTEM that encode β-lactamases that confer resistance
to ampicilin. In a study conducted in Colombia, 69.4% of the strains isolated from broiler
farms had both genes; thus, a frequency was higher than that found in the present study [30].
Five S. derby, one S. enteritidis, and all S. Kentucky that were phenotypically resistant to
ampicillin and third generation cephalosporins, showed the presence of the genes blaPSE-1,
blaTEM, blaCMY-2, but not and blaCTX-M. The streptomycin resistance gene aadA and strA/strB
were detected in all of the strains. Interestingly, White et al. [31] showed that Salmonella
strains isolated from meat that had the aadA genes but were susceptible to streptomycin,
probably due to gene silencing. The gene sul2 encodes DHPS (dihydropteroate synthase)
was found in 7.69% of the strains (S. derby and S. indiana). In a previous study, the gene
sul1 is reported to be the most prevalent (57.1%) [24], whereas in the present study, it was
found in only 5.13% of the strains. Trimethoprim resistance is mediated by the expression
of the enzyme DHFR (dihydrofolate reductase) and is encoded by the dfrA1 gene that was
detected in 7.69% of the strains. In general, the strains that were resistant to trimethoprim-
sulfamethoxazole showed the sul (sul1, sul2 or sul3) and dfrA (dfrA1, dfrA12) resistance
genes, mainly in S. Derby. However, all strains were resistant to this antibiotic. This
resistance may be mediated by other resistance genes, which are not assessed in this study.
In S. derby, S. indiana, S. newport, and in two S. Enteritidis, the floR gene was detected.
This gene encodes an efflux pump that confers resistance to amphenicols, which has been
reported in the genomic island of Salmonella (SGI1) [32].

Our data are very alarming, since all of our strains came from food samples, mainly
poultry meat for human consumption. Thermal processing of these products may reduce
the risk of foodborne disease, but ARGs can be transferred to the gut microbiota and transfer
resistance to other bacteria [33]. Therefore, our data are in line with recommendations,
which confirm how important it is in the monitoring and control of antibiotic resistance to
assess the presence or absence of ARGs in foodborne strains, especially in a One Health
approach that recognises the circularity of human, animal, and environmental health.

5. Conclusions

The Salmonella spp. strains exhibited resistance to multiple antibiotics, as well as
multiple genes associated with them. A high resistance rate to multiple antibiotics combined
with multiple ARGs in isolates from raw meat, as revealed in this study, suggests that the
situation is alarming in where irrational use of antibiotics is combined with inadequate
surveillance and facilities to detect MDR. Continued monitoring of antimicrobial resistance
in Salmonella strain collection along the food chain is required so that comparisons of
antimicrobial resistance from the different origins can be effectively performed.
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Kwieciński, A.; Anusz, K. Wild Duck (Anas platyrhynchos) as a Source of Antibiotic-Resistant Salmonella enterica subsp. diarizonae
O58—The First Report in Poland. Antibiotics 2022, 11, 530. [CrossRef]

18. MacLowry, J.D.; Marsh, H.H. Semi-automatic microtechnique for serial dilution antibiotic sensitivity testing in the clinical
laboratory. J. Lab. Clin. Med. 1968, 72, 685–687.

100



Antibiotics 2022, 11, 876

19. Gerlach, E. Microdilution 1: A Comparative Study. In Current Techniques for Antibiotic Susceptibility Testing; Charles C. Thomas:
Springfield, IL, USA, 1974; pp. 63–76.

20. Kozak, G.K.; Boerlin, P.; Janecko, N.; Reid-Smith, R.J.; Jardine, C. Antimicrobial resistance in Escherichia coli isolates from Swine
and wild small mammals in the proximity of swine farms and in natural environments in Ontario, Canada. Appl. Environ.
Microbiol. 2009, 75, 559–566. [CrossRef]

21. Chuanchuen, R.; Padungtod, P. Antimicrobial resistance genes in Salmonella enterica isolates from poultry and swine in Thailand.
J. Vet. Med. Sci. 2009, 71, 1349–1355. [CrossRef]

22. Koleri, J.; Petkar, H.M.; Husain, A.A.M.; Almaslamani, M.A.; Omrani, A.S. Moraxella osloensis bacteremia, a case series and review
of the literature. IDCases 2022, 27, e01450. [CrossRef]

23. Doran, G.; NiChulain, M.; DeLappe, N.; O’Hare, C.; Corbett-Feeney, G.; Cormican, M. Interpreting streptomycin susceptibility
test results for Salmonella enterica serovar Typhimurium. Int. J. Antimicrob. Agents 2006, 27, 538–540. [CrossRef] [PubMed]

24. Mengistu, G.; Dejenu, G.; Tesema, C.; Arega, B.; Awoke, T.; Alemu, K.; Moges, F. Epidemiology of streptomycin resistant
Salmonella from humans and animals in Ethiopia: A systematic review and meta-analysis. PLoS ONE 2020, 15, e0244057.
[CrossRef] [PubMed]

25. Nair, D.V.T.; Venkitanarayanan, K.; Johny, A.K. Antibiotic-resistant Salmonella in the food supply and the potential role of antibiotic
alternatives for control. Foods 2018, 7, 167. [CrossRef]

26. Ali Shah, S.A.; Nadeem, M.; Syed, S.A.; Fatima Abidi, S.T.; Khan, N.; Bano, N. Antimicrobial Sensitivity Pattern of Salmonella
Typhi: Emergence of Resistant Strains. Cureus 2020, 12, 10–14. [CrossRef]

27. Iredell, J.; Brown, J.; Tagg, K. Antibiotic resistance in Enterobacteriaceae: Mechanisms and clinical implications. BMJ 2016, 352,
h6420. [CrossRef]

28. Philippon, A.; Slama, P.; Dény, P.; Labia, R. A structure-based classification of class A β-Lactamases, a broadly diverse family of
enzymes. Clin. Microbiol. Rev. 2016, 29, 29–57. [CrossRef]

29. Oladeinde, A.; Cook, K.; Lakin, S.M.; Woyda, R.; Abdo, Z.; Looft, T.; Herrington, K.; Zock, G.; Lawrence, J.P.; Thomas, J.C.; et al.
Horizontal gene transfer and acquired antibiotic resistance in Salmonella enterica serovar heidelberg following in vitro incubation
in broiler ceca. Appl. Environ. Microbiol. 2019, 85, e01903-19. [CrossRef]

30. Herrera-Sánchez, M.P.; Rodríguez-Hernández, R.; Rondón-Barragán, I.S. Molecular characterization of antimicrobial resistance
and enterobacterial repetitive intergenic consensus-PCR as a molecular typing tool for Salmonella spp. isolated from poultry and
humans. Vet. World 2020, 13, 1771–1779. [CrossRef]

31. White, P.A.; Iver, C.J.M.C.; Rawlinson, W.D. Integrons and Gene Cassettes in the Enterobacteriaceae. Antimicrob. Agents Chemother.
2001, 45, 2658–2661. [CrossRef]

32. Doublet, B.; Boyd, D.; Mulvey, M.R.; Cloeckaert, A. The Salmonella genomic island 1 is an integrative mobilizable element. Mol.
Microbiol. 2005, 55, 1911–1924. [CrossRef]

33. Groussin, M.; Poyet, M.; Sistiaga, A.; Kearney, S.M.; Moniz, K.; Noel, M.; Hooker, J.; Gibbons, S.M.; Segurel, L.; Froment, A.; et al.
Elevated rates of horizontal gene transfer in the industrialized human microbiome. Cell 2021, 184, 2053–2067.e18. [CrossRef]
[PubMed]

101





antibiotics

Article

ESBL-Producing Escherichia coli Carrying CTX-M Genes
Circulating among Livestock, Dogs, and Wild Mammals in
Small-Scale Farms of Central Chile

Julio A. Benavides 1,2,3,* , Marília Salgado-Caxito 3,4 , Andrés Opazo-Capurro 3,5 , Paulina González
Muñoz 3,5,6, Ana Piñeiro 7, Macarena Otto Medina 1, Lina Rivas 3,8, Jose Munita 3,8 and Javier Millán 1,9,10

Citation: Benavides, J.A.;

Salgado-Caxito, M.; Opazo-Capurro,

A.; González Muñoz, P.; Piñeiro, A.;

Otto Medina, M.; Rivas, L.; Munita, J.;

Millán, J. ESBL-Producing Escherichia

coli Carrying CTX-M Genes

Circulating among Livestock, Dogs,

and Wild Mammals in Small-Scale

Farms of Central Chile. Antibiotics

2021, 10, 510. https://doi.org/

10.3390/antibiotics10050510

Academic Editor: Piera Anna Martino

Received: 6 April 2021

Accepted: 24 April 2021

Published: 30 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Departamento de Ecología y Biodiversidad, Facultad de Ciencias de la Vida, Universidad Andrés Bello,
Santiago 8320000, Chile; mottomed@gmail.com (M.O.M.); syngamustrachea@hotmail.com (J.M.)

2 Centro de Investigación para la Sustentabilidad, Facultad de Ciencias de la Vida, Universidad Andrés Bello,
Santiago 8320000, Chile

3 Millennium Initiative for Collaborative Research on Bacterial Resistance (MICROB-R),
Santiago 7550000, Chile; mariliasalgadovet@gmail.com (M.S.-C.); andopazo@udec.cl (A.O.-C.);
paulinagonzalez@udec.cl (P.G.M.); linarivas@udd.cl (L.R.); munita.jm@gmail.com (J.M.)

4 School of Veterinary Medicine, Pontificia Universidad Católica de Chile, Santiago 7820244, Chile
5 Departamento de Microbiología, Facultad de Ciencias Biológicas, Universidad de Concepción,

Concepción 4070386, Chile
6 Departamento de Ciencias Biológicas y Químicas, Facultad de Medicina y Ciencia,

Universidad San Sebastián, Concepción 4030000, Chile
7 Escuela de Medicina Veterinaria, Facultad de Ciencias de la Vida, Universidad Andrés Bello,

Santiago 8320000, Chile; anapimo@yahoo.es
8 Genomics and Resistance Microbes (GeRM) Lab, Facultad de Medicina CAS—UDD, Instituto de Ciencias e

Innovación en Medicina (ICIM), Santiago 7550000, Chile
9 Instituto Agroalimentario de Aragón-IA2, Universidad de Zaragoza-CITA, Miguel Servet 177,

50013 Zaragoza, Spain
10 Fundación ARAID, Avda. de Ranillas, 50018 Zaragoza, Spain
* Correspondence: benavidesjulio@yahoo.fr

Abstract: Antibiotic-resistant bacteria of critical importance for global health such as extended-
spectrum beta-lactamases-producing (ESBL)-Escherichia coli have been detected in livestock, dogs,
and wildlife worldwide. However, the dynamics of ESBL-E. coli between these animals remains
poorly understood, particularly in small-scale farms of low and middle-income countries where
contact between species can be frequent. We compared the prevalence of fecal carriage of ESBL-E. coli
among 332 livestock (207 cows, 15 pigs, 60 horses, 40 sheep, 6 goats, 4 chickens), 82 dogs, and wildlife
including 131 European rabbits, 30 rodents, and 12 Andean foxes sharing territory in peri-urban
localities of central Chile. The prevalence was lower in livestock (3.0%) and wildlife (0.5%) compared
to dogs (24%). Among 47 ESBL-E. coli isolates recovered, CTX-M-group 1 was the main ESBL
genotype identified, followed by CTX-M-groups 2, 9, 8, and 25. ERIC-PCR showed no cluster of E.
coli clones by either host species nor locality. To our knowledge, this is the first report of ESBL-E. coli
among sheep, cattle, dogs, and rodents of Chile, confirming their fecal carriage among domestic and
wild animals in small-scale farms. The high prevalence of ESBL-E. coli in dogs encourages further
investigation on their role as potential reservoirs of this bacteria in agricultural settings.

Keywords: antimicrobial resistance; blaCTX-M; Chile; domestic animals; E. coli; extended-spectrum
beta-lactamases; wildlife

1. Introduction

The current increase of antimicrobial resistance (AMR) is considered a main global
threat to human and animal health [1,2]. AMR is responsible for thousands of human
fatalities annually [3] and large economic losses that could reduce global GDP in 1–4% by
2050 [2,4]. The intense use of antibiotics in livestock production and humans is the main
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cause of the emergence and rapid spread of AMR [2,5]. In the last decade, the global growth
of livestock has been associated with an increase in antibiotics use [2]. For example, 70% of
antibiotics used in human medicine are consumed by animal production in the USA [6,7].
Extended-spectrum beta-lactamase-producing Escherichia coli (ESBL-E. coli) represent one
of the highest burdens of AMR to public health and have globally spread in both hospital
settings and the community [8]. ESBL-E. coli are commonly isolated from domestic animals
such as cattle and dogs, but also wild animals [9–12]. Similar to humans, the misuse of
third-generation cephalosporins in livestock generated a selective pressure resulting in
the emergence and spread of ESBL-E. coli in this sector [9,13]. In contrast, the presence
of ESBL-E. coli in wildlife is assumed to result from contamination in human-dominated
environments [10,12,14].

The circulation of ESBL-E. coli across different animal populations requires an in-
tegrated One Health approach to better understand, predict, and prevent their dissem-
ination [15]. However, most studies on ESBL-E. coli have focused on either one popu-
lation (e.g., domestic or wild animals) or a large spatial scale (e.g., across cities or coun-
tries) [16–19]. For example, ESBL-E. coli have been detected worldwide in several livestock
settings [13,20–22]. Likewise, ESBL-producing Enterobacterales have been found in at least
80 wildlife species since 2006 including rodents, bats, foxes, and wild birds [23–26]. Live-
stock or human proximity are often suggested as drivers of ESBL-E. coli in wildlife but, to
our knowledge, no study has proven transmission from humans to wild animals [10,14,23].
Dogs living on farms could also contribute to the spread of ESBL-E. coli among agricultural
settings because contact with livestock has been associated with an increased probability
of ESBL-E. coli fecal carriage in dogs [27–30]. However, the circulation of ESBL-E. coli at the
livestock and wildlife interface is still poorly understood [12,31,32].

Few studies on the circulation of ESBL-E. coli at the livestock and wildlife interface
have been conducted in low- and middle-income countries (LMICs) [10,33–36]. Paradoxi-
cally, the consequences of AMR can be exacerbated in these countries by a higher number
of bacterial infections and limited access to health facilities providing the appropriate
antibiotic treatment [37,38]. Surveillance of AMR in livestock has been recommended by
the World Health Organization (WHO), the Food and Agriculture Organization of the
United Nations (FAO), and the World Organisation for Animal Health (OIE), but remains
limited in LMICs [1,2,33]. Surveillance of AMR in wildlife and dogs is also mostly inexis-
tent in LMICs. In this study, we use a One Health approach to compare the prevalence of
ESBL-E. coli fecal carriage among livestock, dogs, and wild mammals located in small-scale
agricultural settings of central Chile.

Chile, considered a high income economy but with an agricultural production more
similar to LMICs, launched the ‘National plan to combat antimicrobial resistance’ in 2017,
but no national surveillance has been implemented yet in the agricultural sector. ESBL-
E. coli have not been detected in Chilean cattle herds [39,40], but have been isolated in
feces from dogs [41], owls in rehabilitation centers [42], wild Andean condors (Vultur gry-
phus) [43] and gulls (Leucophaeus pipixcan) [36]. To our knowledge, no study has investigated
the ESBL-E. coli fecal carriage of livestock nor simultaneously focused on dogs and wild
mammals living closely to livestock. Central Chile hosts a large diversity of endemic
terrestrial mammals including foxes and rodents [44,45] but also invasive species such as
the European rabbit (Oryctolagus cuniculus) that has colonized most of the country [46–48].
Rodents and rabbits are commonly found living on farms and interacting with dogs and
livestock [49,50]. Similarly, 85% of the territory of the Andean fox (Lycalopex culpaeus)
overlaps with human-dominated habitat in central Chile [51]. This creates the potential for
fecal-oral and environmental bacterial transmission between livestock and wild animals,
which remains largely unknown. Previous studies focusing on foxes in the central region
have identified the presence of blaCTX-M genes, but the bacteria carrying the gene was
unknown [52]. The aims of this study were (i) to estimate and compare the prevalence of
ESBL-E. coli fecal carriage between livestock, dogs, and wild mammals living in the same
agricultural setting of central Chile, (ii) to detect the presence of the most common ESBL
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genes including blaCTX-M, blaTEM, and blaSHV, and (iii) use high resolution molecular typing
to assess potential ESBL-E. coli transmission within farms or between different species.

2. Materials and Methods
2.1. Sample Collection

Fresh fecal samples were collected between March 2019 and September 2019 from
livestock, dogs, and wildlife in and around 13 farming localities located in the munic-
ipalities of Colina (33.1045◦ S, 70.6159◦ W) and Lampa (33.2827◦ S, 70.8793◦ W) of the
Chacabuco province in the Metropolitan Region of central Chile, in the peri-urban area of
the Santiago Capital City (Figure 1). A farming locality was either a single private farm
or an area where livestock from different owners grazed together and received the same
health treatments. The province of Chacabuco includes mainly small- to medium-scale
farmers, with an estimated livestock population of 10,662 cattle (mean: 38 animals/farm),
45,821 pigs (587/farm), 5490 goats (59/farm), 4441 sheep (42/farm), and 2897 horses
(4/farm) [53]. Farms were randomly selected from a list provided by the Municipality’s
agrarian unit, accounting for areas overlapping with the known territory of wildlife as
previously described [52]. Our sampling focused mainly on cattle because they had the
highest potential of overlapping with wild mammals since they often free-ranged within
wildlife habitat during our study period.
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Figure 1. Study area. The inset figure shows the Chacabuco province within the Metropolitan
region where farms and wildlife were sampled. Exact farm locations are not given to maintain our
confidentiality agreement with farmers. Maps were obtained from the GADM (http://www.gadm.
org//, accessed on 15 April 2021) database using the getData function from the raster package of R.
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We focused on sampling the most common wild mammals encountered in those farms
including several species of endemic and invasive rodents, the invasive European wild
rabbit and the Andean fox, who predates these herbivore species [54,55]. These species
were previously determined by discussions with farmers and the municipality’s agrarian
unit during preliminary visits to the farms. Peri-urban and wild rodents were live captured,
sampled, and released using Sherman traps. Fifty traps were placed in and around each
sampled farm for at least 4 consecutive days and checked for captured rodents daily. Rectal
swabs were collected from alive individuals immobilized, using gloves and protective
equipment. Rodents were identified at the genus or species level based on morphological
characteristics. Fresh fecal samples from European rabbits were collected early in the
morning by identifying rabbit dens in areas where farmers commonly observed rabbits. To
avoid sampling the same individual twice, we only collected fresh sample feces from the
same den if they were more than 4 m apart, and only sampled each den once. Fresh fecal
samples from foxes were collected by walking known paths where foxes were previously
captured in the area [56]. Fresh samples from foxes were identified and differentiated from
dog feces by their distinct ‘fruit’ seeds and morphology contained on the sample. To avoid
sampling the same individual twice, we only collected a fresh sample in localities that
were more than 5 km apart, considering 5 km2 as the average home range size of foxes in
this area [52]. Dogs were sampled by directly taking rectal swabs or waiting until the dog
defecated, depending on whether the owner considered that the dog could be aggressive
or not during sampling. For all samples taken from the ground, we only collected the
portion that was not in contact with the ground to avoid bacterial contamination from the
soil. This study was approved by the Ethical Committee of the Universidad Andrés Bello
(permit number: 018/2018). The capture and sampling of rodents were also approved by
the Servicio Agricola Ganadero (permit number: 2118/2019).

2.2. Sample Size and Prevalence Estimation

The required sample size needed to estimate the prevalence of ESBL-E. coli in livestock
(defined as the number of animals harboring at least one isolate of ESBL-E. coli over the
total number of sampled animals) was calculated with the program Epi Info 7.2.2.6TM [57].
To our knowledge, no previous study has estimated the prevalence of fecal carriage of
ESBL-E. coli among livestock in Chile. Thus, we assumed an expected prevalence of ESBL-E.
coli of 30%, similar to a study conducted around the Lima capital in Peru with similar farm
characteristics [12]. Based on this expected prevalence, a margin of acceptable error of 5%
and a confidence interval of 95%, the minimum number of livestock to be sampled in the
region was 323.

Based on previous studies on wildlife and dogs, we assumed an expected prevalence
of 5% to estimate our sample size. In fact, 5% prevalence of ESLB-E. coli was found in wild
rodents in China [34,58], no bacteria were found in a previous study conducted in European
wild rabbit in Portugal [59], 4% prevalence was found in wild foxes of Portugal [60], and
8% was found in the only study conducted on dogs in Chile [41]. Based on an expected
ESBL-E. coli prevalence of 5%, a margin of acceptable error of 5% and a confidence interval
of 95%, the minimum number of animals to be sampled was 73. We aimed to collect 73
samples per wildlife group (e.g., foxes, rabbits, and rodents). However, giving the intrinsic
lower density of foxes compared to small mammals and logistic constraints for finding
foxes, we expected a much lower sample size for this species.

2.3. Microbiology Analyses

Fresh fecal samples were collected using Stuart Transport Medium (Deltalab®) and
cultured within 3 days of sampling. Swabs were screened for cefotaxime non-susceptible
E. coli by direct incubation in standard atmospheric conditions (100 kPa) at 37 ◦C for 24 h
in a MacConkey medium containing 2 µg/mL of cefotaxime sodium salt (Sigma-Aldrich,
St. Louis, MO, USA) [61]. Up to 3 isolates with different morphotypes compatible with
E. coli per sample/plate were purified and then stored at −80 ◦C for further analyses. Bac-

106



Antibiotics 2021, 10, 510

terial species were confirmed by matrix-assisted laser desorption ionization-time of flight
(MALDI-TOF) mass spectrometry (BioMérieux, Marcy l’Etoile, France) at the Genomics and
Resistant Microbes (GeRM) Group of the Millennium Initiative for Collaborative Research
on Bacterial Resistance (MICROB-R).

Cefotaxime non-susceptible E. coli isolates indicating ESBL were tested for antimi-
crobial susceptibility to 8 antibiotics from 6 classes including chloramphenicol (phenicol),
ciprofloxacin (quinolone), sulfamethoxazole (sulfonamide), amikacin (aminoglycoside), to-
bramycin (aminoglycoside), ertapenem (carbapenem), tetracycline, and gentamicin (amino-
glycoside). Multidrug resistance (MDR) was defined as resistance to at least 1 agent of 3 or
more antibiotic classes [62]. The E. coli ATCC25922 strain was used for quality control and
clinical breakpoints were in accordance with CLSI M100:28ED recommendations [61].

Extended-spectrum beta-lactamase production was confirmed in all cefotaxime non-
susceptible E. coli isolates by the double-disk synergy test [30] on Müller Hinton agar
(Difco, BD, Sparks, MD, USA) with and without the AmpC inhibitor phenylboronic acid
(Sigma-Aldrich). Briefly, disks of ceftriaxone (30 µg), ceftazidime (30 µg), cefepime (30 µg),
and aztreonam (30 µg) were used along with a disk of amoxicillin with clavulanic acid
(30 µg) placed in the center of the plate at approximately 20 mm. Inhibition zones (ghost
zones) observed around any of the cephalosporin disks towards the disk containing the
clavulanic acid after 18–20 h of incubation at 37 ◦C aerobically were considered as a positive
result to produce ESBL.

The presence of the most common ESBL-encoding genes in E. coli isolates including
blaCTX-M, blaTEM, and blaSHV, was tested by a previously described multiplex PCR [63].
DNA samples from reference blaCTX-M, blaTEM, and blaSHV strains stored at the Universidad
de Concepción’s Laboratory of Research in Antimicrobial Agents were used as positive
PCR controls. The specific group of each CTX-M alleles (CTX-M groups 1, 2, 8, 9, and
25) were detected by multiplex-PCR as described previously [64]. In order to explore the
phylogenetic relationships between ESBL-E. coli isolates within and between host species
or localities, isolates were fingerprinted by ERIC-PCR according to Bilung et al. [65].

2.4. Statistical Analyses

The prevalence of ESBL-E. coli was reported and 95% confidence intervals were
calculated using the binom.confint function (Agresti-Coull method) in the binom package in
R 3.6.1 [66]. Significant differences in prevalence between populations were tested using
the Fisher’s exact test in R, since the limited number of observations prevented the use of a
Chi-Squared test. We constructed a dendrogram based on the ERIC-PCR electrophoretic
patterns using the BioNumerics software v8.0 (Applied Maths, Belgium) and R [65,66]. An
UMPGA dendrogram was built based on scaled densitometry curves from the ERIC-PCR
obtained from BioNumeric using the hclust function of the dendextended R package.

3. Results

ESBL-E. coli fecal carriage was detected in chickens, cattle, pigs, sheep, goats, dogs,
and one wild rodent (Octodon degus). The prevalence of ESBL-E. coli fecal carriage was
significantly higher among dogs (24% [CI: 16–35%]; 20 out of 82) compared to livestock
(3% [CI: 2–6%]; 10 out of 324, Fisher’s exact test, Odds Ratio (OR) = 10.0, p < 0.0001)
and wildlife (0.5% [CI: 0–3%]; 1 out of 186, Fisher’s exact test, OR = 58.8, p < 0.0001)
(Figure 2). The prevalence of ESBL-E. coli in livestock was also significantly higher than the
prevalence in wildlife (Fisher’s exact test, OR = 25.4, p < 0.0001). At least 1 animal carrying
ESBL-E. coli was detected in 7 out of the 13 (54%) farm localities sampled. In all 3 farms
where livestock carried ESBL-E. coli and dogs were sampled, at least 1 dog also carried
ESBL-E. coli. Likewise, the wild rodent carrying ESBL-E. coli was detected in a farm where
one cow also carried ESBL-E. coli.
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Figure 2. Prevalence of ESBL-E. coli per species in small-scale farms of central Chile; 95% confidence intervals were estimated
using the binom.confint function (Agresti-Coull method) in the binom package in R.

A total of 47 ESBL-E. coli isolates (confirmed by the double-disk synergy test) from
33 animals were analyzed. Fourteen ESBL-E. coli isolates were obtained from 10 livestock,
32 isolates from dogs and 1 isolate from a mouse. ESBL-E. coli isolates from livestock
were resistant to a median (mean) of 1 (2.6) (range: 0–6) out of 8 antibiotics tested, while
ESBL-E. coli isolates from dogs were resistant to a median (mean) of 1 antibiotic (1.9)
(range: 0–6) (Figure 3A). Overall, 21% of ESBL-E. coli isolates from livestock and 31%
from dogs were susceptible to all antibiotics, 36% of ESBL-E. coli isolates from livestock
and 21% from dogs were resistant to one antibiotic, and 43% of ESBL-E. coli isolates from
livestock and 48% from dogs were resistant to two or more antibiotics. Additionally, 43%
of ESBL-E. coli isolates from livestock, 47% from dogs and an isolate from one rodent were
multidrug resistant (MDR). The ESBL-E. coli isolated from a rodent sample was resistant to
chloramphenicol, sulfamethoxazole, and ciprofloxacin. More than 20% of ESBL isolates
were resistant to ciprofloxacin, chloramphenicol, sulfamethoxazole, and tetracycline in both
dogs and livestock. In contrast, no resistance was observed against ertapenem. Among
ESBL isolates, the prevalence of resistance to each antibiotic was highly correlated between
livestock and dogs (Spearman’s test, Rho = 0.90, p < 0.0001), but livestock had a slightly
higher prevalence than dogs for most antibiotics (Figure 3B).

108



Antibiotics 2021, 10, 510

Antibiotics 2021, 10, x FOR PEER REVIEW 7 of 14 
 

isolates, the prevalence of resistance to each antibiotic was highly correlated between live-

stock and dogs (Spearman’s test, Rho = 0.90, p < 0.0001), but livestock had a slightly higher 

prevalence than dogs for most antibiotics (Figure 3B). 

 

Figure 3. (A) Prevalence of resistance to other antibiotic families among ESBL-E. coli isolates in dogs and livestock; (B) 

Correlation of the prevalence of resistance to each antibiotic between livestock and dogs; (C) Prevalence of blaTEM, blaSHV, 

and blaCTX-M in ESBL-E. coli isolated from livestock and dogs; (D) Prevalence of CTX-M groups identified in ESBL-E. coli 

isolates from livestock and dogs. 

ESBL-E. coli isolates from dogs were only encoded by the CTX-M genotype while all 

isolates from livestock carried CTX-M (100%), followed by TEM (14%), and SHV (7%) gen-

otypes (Figure 3C). Among the most common CTX-M groups searched, 93% of ESBL-E. 

coli from livestock carried blaCTX-M-group 1 and 36% carried blaCTX-M-group 2 genes (Figure 3D). 

Isolates from dogs carried a more diverse pool of CTX-M genotypes with 78% carrying 

CTX-M from group 1, followed by group 2 (63%), group 9 (12.5%), group 8 (3%, one iso-

late), and group 25 (3%). The ESBL-E. coli isolate found on a wild mouse carried CTX-M 

from group 1. 

The dendrogram analysis of the ERIC-PCR results showed a high diversity of ESBL-

E. coli clones within species and farm localities. No visual clustering by species nor farm 

localities was observed (Figure 4). However, ESBL-E. coli isolates from a cow and a dog 

from the same farm locality clustered together. 

Figure 3. (A) Prevalence of resistance to other antibiotic families among ESBL-E. coli isolates in dogs and livestock;
(B) Correlation of the prevalence of resistance to each antibiotic between livestock and dogs; (C) Prevalence of blaTEM,
blaSHV, and blaCTX-M in ESBL-E. coli isolated from livestock and dogs; (D) Prevalence of CTX-M groups identified in ESBL-E.
coli isolates from livestock and dogs.

ESBL-E. coli isolates from dogs were only encoded by the CTX-M genotype while all
isolates from livestock carried CTX-M (100%), followed by TEM (14%), and SHV (7%) geno-
types (Figure 3C). Among the most common CTX-M groups searched, 93% of ESBL-E. coli
from livestock carried blaCTX-M-group 1 and 36% carried blaCTX-M-group 2 genes (Figure 3D).
Isolates from dogs carried a more diverse pool of CTX-M genotypes with 78% carrying
CTX-M from group 1, followed by group 2 (63%), group 9 (12.5%), group 8 (3%, one isolate),
and group 25 (3%). The ESBL-E. coli isolate found on a wild mouse carried CTX-M from
group 1.

The dendrogram analysis of the ERIC-PCR results showed a high diversity of ESBL-
E. coli clones within species and farm localities. No visual clustering by species nor farm
localities was observed (Figure 4). However, ESBL-E. coli isolates from a cow and a dog
from the same farm locality clustered together.
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4. Discussion

The spread of AMR at the interface between domestic animals and wildlife remains
poorly understood, particularly in low-income rural areas without specific barriers to limit
the interaction between domestic and wild animals. In this study, we simultaneously
estimated the prevalence of ESBL-E. coli fecal carriage among livestock, dogs, and wild
mammals among small-scale agricultural localities of central Chile. The prevalence of ESBL-
E. coli fecal carriage was lower in livestock (3%) and wildlife (less than 1%) compared to
dogs (24%), suggesting that dogs can be an important carrier of these bacteria in agricultural
settings. Dogs carried ESBL-E. coli in the three farms where ESBL-E. coli were detected in
livestock, highlighting the potential sharing of these bacteria between dogs and livestock.
Among ESBL-E. coli isolates, five CTX-M groups including groups 1, 2, 8, 9, and 25 were
detected, with most isolates carrying CTX-M group 1. Molecular typing of ESBL-E. coli
by ERIC-PCR showed no cluster of isolates by neither species nor locality, suggesting a
wide range of ESBL-E. coli strains circulating on agricultural settings and highlighting the
potential for cross-species transmission of either bacteria or antibiotic resistance genes.

ESBL-E. coli have been detected across livestock in South America, with prevalence
in cattle ranging from 18% in Brazil to 48% in Peru [12,67]. In this study, we detected
ESBL-E. coli fecal carriage in cattle, swine, sheep, and chicken, showing the widespread
dissemination of these bacteria in agricultural settings. This is the first report of ESBL-E. coli
in cattle in Chile, although their prevalence was low (3%) compared to a similar study in
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Peru estimating a prevalence of 48% among small-scale farmers in the Lima region [12]. The
observed prevalence in Chile is similar to farms in high-income countries such as France
or Denmark, where the restriction of third-generation cephalosporins has been associated
with a reduction in ESBL-E. coli [68,69]. The high prevalence of resistance to ciprofloxacin
(over 60%) found in ESBL-E. coli isolated from domestic animals in this study is consistent
with the high level of plasmid-mediated quinolone resistant found in 74% of ESBL-E. coli
isolated from Chilean hospitals [70] and a high prevalence of resistance to ciprofloxacin
(84%) in ESBL-E. coli recovered from intensive care units of Southern Chile [71]. The
presence of ESBL-E. coli could result from low but existing selective pressure by the use of
third generation cephalosporins in these farms, which requires further investigation. In
a similar agricultural setting of Peru, the low use of cephalosporins [72] was associated
to a high prevalence of ESBL-E. coli in livestock (50%) [12], suggesting that factors other
than antibiotic use can influence AMR. For example, farm hygiene, herd size, contact
with humans or other husbandry conditions such as storage of slurry in a pit have been
associated with the presence of ESBL-E. coli in livestock [13,20,21].

The low prevalence of ESBL-E. coli in wildlife (less than 1%) is similar to other studies
focusing on ESBL-E. coli among wildlife in Latin America and other LMICs [12,73]. For
example, a previous study estimated a 4% prevalence of ESBL-E. coli among vampire bats
(Desmodus rotundus) in Peru using a similar methodology for screening [12]. Previous
studies conducted in Chile and Latin America have detected the presence of ESBL-E. coli
on wild birds including gulls [36], Andean condors [43], and three species of owls [42].
Likewise, blaCTX-M genes have been previously detected using qPCR methods from feces
in Andean foxes [52] and the guiña (Leopardus guigna) [74], although the bacteria species
carrying the genes, and whether it was expressed or not, remains unknown. To our
knowledge, this is the first study to report E. coli carrying CTX-M group 1 on wild mammals
in Chile. The origin of ESBL-E. coli found in a rodent remains to be clarified. Given the
presence of similar blaCTX-M genes among a nearby farm and a wide variety of ESBL-
E. coli strains circulating, one potential explanation is the transmission of blaCTX-M from
domestic animals, although other potential contamination sources (e.g., humans, water
contamination) cannot be discarded.

The high prevalence of ESBL-E. coli found in dogs (24%) highlights their role as either
passive ‘receivers’ or reservoirs of ESBL-E. coli in agricultural settings. Although there
are only a limited number of studies estimating the prevalence of ESBL-E. coli among
dogs, previous studies have shown a prevalence in Latin American dogs ranging from
9–30%, and a global prevalence of 7% [30,75–79]. The detection of ESBL-E. coli in dogs has
been associated with previous antibiotic treatment, but also close contact with livestock,
implying the potential transmission of these bacteria between livestock and dogs [29,30,80].
The latest is also suggested by our study, as the three farms where we detected ESBL-E.
coli in livestock also had a dog carrying ESBL-E. coli. Molecular typing by ERIC-PCR
showed no cluster of ESBL-E. coli by host species, while isolates sampled from a cow and
a dog at the same farm clustered together. These results suggest that bacterial strains
or ESBL genes such as blaCTX-M could be exchanged between host populations. Overall,
the circulation of ESBL-E. coli among dogs highlights the potential public health risk for
domestic animals but also for dog owners, given the potential spillover of bacteria from
dogs to humans [28,29,81]. Moreover, the higher prevalence observed in dogs compared
to livestock suggests that ESBL-E. coli could be spreading from dogs to livestock, and not
necessarily in the other direction, as most previous studies have assumed.

Our study constitutes one of the first One Health approaches to simultaneously
address the circulation of ESBL-E. coli among livestock, dogs, and wildlife in a rural setting.
However, several future research can complement our findings and provide further insight
into the selection and spread of AMR among these compartments. First, the limited
sample size of foxes prevented a more accurate estimation of ESBL-E. coli prevalence in this
species. Thus, we could not conclude whether predators or preys are more likely to carry
ESBL-E. coli in this setting. Secondly, the low selective pressure for ESBL-E. coli should be
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confirmed by studies on antibiotic use among farmers in these agricultural settings [72],
which are currently lacking in Chile. Although the use of antibiotics in Chilean terrestrial
livestock remains unknown, the national health authority (Servicio Agricola Ganadero)
advises the use of fluroquinolones and cephalosporins as a last resource antibiotic in
livestock, following a susceptibility test [82]. Antibiotic residues of tetracyclines, beta-
lactams, aminoglycosides, and macrolides have been found in eggs from backyard poultry
production [83]. Thirdly, although the ERIC-PCR technique used has a high resolution and
allows us to differentiate among E. coli strains from the same locality and host species [65],
several other molecular techniques can improve our understanding of the transmission
dynamics of resistance genes and E. coli. For example, future work could determine the
pathogenic potential of these strains using whole genome sequencing, or whether blaCTX-M
genes are carried by specific mobile elements such as plasmids. Finally, future research
should identify associated factors to ESBL-E. coli fecal carriage in each animal population
(e.g., individual characteristics of dogs and cattle).
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Abstract: Resistance mediated by β-lactamases is a globally spread menace. The aim of the present
study was to determine the occurrence of Escherichia coli producing plasmid-encoded AmpC β-
lactamases (pAmpC) in animals. Fecal samples from chickens (n = 159), cattle (n = 104), pigs (n = 214),
and various wild bird species (n = 168), collected from different Greek regions during 2018–2020,
were screened for the presence of pAmpC-encoding genes. Thirteen E. coli displaying resistance
to third-generation cephalosporins and a positive AmpC confirmation test were detected. blaCMY-2

was the sole pAmpC gene identified in 12 chickens’ and 1 wild bird (Eurasian magpie) isolates
and was in all cases linked to an upstream ISEcp1-like element. The isolates were classified into
five different sequence types: ST131, ST117, ST155, ST429, and ST1415. Four chickens’ stains were
assigned to ST131, while five chickens’ strains and the one from the Eurasian magpie belonged to
ST117. Seven pAmpC isolates co-harbored genes conferring resistance to tetracyclines (tetM, tetB,
tetC, tetD), 3 carried sulfonamide resistance genes (sulI and sulII), and 10 displayed mutations in the
quinolone resistance-determining regions of gyrA (S83L+D87N) and parC (S80I+E84V). This report
provides evidence of pAmpC dissemination, describing for the first time the presence of CMY-2 in
chickens and wild birds from Greece.

Keywords: Escherichia coli; AmpC β-lactamases; antimicrobial resistance; CMY-2 type; ISEcp1; chick-
ens; wild birds; livestock; Greece

1. Introduction

Antimicrobial resistance (AMR) is a globally emergent, constantly evolving threat
affecting humans, animals, and the environment, thus today constituting one of the great-
est One Health challenges. Bacterial resistance to cephalosporins is mainly mediated
by the production of extended-spectrum β-lactamases (ESBL) and AmpC β-lactamases.
AmpC enzymes confer resistance to β-lactams, with the exception of fourth-generation
cephalosporins and carbapenems, and subsequently render this essential class of antibi-
otics ineffective [1,2]. The presence of an AmpC combined with loss of outer membrane
porins can, notably, further mediate resistance to carbapenems [2,3]. Hence, although
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plasmid-encoded AmpC enzymes (pAmpC) are less prevalent than ESBL in most parts
of the world, they may lead to resistance of a broader spectrum, while additionally being
harder to detect [2].

The most common pAmpC β-lactamase reported in Escherichia coli (E. coli) isolates
of both human and animal origin globally is CMY-2 [4]. The zoonotic potential of this
resistance determinant is illustrated by the detection of blaCMY-2 on related plasmids and E.
coli clones in various hosts [5–7]. Insertion sequences, such as ISEcp1, are known to play an
important role in the mobilization and thus, the spread of this gene [8,9]. Among animals,
poultry have been described as the most frequent blaCMY-2 carrier that can also act as an
important infection source for humans, especially through meat and meat products [10,11].
On the contrary, cattle and pigs are less frequently detected to harbor this gene [12].
Alarmingly, the worldwide spread of pAmpC has additionally been evidenced in wildlife
and the environment [13,14]. Wild birds play an important role as vectors of AMR and
have been suggested as sentinels of circulating resistance genes within a certain geographic
region [15,16]. Omnivorous, synanthropic birds are more likely to carry and disseminate
resistant strains due to their vicinity to human activities and their feeding habits [17].
Despite the well documented role of animals as reservoirs and spreaders of pAmpC, their
ability to directly transmit resistant bacteria to humans remains debatable [10,18].

AMR constitutes a serious threat for Greek public health. According to the surveillance
report of the European Centre for Disease Prevention and Control (ECDC), Greece is
classified among the countries confronting AMR the most [19], while native consumption
of anti-infectives for systematic use is the highest in Europe [20]. pAmpC variants of the
CMY family seem to circulate among human isolates in the country [21], while there is
evidence to support that this case applies for companion animal isolates as well [22,23].
In livestock and poultry, the presence of pAmpC strains has also been ascertained [12,24].
However, there is hitherto paucity of knowledge regarding the molecular characteristics of
pAmpC strains isolated from farmed and wild animals, as well as their possible relationship
to human hosts.

Considering the emergence of AMR and the lack of detailed data in Greece, this study
aimed to evaluate the presence of pAmpC-producing E. coli from poultry, cattle, pigs, and
wild birds, to detect the responsible pAmpC genes and to identify the E. coli sequence
types (ST). All pAmpC-producing E. coli isolates that were phenotypically resistant to
antimicrobials other than β-lactams, including tetracyclines, sulfonamides, and quinolones,
were further tested for the respective resistance determinants.

2. Results
2.1. Detection of pAmpC Genes in E. coli Isolates

Among the 646 animal samples, 168 were derived from wild bird species, 104 from
cattle, 214 from pigs, and the remaining 159 from chickens. A total of 13 E. coli, 12 from
chickens (12/159, 7.5%) and 1 from a Eurasian magpie (1/168, 0.6%), was found to be
resistant to third-generation cephalosporins (3GC) and had a positive pAmpC-confirmation
test. Molecular screening for pAmpC encoding genes revealed that all isolates carried the
CMY-2 type and no other pAmpC gene type was detected in any isolate.

All strains were positive in the PCR targeting ISEcp1 – CMY, and sequencing analysis
confirmed that blaCMY-2 genes were linked to an upstream ISEcp1-like element.

2.2. Molecular Typing

Molecular typing of the 13 isolates classified them into five different STs. ST117 E. coli
was recovered from the wild bird as well as from five chickens. Among the remaining
seven chicken strains, four were assigned to ST131 and three were identified as either ST155
or ST429 or ST1415.

118



Antibiotics 2021, 10, 235

2.3. Detection of Additional Resistance Genes

According to susceptibility testing, 12 of the 13 CMY-2-positive E. coli strains, including
the one from the wild bird, exhibited concurrent resistance to at least three classes of
antibiotics. ESBL production, by phenotypic testing, was not observed for any strain. Six
strains from chickens and the one from a wild bird exhibited resistance to tetracycline
(TETR). Out of the seven tetracycline-resistant strains, six carried tetM, while co-occurrence
of tetB, tetC, and tetD was observed in the remaining one. Resistance to sulphonamides
was expressed in two strains from chickens as well as in the one from the Eurasian magpie,
which all harbored both sulI and sulII genes. Ten strains showed resistance to quinolones
and fluoroquinolones (QN/FQNR), although none carried qnrA, qnrB, or qnrS. Sequencing
analysis of the QRDRs of gyrA and parC, performed on the resistant isolates, revealed that
all strains displayed a mutation of serine-83 to leucine and a mutation of aspartic acid-87 to
asparagine in gyrA. In addition, ST131 strains also had alterations of serine-80 to isoleucine
and glutamic acid-84 to valine in the QRDR of parC.

The antimicrobial resistance and molecular typing results of the strains are summa-
rized in Table 1.

Table 1. Characteristics of the plasmid-encoded AmpC β-lactamase (pAmpC)-producing E. coli isolates.

Isolate Host Sequence Type
Resistance Profile

Phenotype Resistance
Determinants

Mutations
(gyrA/parC)

C46 Chicken ST429 AMP, AMC, TZP, CEX, CF, CEF, CFIX,
CTX, CAZ, CTRX blaCMY-2 -

C70 Chicken ST131 AMP, AMC, TZP, CEX, CF, CEF, CFIX,
CTX, CAZ, CTRX, FLU blaCMY-2 S83L+D87N/S80I+E84V

C79 Chicken ST131 AMP, AMC, TZP, CEX, CF, CEF, CFIX,
CTX, CAZ, CTRX, FLU blaCMY-2 S83L+D87N/S80I+E84V

C83 Chicken ST117 AMP, AMC, TZP, CEX, CF, CFIX,
CAZ, CTRX, FLU, TET, SXT

blaCMY-2,
tetM, sulI, sulII S83L+D87N

C88 Chicken ST117 AMP, AMC, TZP, CEX, CF, CFIX,
CAZ, CTRX, FLU, TET blaCMY-2, tetM S83L+D87N

C103 Chicken ST117 AMP, AMC, TZP, CEX, CF, CFIX,
CAZ, CTRX, FLU, TET blaCMY-2, tetM S83L+D87N

C117 Chicken ST117 AMP, AMC, TZP, CEX, CF, CFIX,
CAZ, CTRX, FLU, TET blaCMY-2, tetM S83L+D87N

C119 Chicken ST117 AMP, AMC, TZP, CEX, CF, CFIX,
CAZ, CTRX, FLU, TET, SXT

blaCMY-2,
tetM, sulI, sulII S83L+D87N

C136 Chicken ST131 AMP, AMC, TZP, CEX, CF, CEF, CFIX,
CTX, CAZ, CTRX, FLU blaCMY-2 S83L+D87N/S80I+E84V

C138 Chicken ST1415 AMP, AMC, TZP, CEX, CF, CEF, CFIX,
CTX, CAZ, CTRX, TET

blaCMY-2, tetB,
tetC, tetD -

C147 Chicken ST131 AMP, AMC, TZP, CEX, CF, CEF, CFIX,
CTX, CAZ, CTRX, FLU blaCMY-2 S83L+D87N/S80I+E84V

C156 Chicken ST155 AMP, AMC, TZP, CEX, CF, CEF, CFIX,
CTX, CAZ, CTRX blaCMY-2 -

WB105
Eurasian
magpie

(Pica pica)
ST117 AMP, AMC, TZP, CEX, CF, CEF, CFIX,

CTX, CAZ, CTRX, FLU, TET, SXT
blaCMY-2, tetM,

sulI, sulII S83L+D87N

AMP—ampicillin, AMC—amoxicillin/clavulanic acid, TZP—piperacillin/tazobactam, CEX—cefalexin, CF—cefalotin, CEF—
ceftiofur, CFIX—cefixime, CTX—cefotaxime, CAZ—ceftazidime, CTRX—ceftriaxone, FLU—flumequine, TET—tetracycline, SXT—
trimethoprim/sulfamethoxazole.

3. Discussion

In this study, pAmpC-producing E. coli strains were detected in 7.5% of chickens and
0.6% of wild birds, while they were not identified in cattle and pig samples. The higher
frequency of pAmpC isolates among poultry, compared to other species, was in accordance
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with previously published data [10,12]. Their absence in cattle and pigs was expected,
considering the European Union Summary Report on Antimicrobial Resistance for the
years 2017 and 2018 that described low detection among fattening pigs and zero occurrence
in bovine meat from Greece [12].

To the best of our knowledge, this is the first time that CMY-2 type is identified
from E. coli isolates of farmed chickens in Greece and blaCMY-2 was the sole pAmpC gene
detected, which is in agreement with previous studies [25–27]. Carriage was relatively
low (7.5%), compared to recent reports from neighboring countries such as Turkey [28],
Romania [29], and Italy [25]. Our finding may be indicative of CMY-2 type low occurrence
in Greek poultry but, given the lack of previous screening studies, further investigations
would be helpful to verify the aforementioned low prevalence. Considering the European
prohibition of cephalosporins’ use in poultry, the emergence of ESBL/pAmpC-producing
Enterobacteriaceae may be attributed to the treatment of eggs and/or one-day-old chickens
in grandparent and parent flocks, along with the current management practices [30,31]. It
has been shown that broilers can maintain pAmpC E. coli imported to the flock via one-day-
old chicks or breeding animals even in the absence of selective antibiotic pressure [32,33].
This can be reflected in poultry meat, raising concern about the zoonotic capacity of
pAmpC isolates.

We additionally detected a pAmpC-producing E. coli harbored by a Eurasian magpie
(Pica pica) and, as far as we know, this is the first identification of CMY-2 type gene in a
wild bird species from Greece. CMY-2 prevails among pAmpC E. coli isolates of corvids
from The Czech Republic, Poland [34], Austria [16], Canada [17], and The USA [35,36], and
of aquatic birds from The Netherlands [13], Spain [37], and Florida, USA [38]. We found a
relatively low pAmpC carriage (0.6%) and our results are comparable with those of Alcala
et al. [37] who reported 1.0% detection in Spain. Although higher pAmpC carriage has been
published previously, varying from 3.4% in The Netherlands [13] to 26.9% in Florida [38],
the low detection reported in our study could be attributed to the wide variety of the
sampled wild bird species. Sampling and testing were performed, for screening purposes,
not only in corvids and aquatic birds, but additionally in “low-risk” wild bird species,
which are neither migratory nor omnivorous or aquatic-associated. Eurasian magpie is an
omnivore and opportunistic scavenger, highly adapted to human environments and one
of the most abundant corvids in Europe. Its diet and ecology, frequently interacting with
humans and domestic animals, could explain the detection of a pAmpC-producing strain,
as previously described for corvid populations [17]. Eurasian magpies are also known to
form large communal roosts outside the breeding season, which could contribute to CMY-2
persistence and dissemination by bird-to-bird transmission during winter.

ISEcp1 was found in the upstream region of blaCMY-2 in all our isolates. Co-existence
of ISEcp1 with ESBL/pAmpC genes in E. coli strains is well documented and has been asso-
ciated with their efficient capture, expression, and mobilization [39,40]. Being responsible
for blaCMY-2 transposition to different plasmids, ISEcp1 probably has an important role in
the dissemination of this beta-lactamase and subsequently the enhancement of its zoonotic
potential [41].

MLST analysis demonstrated that the CMY-2-producing E. coli isolates of chickens
were distributed in five different STs. Four chickens’ strains were assigned to ST131, a clone
with a worldwide distribution that has contributed to the dissemination of the ubiquitous
ESBL variant CTX-M-15, as well as other resistance genes [42,43]. This finding highlights
the potential of acquired AmpC enzymes to arise as an important zoonotic issue. Further
supporting this claim, we also detected blaCMY-2 type in a chicken E. coli ST155, a clone
commonly reported in poultry but additionally significant for public health [44,45]. On the
contrary, ST429 that was detected to express CMY-2, is a predominant avian pathogenic
lineage, related only to incidental human infections [46,47]. In Greece, CMY-2-producing E.
coli ST429 has previously been isolated from a healthy household dog [23], which could
imply inter-species circulation of the clone in the country. The CMY-2 type-producing E.
coli isolated from the Eurasian magpie (Pica pica) belonged to ST117, previously reported in
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corvids both in Europe and in Canada [17,34]. Five chickens’ isolates were also assigned to
this clinically important multiresistant ST, suggesting possible strain transmission among
different animal hosts in the country. Detection of ST117 in poultry and a wild bird raises
concern, given its frequent association to hospital-based and community-acquired human
infections worldwide [48–50]. Finally, an E. coli of chicken origin was classified as ST1415,
a rather rare ST that, to our knowledge, has not been previously related to CMY-2.

Tetracycline resistance genes were identified in 6 out of the 12 CMY-2-producing
poultry isolates, as well as in the Eurasian magpie isolate. Five chickens’ strains carried
tetM, while tetB, tetC, and tetD were detected in the remaining one. The high frequency
of tetracycline resistance among chicken pAmpC-producing isolates probably depicts
the widespread use of this antibiotic in poultry husbandry all over the world [51]. Co-
occurrence of blaCMY-2 and tet genes has formerly been reported in E. coli isolates from
chicken carcasses in South Brazil [41], retail chicken meat in Canada [52], as well as in avian
pathogenic E. coli from septicemic broilers in Egypt [53]. Additionally, the Eurasian magpie
CMY-2 type-positive isolate displayed tetracycline resistance mediated by tetM and our
finding complies with Sen et al. [35], who detected co-occurrence of tetM and blaCMY-2 in
crow isolates.

Resistance to sulfonamides was detected in three strains, two from chickens and the
one from the Eurasian magpie, which all harbored sulI and sulII sulfonamide resistance
genes. In the past, sulfonamides were extensively used in traditional poultry production
systems in order to achieve higher population densities and increased production. Over-
consumption of this antimicrobial class resulted in the development of high resistance
rates, reducing significantly its role in the poultry production nowadays [54,55]. As far as
the Eurasian magpie isolate is concerned, resistance against chemically synthesized antibi-
otic classes such as sulphonamides has been reported in wild fauna, even though these
antimicrobials are not expected to be widespread in the environment [56]. Co-occurrence
of ESBL/pAmpC and sulfonamide resistance determinants on the same plasmid could
probably explain the latter’s detection in the wild bird isolate [57].

Quinolone resistance was also reported in CMY-2 E. coli strains from nine chickens
and the Eurasian magpie. Mutations were responsible for the QN/FQNR phenotype and
all isolates possessed the same amino acid substitution pattern in gyrA gene. ST131 E.
coli possessed the S83L + D87N in gyrA combined with S80I + E84V in parC. Notably, the
same mutations have been found in a collection of ST131 E. coli isolated from humans
in Central Greece [58]. That study suggested that fluoroquinolone resistance in humans
could be related to the use of these antimicrobials in the veterinary practice and the poultry
production of the area. Our results verify that this specific substitutional pattern exists in E.
coli strains of poultry origin. However, no isolate in our study co-harbored blaCMY-2 and
plasmid mediated quinolone resistance (PMQR) genes, as has previously been described
for ESBL/pAmpC-producing E. coli of poultry and wild bird origin [13,59,60].

4. Materials and Methods
4.1. Sample Collection

During 2018–2020, a total of 646 non duplicated fecal samples of clinically healthy
animals were collected from different regions of Greece. In particular, 159 stool samples
were collected from chickens, 104 from cattle, 214 from pigs, and 168 from thirty different
wild bird species (Table 2). Samples were obtained by inserting a sterile cotton swab
(Transwab® Amies, UK) into the rectum or the cloaca and gently rotating the tip against
the mucosa.

Regarding sampling of different wild bird species, Larsen and Australian type traps
as well as modified bird catching nets were used, located in a variety of habitats. The
sampling site of each wild bird was recorded using handheld Global Positioning System
(GPS) units. All wild birds were released immediately following sampling, according to
the prerequisites of the Greek Legislation.
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Swabs were transported under refrigeration and laboratory analysis was initiated
24–48 h from the samples’ collection day.

Table 2. Number of samples per wild bird species included in the study.

Common Name Scientific Name Number of Samples

Common blackbird Turdus merula 4

Common buzzard Buteo buteo 5

Common pheasant Phasianus colchicus 7

Common starling Sturnus vulgaris) 9

Common swift Apus apus 1

Common whitethroat Sylvia communis 2

Common wood pigeon Columba palumbus 3

Domestic Muscovy duck Cairina moschata domestica 1

Domestic goose Anser cygnoides domesticus 1

Eurasian collared dove Streptopelia decaocto 2

Eurasian eagle-owl Bubo bubo 3

European goldfinch Carduelis carduelis 6

Eurasian scops owl Otus scops 1

Eurasian tree sparrow Passer montanus 9

Eurasian woodcock Scolopax rusticola 11

Golden pheasant Chrysolophus pictus 2

Great tit Parus major 5

House sparrow Passer domesticus 14

Lesser kestrel Falco naumanni 1

Leaf warbler Phylloscopus spp. 1

Little owl Athene noctua 2

Long-eared owl Asio otus 2

Eurasian Magpie Pica pica 52

Mallard Anas platyrhynchos 3

Redwing Turdus iliacus 1

Rock partridge Alectoris graeca 3

Sardinian warbler Sylvia melanocephala 1

Short-toed snake eagle Circaetus gallicus 1

Song thrush Turdus philomelos 14

Yellow-legged gull Larus michahellis 1

4.2. Isolation, Identification and Antimicrobial Susceptibility Testing of pAmpC-producing E. coli

For the isolation of pAmpC-producing Enterobacterales, swabs were directly streaked
on ESBL selective media (CHROMID® ESBL, BioMérieux, Marcy l’Etoile, France) (a medium
able to detect both ESBLs and high-level expressed AmpC cephalosporinases) and then the
plates were incubated aerobically at 37 ◦C for 48 h in order to increase sensitivity [61]. Each
morphologically different pink colony, corresponding to E. coli grown on the plates, was
sub-cultured on MacConkey agar. Identification of the isolated bacteria and antimicrobial
susceptibility testing were carried out using the automated Vitek-2 system (BioMérieux,
Marcy l’Etoile, France), according to the manufacturer’s instructions. The antimicrobial
agents tested, using the AST-GN96 card, were ampicillin, amoxicillin/clavulanic acid, ticar-
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cillin/clavulanic acid, cefalexin, cefalotin, cefoperazone, ceftiofur, cefquinome, imipenem,
gentamicin, neomycin, flumequine, enrofloxacin, marbofloxacin, tetracycline, florfenicol,
polymyxin B, and trimethoprim/sulfamethoxazole. Interpretation of the antimicrobial
susceptibility testing was performed automatically by the Vitek-2 software (BioMérieux,
system version 8.02). Susceptibility to piperacillin/tazobactam, cefixime, cefotaxime, cef-
tazidime, and ceftriaxone was also tested by Etest, according to EUCAST guidelines [62].

All E. coli isolates that were resistant to 3GC were further tested for phenotypic
AmpC production using Etest strips containing cefotetan and cefotetan plus cloxacillin
(Liofilchem). Isolates that had a ratio cefotetan/cefotetan + cloxacillin ≥8 were selected
for molecular detection of AmpC genes and molecular typing. Additionally, these isolates
were phenotypically screened for ESBL production using Etest strips containing cefotaxime
+/- clavulanic acid and Ceftazidime +/- clavulanic acid (Liofilchem). An MIC ratio ≥8 or
the presence of a deformed ellipse were considered indicative of ESBL production.

4.3. DNA Extraction of the AmpC-Producing E.coli

Bacterial DNA was extracted from overnight cultures of the selected isolates using the
PureLinkTM Genomic DNA Mini Kit (Invitrogen, Darmstadt, Germany), according to the
manufacturer’s instructions for Gram-negative bacteria.

4.4. Molecular Confirmation of PAmpC Production and Screening of Insertion Sequence

In all isolates, simplex PCRs were performed for amplification of genes for the most
common types of plasmid mediated AmpC β-lactamases using the primers described by
Pérez-Pérez and Hanson [63] (Table 3). Post-amplification products were visualized on
2% agarose gel electrophoresis. The PCR products were purified and were analyzed by
sequencing (3730xl DNA Analyzer, Applied Biosystems).

Table 3. Primer sequences, amplicon sizes, and optimal annealing temperatures of each simplex PCR performed for the
amplification of pAmpC and other resistance genes.

Target Primer Sequence (5′-3′) Amplicon Size (bp) Annealing
Temperature (◦C) Reference

MOX
(MOX-1, MOX-2, CMY-1,

CMY-8 to CMY-11)

F: GCTGCTCAAGGAGCACAGGAT
520 55 [63]

R:CACATTGACATAGGTGTGGTGC

CIT
(LAT-1 to LAT-4,

CMY-2 to CMY-7, BIL-1)

F: TGGCCAGAACTGACAGGCAAA
462 55 [63]

R: TTTCTCCTGAACGTGGCTGGC

DHA
(DHA-1, DHA-2)

F: AACTTTCACAGGTGTGCTGGGT
405 56 [63]R: CCGTACGCATACTGGCTTTGC

ACC
F: AACAGCCTCAGCAGCCGGTTA

346 55 [63]R: TTCGCCGCAATCATCCCTAGC

EBC
(MIR-1T ACT-1)

F: TCGGTAAAGCCGATGTTGCGG
302 58 [63]R: CTTCCACTGCGGCTGCCAGTT

FOX
(FOX-1 to FOX-5b)

F:AACATGGGGTATCAGGGAGATG
190 55 [63]R: CAAAGCGCGTAACCGGATTGG

tetA
F: GCCTTTCCTTTGGGTTCTCT

402 55 [64]R: TGTCCGACAAGTTGCATGAT

tetB
F: CACCACCAGCCAATAAAATT

319 52 This study
R: TTTATTTAAAACGATGCCCA

tetC
F: TCACTGGTTAACTCAGCACG

319 52 This study
R: TCAAGTTCATTCCAACCAAT

tetD
F: CTCCAATTCCCATAATTTAT

379 52 This study
R: ATCAAAATAAAGCTAATAAC

tetM
F: TTATCAACGGTTTATCAGG

398 57 This study
R: CGTATATATGCAAGACG

qnrA F: AGAGGATTTCTCACGCCAGG
580 55 [58]R: CCAGGCACAGATCTTGAC

qnrB F: GGGTATGGATATTATTGATAAAG
264 55 [58]R: CTAATCCGGCAGCACTATTA
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Table 3. Cont.

Target Primer Sequence (5′-3′) Amplicon Size (bp) Annealing
Temperature (◦C) Reference

qnrS F: GCAAGTTCATTGAACAGGGT
428 55 [58]R: TCTAAACCGTCGAGTTCGGC

gyrA F: TTAATGATTGCCGCCGTCGG
648 54 [58]R: TACACCGGTCAACATTGAGG

parC F: GTGGTGCCGTTAAGCAAA
395 55 [58]R: AAACCTGTTCAGCGCCGCATT

sulI
F: ACG AGA TTG TGC GGT TCT TC

347 55 [64]R: GGT TTC CGA GAT GGT GAT TG

sulII
F: CCG TCT CGC TCG ACA GTT AT

506 55 [64]R: GTG TGT GCG GAT GAA GTC AG

ISEcp1 – CMY F- AAAAATGATTGAAAGGTGGT
546 52 [41]R- TTTCTCCTGAACGTGGCTGGC

The presence of ISEcp1 insertion element upstream of the blaCMY-2 was investigated by
PCR, using a forward primer targeting the ISEcp1 element and a reverse primer targeting
the blaCMY, as described previously [41] (Table 3).

4.5. Molecular Typing of Isolates

Molecular typing of isolates was based on Multilocus Sequence Typing (MLST) in
which amplification of seven gene loci (adk, fumC, gyrB, icd, mdh, purA, recA) was performed
by PCR (Table 3). PCR products were purified using PureLinkTM PCR Purification Kit
(Thermo Fisher Scientific), according to the manufacturer’s instructions. Purified products
were sequenced (3730xl DNA Analyzer, Applied Biosystems) and analysis of the alleles was
conducted using an online available database (https://pubmlst.org/bigsdb?db=pubmlst_
ecoli_achtman_seqdef) (accessed date: 5 February 2021).

4.6. Molecular Detection of Additional Resistance Genes

Strains in which the presence of a pAmpC gene was confirmed and were phenotypi-
cally resistant to tetracyclines, sulfonamides, and/or quinolones were additionally tested
for the respective resistance genes. In detail, genes conferring resistance to tetracycline
(tetA, tetB, tetC, tetD, tetM), to sulfonamides (sulI, sulII), and the PMQR determinants (qnrA,
qnrB, qnrS) were investigated by PCR. Quinolone-resistant isolates were also screened for
mutations in the quinolone resistance-determining regions (QRDRs) of gyrA and parC by
PCR and sequencing of the amplicons was performed (3730xl DNA Analyzer, Applied
Biosystems) (Table 3).

5. Conclusions

In this study, we investigated, for the first time, the occurrence of pAmpC-producing
E. coli from various hosts in Greece. Chicken and wild bird strains harbored blaCMY-2 type
in a low prevalence, while pAmpC were not detected in cattle and pigs. ST117 and ST131
were the predominant circulating CMY-2 E. coli clones. Tetracycline, sulfonamide, and
quinolone resistance were also identified in the CMY-2 strains, revealing the presence of tet
genes, sul genes, and of mutations in the QRDRs, respectively.
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Abstract: Vancomycin-Resistant Enterococci (VRE) are on the rise worldwide. Here, we report the
first prevalence of VRE in Nigeria using systematic review and meta-analysis. International databases
MedLib, PubMed, International Scientific Indexing (ISI), Web of Science, Scopus, Google Scholar,
and African journals online (AJOL) were searched. Information was extracted by two independent
reviewers, and results were reviewed by the third. Two reviewers independently assessed the study
quality using the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA)
checklist. OpenMeta analyst was used. The random effect was used, and publication bias was assessed
using a funnel plot. Between-study heterogeneity was assessed, and the sources were analysed using
the leave-one-out meta-analysis, subgroup analysis, and meta-regression. Nineteen studies met the
eligibility criteria and were added to the final meta-analysis, and the study period was from 2009–2018.
Of the 2552 isolates tested, 349 were VRE, and E. faecalis was reported the most. The pooled prevalence
of VRE in Nigeria was estimated at 25.3% (95% CI; 19.8–30.8%; I2 = 96.26%; p < 0.001). Between-study
variability was high (t2 = 0.011; heterogeneity I2 = 96.26% with heterogeneity chi-square (Q) = 480.667,
degrees of freedom (df) = 18, and p = 0.001). The funnel plot showed no publication bias, and the
leave-one-out forest plot did not affect the pooled prevalence. The South-East region had a moderate
heterogeneity though not significant (I2 = 51.15%, p = 0.129). Meta-regression showed that all the
variables listed contributed to the heterogeneity except for the animal isolate source (p = 0.188) and
studies that were done in 2013 (p = 0.219). Adherence to proper and accurate antimicrobial usage,
comprehensive testing, and continuous surveillance of VRE are required.

Keywords: Enterococcus; vancomycin resistance; systematic review; meta-analysis; Nigeria

1. Introduction

Enterococcus is a Gram-positive and catalase-negative bacterium. It is an important gastrointestinal
tract normal flora of most warm-blooded animals and humans [1,2]. However, different species of
Gram-positive cocci could be an opportunistic pathogen causing various infectious diseases [3,4].
Enterococcus species especially Enterococcus faecium and Enterococcus faecalis are two common causes of
urinary tract infection [5,6], inflammation of the lining of the heart and its valves, intra-abdominal
abscesses, wound infections, bacteremia, and sepsis in human [7]. It has been proven that Enterococcus
is the second leading cause of urinary tract and wound infections and the third leading cause of
bacteremia in hospitals [8]. The inherent resistance to several antibiotics and their ability to cause
infections has placed enterococci on the pedestal as an important hospital-acquired pathogen [9].
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Hospital-acquired infection, especially that caused by Vancomycin-Resistant Enterococci (VRE),
has been on the rise regardless of their low pathogenicity and virulence. VRE prevalence in the
intensive care unit (ICU) of many hospitals worldwide is high and more so when patients have an
underlying health condition such as diabetes mellitus, neutropenia, and impaired renal function [10].
In the treatment of infections caused by Enterococcus, vancomycin and sometimes with any other
aminoglycoside, is used because of its bactericidal efficacy. These antibiotics are usually used to treat
infections caused by methicillin-resistant Staphylococcus aureus and other Gram-positive bacteria [11,12].
Vancomycin is used as the last option in the treatment of Enterococcus [9] as its resistance to antibiotics
is as a result of either an inherent or acquired machinery. Isolates of E. faecalis and E. faecium exhibit
high resistance to vancomycin while the reverse is the case for E. gallinarum and E. flavescens as they
exhibit low resistance [13]. Genetic elements known as van genes confer resistance to Enterococcus of
which vanA and vanB present mostly in E. faecium occur the most and are well-distributed, especially
among hospital isolates [13]. There is a disturbing trend following several reports on the resistance of
enterococcus to linezolid and daptomycin, two potent antibiotics used against VRE infection [14,15]
while Melese et al. [16] stated that the persistent increase in nosocomial infection caused by VRE is
being reported by several studies.

One of the most important goals of meta-analyses is to provide an accurate and reliable result
by increasing the sample size and reducing the width of the 95% CI from the range of the various
applicable studies. Several studies are reporting VRE in Nigeria as a result of its role in the livestock
industry and the health sector. Nigeria is beginning to generate a lot of revenue from the livestock
industry recently as a result of the border closure. This simply means that a lot of farmers would want
to sell their product in time and might result in the use of growth promoters such as avoparcin. It is
therefore important that this sector is closely guarded given the risk of importation of an infected and
tainted product. The knowledge of VRE distribution can be used to develop a policy to curtail the
spread of resistant bacteria while addressing the prevention, control, and treatment as it is of public
health significance. Such a policy would ensure that healthy livestock products are consumed, and
resistant bacteria monitored. It is, however, necessary to obtain the pool prevalence of VRE in Nigeria
from different sources using meta-analysis to enable the Nigeria Center for Disease Control (NCDC) to
develop a policy and road map for its prevention and elimination. A meta-analysis would help us
validate the results of various studies reporting VRE in Nigeria and put forward a measure that is
accurate and reliable.

It is based on the above points that this paper was designed to determine the pooled prevalence
of VRE using a systematic literature review and meta-analysis in Nigeria.

2. Results

2.1. Search Results and Eligible Studies

Figure 1 shows the search results. A total of 500 studies were found, of which 120 were left after
duplicates were removed. Of the 120 studies screened for eligibility, 97 were excluded as they did not
meet any of the inclusion criteria. Twenty-three full-text articles were assessed for eligibility with four
excluded since vancomycin was not used in their antimicrobial susceptibility test and had insufficient
information. A total of 19 full-text studies were used for quantitative analyses.

130



Antibiotics 2020, 9, 565

Antibiotics 2020, 9, x FOR PEER REVIEW 3 of 16 

 
Figure 1. PRISMA flow diagram for the selection of eligible articles included in the study. 

2.2. Characteristics of the Eligible Studies 

All the 19 studies included in this review were cross sectional by design. Most of the studies 
were reported from the South-West region (n = 8) [17–24]. Other studies include the North-Central 
region (n = 3) [25–27], South-East region (n = 3) [28–30], South-South (n = 4) [31–34], and North-West 
region (n = 1) [35]. No study was reported in the North-East region of the country. Of the 2552 isolates 
tested, 349 were VRE. The sample size ranges from as low as 7 [17] to as high as 658 [20] and 
prevalence as high as 88.9% in the South-South region [31] to as low as 1.1% in the North-Central 
region [27] (Table 1). The highest number of VRE (n = 77) was isolated from environmental sources 
in the study conducted in the South-West region of Nigeria. The study analysed the highest number 
of specimens compared to others [20]. Most of the studies utilised the disk diffusion method in their 
antimicrobial susceptibility testing except for [18] and [27], who utilised agar dilution and VRE 
chromogenic agar, respectively (Table 1). The majority of the data included in analyses were from 
clinical studies (n = 8) which involved clinical specimens, and environmental studies (n = 7) with 
others from animal studies (n = 4) (Table 1). Details of the characteristics of the included studies are 
summarized in (Table 1) below and a map showing the spatial distribution and number of studies of 
VRE in Nigeria is shown in Figure 2. 

Only 12 studies reported the reported the prevalence of VRE according to species (Table 2). E. 
faecalis was the most reported with a prevalence of 62.98% (148/235) followed by E. faecium with a 
prevalence of 21. 70% (51/235) 

Figure 1. PRISMA flow diagram for the selection of eligible articles included in the study.

2.2. Characteristics of the Eligible Studies

All the 19 studies included in this review were cross sectional by design. Most of the studies were
reported from the South-West region (n = 8) [17–24]. Other studies include the North-Central region
(n = 3) [25–27], South-East region (n = 3) [28–30], South-South (n = 4) [31–34], and North-West region
(n = 1) [35]. No study was reported in the North-East region of the country. Of the 2552 isolates tested,
349 were VRE. The sample size ranges from as low as 7 [17] to as high as 658 [20] and prevalence
as high as 88.9% in the South-South region [31] to as low as 1.1% in the North-Central region [27]
(Table 1). The highest number of VRE (n = 77) was isolated from environmental sources in the study
conducted in the South-West region of Nigeria. The study analysed the highest number of specimens
compared to others [20]. Most of the studies utilised the disk diffusion method in their antimicrobial
susceptibility testing except for [18] and [27], who utilised agar dilution and VRE chromogenic agar,
respectively (Table 1). The majority of the data included in analyses were from clinical studies (n = 8)
which involved clinical specimens, and environmental studies (n = 7) with others from animal studies
(n = 4) (Table 1). Details of the characteristics of the included studies are summarized in (Table 1)
below and a map showing the spatial distribution and number of studies of VRE in Nigeria is shown
in Figure 2.

Only 12 studies reported the reported the prevalence of VRE according to species (Table 2). E.
faecalis was the most reported with a prevalence of 62.98% (148/235) followed by E. faecium with a
prevalence of 21. 70% (51/235)
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2.3. The Pooled Prevalence of VRE

The pooled prevalence of VRE in Nigeria was estimated at 25.3% (95% CI; 19.8–30.8%; I2 = 96.26%;
p < 0.001) (Figure 3). Random-effects meta-analyses were carried out using the total sample size and
number of positives (effect size, standard error of effect size) to estimate the prevalence of VRE in
Nigeria. Between-study variability was high (t2 = 0.011; heterogeneity I2 = 96.26% with heterogeneity
chi-square (Q) = 480.667, degrees of freedom (df) = 18, and p = 0.001).
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Sensitivity analysis using the leave-one-out forest plot revealed that no single study significantly
influenced the heterogeneity and pooled prevalence of VRE (25.3%; 95% CI; 19.8–30.8%; p < 0.001)
(Figure 4). The presence of publication bias was observed from the drawn asymmetric funnel plot
(Figure 5) which indicates no publication bias.
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2.4. Subgroup Meta-Analysis

Since this meta-analysis showed substantial heterogeneity, subgroup analysis was done using
the study period, study area, isolate sources, and detection method to identify the possible sources
of heterogeneity among the studies. The result of subgroup meta-analysis by study region revealed
overall large variability in studies reporting the prevalence of VRE (the Higgins I2 statistic = 96.26%
with heterogeneity chi-square (Q) = 480.667, degrees of freedom = 18, and p < 0.001). The Southeast

134



Antibiotics 2020, 9, 565

region was the only region with moderate heterogeneity, though not significant (I2 = 51.15%, p = 0.129),
revealing a probable cause of heterogeneity. The overall statistics are shown in Table 3.

Table 3. Subgroup analysis for comparisons of the prevalence of VRE across study regions.

Study Region Number
of Studies

Prevalence
(%) 95% CI I2 (%) Q

Heterogeneity Test

DF p

South-West 8 20.7 13.1–28.2 95.5 155.404 7 <0.001
North-Central 3 22.4 −3.6–48.3 97.81 91.227 2 <0.001

South-East 3 10.2 2.7–17.8 51.15 4.094 2 0.129
North-West 1 25.0 3.8–46.2 NA - - -
South-South 4 56.2 33.5–79.0 88.37 25.802 3 <0.001

Overall 19 25.3 19.8–30.8 96.26 480.667 18 <0.001

Similarly, the result of subgroup meta-analysis by isolate source revealed the highest variability in
isolates from clinical (I2 = 195.18%), followed by the environment (I2 = 95.33%), and animal sources
(I2 = 96.37%). Isolates from environmental sources had the highest prevalence (27.2%, CI 17.3–13.2%).
The overall statistics are shown in Table 4.

Table 4. Subgroup analysis for comparison of prevalence of VRE among isolate sources.

Isolate Source Number
of Studies

Prevalence
(%) 95% CI I2 (%) Q

Heterogeneity Test

DF p

Clinical 8 19.9 12.5–27.2 195.18 145.362 7 <0.001
Environmental 7 27.2 17.3–37.2 95.33 128.519 6 <0.001

Animal 4 32.9 5.1–60.7 96.37 82.535 3 <0.001
Overall 19 25.3 19.8–30.8 96.26 480.667 18 <0.001

Further, the result of subgroup meta-analysis by the detection method revealed that 16 of the
studies utilised the disc diffusion method in their antimicrobial susceptibility test accounting for a
prevalence of 33.8% with a CI of 24.3–43.4% and I2 of 93.84%. The overall statistics are shown in Table 5.

Table 5. Subgroup analysis for comparison of prevalence of VRE using various detection methods.

Detection Method Number
of Studies

Prevalence
(%) 95% CI I2 (%) Q

Heterogeneity Test

DF p

Disc diffusion 15 33.8 24.3–43.4 93.84 227.406 14 <0.001
Disc diffusion 1 4.1 1.6–6.5 - - - -
Agar dilution 1 17.9 9.4–26.5 - - - -

E test 1 1.9 1.9–6.2 - - - -
VRE chromogenic agar 1 1.1 1.1–0.2 - - - -

Overall 19 25.3 19.8–30.8 96.26 480.667 18 <0.001

Finally, the result of subgroup meta-analysis by study period revealed that the years 2017 and 2018
had four studies each, and the study period ranged from 2009 to 2018. The prevalence of VRE ranged
from 42.9%, CI 6.2–79.5% in 2009 to 53.6%, CI 26.5–80.7%, indicating an increase in the prevalence of
VRE over 10 years. The overall statistics are shown in Table 6.
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Table 6. Subgroup analysis for comparison of prevalence of VRE across study periods.

Study
Period

Number
of Studies

Prevalence
(%) 95% CI I2 (%) Q

Heterogeneity Test

DF p

2009 1 42.9 6.2–79.5 - - - -
2010 1 17.9 9.4–26.5 - - - -
2012 2 18.5 −10.4–47.5 97.14 34.954 1 <0.001
2013 2 7.9 4.0–15.3 95.19 20.806 1 <0.001
2014 1 25.0 3.8–46.2 - - - -
2015 3 23.1 0.7–45.5 98.19 110.342 2 <0.001
2016 1 8.3 −0.7–17.4 - - - -
2017 4 30.2 18.0–42.3 82.92 17.560 3 <0.001
2018 4 53.6 26.5–80.7 90.54 31.711 3 <0.001

Overall 19 25.3 19.8–30.8 96.26 480.667 18 <0.001

2.5. Meta-Regression

Meta-regression analysis was done for each variable included in the study individually.
The variables included were study region, study year, isolate sources, and detection method. Continuous
variables were subjected to assessment to observe a linear relationship with the independent effect size.
Variables with p-values < 0.25 were used in the multivariable meta-regression analysis. Independent
variables such as study region, study year, isolate sources, and detection method had a reasonably
significant value and were retained in the final multivariate analysis. Most of the variables were
significantly associated with the prevalence of VRE in the final multivariate meta-regression except for
the animal isolate source (p = 0.188) and studies done in 2013 (p = 0.219). Interestingly, all the variables
listed contributed to the heterogeneity observed in this study except for the animal isolate source and
studies done in 2013. No result was computed for the study period 2016–2018. The final multivariate
meta-regression is shown in Table 7 below.

Table 7. Final multivariable meta-regression model.

Variable Coefficient p-Value 95% CI

Study area

South-West Reference
North-Central 0.175 0.005 5.2–29.8

North-West −1.044 <0.001 −142.1–−66.7
South-East −0.533 <0.001 −65.9–−40.7

South-South −0.286 0.003 −47.7–−9.4

Isolates source

Clinical Reference
Animal 0.273 0.188 −13.3–67.9

Environmental 0.865 <0.001 38.4–134.6

Detection method

Disc diffusion Reference
Agar dilution −1.114 <0.001 −143.7–−79.2

E test 0.371 <0.001 16.7–57.5
VRE chromogenic agar −0.917 <0.001 −113.9–−69.6

Study period

2009 Reference
2010 −1.132 <0.001 −147.8–−78.6
2012 −1.177 <0.001 −148.9–−86.5
2013 −0.093 0.219 −24.1–55.0
2014 −0.230 0.041 −45.1–−0.9
2015 −0.688 <0.001 −87.9–−49.6

Constant 0.429 0.022 6.2–79.5
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3. Discussion

To the best of our knowledge, this is the first study to determine the prevalence of VRE in
Nigeria using systematic review and meta-analysis. For interventions to be accurately formulated,
the prevalence of VRE needs to be known. The NCDC has a program in collaboration with the Federal
Ministries of Health, Agriculture and Rural Development and Environment designed to checkmate
antimicrobial resistance (AMR) [36]. A National AMR Technical Working Group (AMR-TWG) was
inaugurated with members from several sectors such as human and animal health, food animal
production, and the environment. The objective of this group is to analyse the situation of AMR in
Nigeria and to develop an action plan for its prevention treatment and control. This is a robust plan,
but the plan did not list VRE as a priority pathogen given that VRE is one of the most common causes
of nosocomial infection worldwide.

The results presented in this report were from the analysis of data obtained through a systematic
review of scientific publications on the prevalence of VRE at the country level between the years of
2009–2019, and the literature was heterogeneous. This review did not only take into consideration
VRE in clinical settings but also in animals and the environment to get a holistic picture of VRE in
Nigeria. The final meta-analysis of the prevalence was done only on 19 articles.

The random effect meta-analysis result showed high variability with Higgin’s I2, which indicates
that the variability between studies was not as a result of chance alone. The detection method, study
region, study period, and clinical and environmental isolate source were highly significant predictors
of the prevalence of VRE, indicating that these variables explain a substantial portion of the variability
between studies. However, the animal isolate source and studies done in 2013 retained in the final
meta-regression seem statistically insignificant in explaining the study variability.

Although considerable methodological differences between studies existed, these differences
were pooled for this review. Therefore, the pooled prevalence of VRE in Nigeria was estimated at
25.3%. This indirectly indicates the potential existence of VRE, not only in health care settings but in in
the environment as well as animals in Nigeria, and its likely spread to communities unless properly
contained. Our estimate is comparable with reports from Malaysia 25% [37] but higher than those
reported in Ethiopia 14.8% [16], Iran 14%, 18.75% [38,39], North America (21%), Asia (24%), Europe
(20%) [40], Germany (9.8%) [41], Iran (9.4%) [42], the United Kingdom (9.2%) [43], and Singapore
(9.3%) [44]. Our estimate was probably higher because our studies included animal and environmental
sources in addition to clinical settings unlike all the studies listed above where they largely centred
on clinical settings. This high prevalence could be as a result of various risk factors such as contact
with VRE patients, infected animals, surfaces and objects, underlying conditions, serious illness, prior
hospitalization, use of catheters, and improper antibiotic usage [45]. Camins et al. [46] stated that
health care contacts were the likely source of VRE colonization and infection, and this is plausible
in situations where infection control knowledge, attitudes, and practices among healthcare workers,
farmworkers, and the general population are poor in third-world countries [47–50] and Nigeria [26].
The antimicrobial susceptibility testing mainly relied on the disc diffusion method and was interpreted
according to the Clinical and Laboratory Standard Institute (CLSI) guideline. However, agar dilution
and VRE chromogenic agar were also used. Another study in Iran by Shokoohizadeh et al. [51]
reported a 48.9% higher prevalence in patients hospitalised than this study estimate. Adams et al. [52]
stated that the prevalence of VRE tends to be higher in critically ill and hospitalised patients than
n non-hospitalised patients, unlike this present study where isolate sources were diverse. Another
probable reason might be the study period as these studies were mostly done in the 1990s and 2000’s
following the first reports of VRE [53,54], while the oldest study from our analysis was in 2009 and the
earliest in 2019 where a ban was already placed on the indiscriminate use of vancomycin [55].

Results obtained from this review indicate that E. faecalis is the most reported VRE and this
might be because most enterococcal infections are caused by E. faecalis [56] and can be treated with
aminoglycosides and beta lactams. Because resistance to vancomycin is more regular in homogenous
E. faecalis, administering of beta lactams should be at the forefront before the use of conventional
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culture [56]. Arias and Murray [57] and Davis et al. [58] stated that most VRE infections were caused by
E. faecalis. This has changed as more VRE caused by E. faecium are increasingly being reported [59–61]
because of their resistance to different group of antibiotics which are mostly expensive [62,63].
In E. faecalis, however, there is a marked difference in the occurrence and nature of resistance [64,65]
even though E faecalis exhibit some level of acquired resistance.

Prevalence of VRE based on study area or region was also estimated. The highest estimated
prevalence was in the South-South (56.2%) which is more than twice that estimated in the South-West
(20.7%), North-Central (22.4%), South-East (10.2%) and North-West (25.0%). These regional differences
could be ascribed to the type of environment and animal samples obtained, study period, the disparity
in antibiotic use, detection method, and specimen type. No study or estimate was reported in the
North-East of Nigeria. This is probably because this region has been plagued by insecurity as a result
of insurgency which could deter researchers from conducting research [66].

According to data analyses for the isolate source, VRE prevalence was high in clinical, animal,
and environmental sources and this is worrisome. These estimates indicate the depth of the spread of
VRE in Nigeria and is one of the strengths of this study. Conducting these studies in different regions
and isolates sources has provided a subtle picture of the prevalence in Nigeria. This does not give
an in-depth explanation of the status of VRE in Nigeria, but it can be used as baseline information in
its control.

In addition to obtaining isolates from different sources as strength of our study, our study also
included a rigorous search with precise inclusion and exclusion criteria and we also observed frequently
used specimens and methods of susceptibility testing. Several limitations also existed and these were
our inability to report pooled estimates of VRE at the species level due to the limited number of
included studies reporting enterococci at the species level, unavailability of studies from the Northeast
region of Nigeria, which throws more question on the exact status of VRE in Nigeria, non-use of
unpublished reports, and finally, the protocol of our study was not registered in PROSPERO.

4. Materials and Methods

4.1. Study Design and Protocol

The protocol of this study was designed according to the Preferred Reporting Items for Systematic
Reviews and Meta-Analysis Protocol (PRISMA-P 2015) guidelines [67] (Supplementary file S1). The risk
of bias across studies and the risk of bias graph are presented in Supplementary file S2.

4.2. Literature Review

A systematic review and meta-analysis were performed first by searching the PROSPERO
database and database of abstracts of reviews of effects (DARE) (http://www.library.UCSF.edu)
to check whether published or ongoing projects exist related to the topic. The literature search
strategy, selection of studies, data extraction, and result reporting were done in accordance
with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines. International databases MedLib, PubMed, ISI, Web of Science, Scopus, Google Scholar,
and African journals online (AJOL) for published studies about the prevalence of VRE were
also searched. PubMed was searched using the search strategy (“enterococcus”[MeSH Terms]
OR “enterococcus”[All Fields]) AND (“nigeria”[MeSH Terms] OR “nigeria”[All Fields]), VRE [All
Fields] AND (“nigeria”[MeSH Terms] OR “nigeria”[All Fields], (“epidemiology”[Subheading] OR
“epidemiology”[All Fields] OR “prevalence”[All Fields] OR “prevalence”[MeSH Terms]) AND
(“vancomycin-resistant enterococci”[MeSH Terms] OR (“vancomycin-resistant”[All Fields] AND
“enterococci”[All Fields]) OR “vancomycin-resistant enterococci”[All Fields] OR (“vancomycin”[All
Fields] AND “resistant”[All Fields] AND “enterococci”[All Fields]) OR “vancomycin resistant
enterococci”[All Fields]) AND (“nigeria”[MeSH Terms] OR “nigeria”[All Fields]). Another search
was also performed using keywords and their English equivalent (clinical infections, environmental
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VRE, VRE in poultry and farm animals, Gram-positive bacteria, enterococci, antibiotic resistance,
glycopeptide, vancomycin, and Nigeria) with all possible combinations. Also, the titles and references
from selected articles were an additional search tool. To reduce bias, the search process was conducted
independently by two authors.

4.3. Inclusion and Exclusion Criteria for Studies

We considered all cross-sectional or cohort studies that reported the prevalence of vancomycin
resistance in Enterococcus isolates or numbers of VRE and total enterococci isolates in patients suspected
of having clinical infection, in poultry, poultry/animal product, farmworkers, and the environment in
Nigeria. We also included studies in which the standard method was used to detect VRE and were
published or reported in English.

Exclusion criteria for the analysis were as follows: studies with insufficient information; studies
on antimicrobial susceptibility tests other than vancomycin (studies that did not include VRE), studies
having fewer than two isolates, studies not reporting enterococcal isolates separately (no population
denominator), reviews, comments and duplications, case report studies, and studies that did not report
the prevalence of VRE.

4.4. Data Extraction

After studies were identified based on their eligibility criteria, the first author’s name,
the publication year, the date of the study, the study location, the number of cases involved in
the studies, the study method, the source of isolates, the sample size, and the prevalence of VRE
infections were extracted from the manuscripts. Two independent reviewers extracted all data from
the articles included, and the results were reviewed by the third reviewer. Inconsistencies between the
reviewers were decided by a consensus. The published studies were examined in three steps: title,
abstract, and full text.

4.5. Data Analysis

Prevalence of VRE was calculated and subgroup analyses were done according to the study
region, isolate sources, and detection method. Considering the existence of heterogeneity in
observational studies conducted in diverse settings, the random-effects model was used in determining
the pooled prevalence of VRE which prompted the use of the DerSimonian and Laird method of
meta-analysis [68,69].

4.6. Bias and Heterogeneity Analysis

The qualities of the study methods (study area, isolate source, and detection method) were used
to assess the within-study biases. The across-study bias (small study effects) was examined by funnel
plots. The heterogeneities of study-level estimates were assessed by Cochran’s Q test. Non-significant
heterogeneity was accepted if the ratio of Q and the degrees of freedom (Q/df) was less than one.
The percentage of the variation in prevalence estimates attributable to heterogeneity was measured by
the inverse variance index (I2), and I2 values of 25%, 50%, and 75% were considered low, moderate,
and high heterogeneity, respectively [69]. In this meta-analysis, the I2 value was high (96.26%) which is
>75% an indication of significant heterogeneity. Due to this reason, the analysis was conducted using a
random-effects model at 95% CI instead of the fixed-effects model. Funnel plot subgroup analyses
were done if the heterogeneities were moderate to high. The sources of heterogeneity were analysed
using the sensitivity analysis (leave-one-out meta-analysis), subgroup analysis, and meta-regression.
Meta-analysis was performed using OpenMeta Analyst software version 10.10 [70].
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5. Conclusions

We designed this study to obtain the pooled prevalence of VRE in Nigeria to provide baseline
information to the National AMR Technical Working Group. The pooled prevalence of VRE in Nigeria
was estimated at 25.3% (95% CI; 19.8–30.8%; I2 = 96.26%; p < 0.001) and E. faecalis is the most reported
VRE. The prevalence of VRE is on the rise in Nigeria seeing the trend from the oldest to the earliest
studies. High variability between studies may influence the estimate pooled prevalence at the national
level. This can be overcome by using advanced diagnostic techniques in the detection of VRE and the
implementation of a nationwide survey to estimate the true prevalence of VRE in Nigeria. This report
indicates that a program directly targeting VRE nationally be in place and VRE be listed as a priority
pathogen to reduce the burden of the infection. Adherence to proper and accurate antimicrobial usage,
comprehensive testing and ongoing surveillance of VRE infections in the health care, community and
environmental settings are required.
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Abstract: The breeding of meat rabbits is an important sector in the livestock industry in Italy.
The focus of this study was to describe the antibiotic resistance profile distribution among the
Methicillin-sensitive Staphylococcus aureus isolated in a rabbit farm. From 400 animals of different ages
and three farm workers, 96 randomly selected strains isolated from various anatomical sites and lesions
were analysed. According to spa typing and the resistance profiles towards veterinary and human
antibiotics, 26 pathotypes were identified. The highest resistance was observed against Tetracyclines
(92.3%) and Macrolides (80.8%), while almost all were susceptible to Penicillins, according to the
limited use of β-lactams on the farm. In total, 92.3% of pathotypes were multidrug resistant (MDRs).
Two MDR pathotypes belonging to the t2802 spa type were isolated from both farmers and rabbits.
Age categories harboured significantly different pathotypes (p = 0.019), while no association was
found between pathotypes and lesions (p = 0.128) or sampling sites (p = 0.491). The antibiotic
resistance was observed to increase with the time spent in the farm environment (age category).
The selective pressure exerted by antibiotic use acted by giving advantage to more resistant strains
rather than by lowering susceptibility to various drug categories within strains.

Keywords: Staphylococcus aureus; rabbits; pathotype; antibiotic resistance profiles; spa type; Italy

1. Introduction

The Italian rabbit industry annually produces about 24.5 million animals slaughtered for meat
production and, in the European Union, takes third place after Spain and France. However, in recent
years, rabbit breeding has seen a significant reduction in the number of commercial farms involved [1].

Rabbits are sensitive to many bacterial infections, such as respiratory and intestinal diseases,
as well as skin infections. In general, farmers use various tools, such as biosecurity measures,
good breeding conditions, alimentation, and behaviour. These protocols, when correctly implemented,
give good results. Consequently, the use of antimicrobials has shown a steady decrease. Antibiotics
are used as a therapy and include Fluoroquinolones, Trimethoprim-Sulfamethoxazole, Zinc Bacitracin,
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and Pleuromutilins, while other drug classes, such as Penicillins, Cephalosporins, and Lincosamides,
need to be used with caution and should not be orally administered [2]. However, the use of antibiotics
in livestock farming can increase antibiotic resistance prevalence, so it is also important to counteract
this phenomenon under a One Health approach. Indeed, a low prevalence of antibiotic resistance in an
intensive farm can be a sign of quality breeding [3,4].

Staphylococcus aureus is a zoonotic bacterium that occurs as both a commensal and opportunistic
pathogen in many animals, including rabbits. It is associated with a wide variety of diseases, such as
skin lesions, wound infections, mastitis, toxic shock syndromes, arthritis, endocarditis, osteomyelitis,
and episodes of food poisoning [5–7]. In rabbits, this bacterium is an inhabitant of the skin, but it is
also one on the main pathogens related to suppurative lesions [8]. For this reason, S. aureus could be
used as indicator for the level of antimicrobial use in farms. Methicillin-resistant clones (MRSAs) are
particularly monitored within the European community. In recent years, the presence of MRSAs in
Italian rabbit breeding and the relationship between antibiotic use in farms and resistance have been
evaluated [9,10]. High virulent strains (HV) were detected in Belgium, France, Greece, Italy, Portugal,
Spain, and Hungary [8,11,12]. On the other hand, a recent study by Nemet et al. [12] provided evidence
that low virulent (LV) strains can act as pathogens in rabbits.

Recently, a study showed various Methicillin-sensitive clones (MSSAs) in a rabbit farm,
highlighting that some clonal strains (spa types) circulated in both animals and farm workers [13].

Although rabbit breeding is certainly a niche farm business, it has the potential risk for the spread
of MDR, making it advisable to implement surveillance plans to control antibiotic resistance. In this
research, following our previous study [13], the antibiotic resistance profile distribution among clones
(spa types) isolated in an Italian rabbit farm was investigated. Moreover, to explore the evolution of
antimicrobial resistance (AMR) in an intensively raised rabbit population, analyses and comparisons
between the different pathotypes were carried out.

2. Results

2.1. Genetic Characterization

As previously reported by Attili et al. [13], in 96 randomly selected strains with low virulence and
Methicillin-sensitive S. aureus (LV-MSSA), five different spa types were identified: t094, t491, t2036,
t2802, and t605. The spa types most frequently found were t2802 (n = 51; 53.13%) and t491 (n = 37;
38.54%). Altogether, t094, t605, and t2036 accounted for 8.4%. Spa types were arranged into three
spa-CCs: spa-CC267 (t2802), spa-CC084 (t094 and t491), and spa-CC012 (t2036). Due to its shortness,
t605 could not be related to any clonal complex.

2.2. Antibiotic Susceptibility Testing

Antibiotic resistance was evaluated for each strain against 16 antibiotics belonging to 12 classes of
antimicrobials. Table 1 reports the resistance prevalence for each of them.

All tested strains (n = 96) were susceptible to β-lactamase stable Penicillins (Cefoxitin),
Lincosamides (Linezolid), Ansamycines (Rifampin), and Streptogramins (Quinupristin-Dalfopristin).
The highest level of resistance was observed against Tetracyclines (n = 92, 95.8%). Out of the 96 strains,
90 (93.8%) were resistant to both of the Macrolides evaluated. Only three (3.1%) strains, obtained
only from replacement rabbits, showed resistance to Penicillins. Susceptibility to Gentamicin and
Tobramycin was highly correlated (rtet = 99.0 ± 0.0), with 91 (94.8%) strains showing concordant
responses. Therefore, these variables were shown to be dependent (p < 0.001). Moreover, resistance
against Erythromycin and Clindamycin were dependent variables (p < 0.001), as they showed perfect
concordance (rtet = 1.0 ± 0.0). Among Glycopeptides, resistance against Teicoplanin and Vancomycin
showed a weak negative correlation (rtet = −0.2 ± 0.2), with only 27 (28.1%) strains showing concordant
responses. Thus, the responses to the two antibiotics were shown to be independent from each other
(p = 0.425). The overall resistance prevalence is shown in Figure 1.
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Table 1. Frequency and resistance prevalence against the 12 antimicrobial classes and 16 antibiotics.

Antimicrobial Class Freq. % Prevalence
(Mean ± s.e.) Antibiotic Freq. % Prevalence

(Mean ± s.e.)

Aminoglycosides 49 51.0 ± 0.5
Gentamicin 45 46.9 ± 0.5
Tobramycin 48 50.0 ± 0.5

Ansamycins 0 0.0 ± 0.0 Rifampin 0 0.0 ± 0.0

β-lactamase labile Penicillins 3 3.1 ± 0.2 Penicillin G 3 3.1 ± 0.2

β-lactamase stable Penicillins 0 0.0 ± 0.0
Cefoxitin 0 0.0 ± 0.0

Amoxicillin-Clavulanate 0 0.0 ± 0.0

Folate Pathway Inhibitors 9 9.4 ± 0.3 Sulfamethoxazole-Trimethoprim 9 9.4 ± 0.3

Fluoroquinolones 61 63.5 ± 0.5 Norfloxacin 61 63.5 ± 0.5

Glycopeptides 74 77.1 ± 0.4
Teicoplanin 71 74.0 ± 0.5
Vancomycin 8 8.3 ± 0.3

Macrolides 90 93.8 ± 0.3
Clindamycin 90 93.8 ± 0.3
Erithromycin 90 93.8 ± 0.3

Nitrofuranics 15 15.6 ± 0.4 Nitrofurantoin 15 15.6 ± 0.4

Lincosamides 0 0.0 ± 0.0 Linezolid 0 0.0 ± 0.0

Streptogramins 0 0.0 ± 0.0 Quinpristin-Dalfopristin 0 0.0 ± 0.0

Tetracyclines 92 95.8 ± 0.2 Tetracycline 92 95.8 ± 0.2

Legend: s.e. = standard error.
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Figure 1. Prevalence of resistance against each antibiotic, with error bars showing 95% confidence
intervals (AMC: Amoxicillin-Clavulanate; FOX: Cefoxitin; VA: Vancomycin; TEC: Teicoplanin; P:
Penicillin G; SXT: Sulfamethoxazole-Trimethoprim; NOR: Norfloxacin; TE: Tetracycline; CN: Gentamicin;
TOB: Tobramycin; N: Nitrofurantoin; LNZ: Linezolid; E: Erythromycin; CD: Clindamycin; RD: Rifampin;
QD: Quinupristin-Dalfopristin).

Although an association between animal categories and resistance to antibiotics was observed
only for Erythromycin and Clindamycin (Fisher’s exact p < 0.001), the resistance percentages varied
among different spa types and age categories. Out of 96 strains, 92 (97.9%) were MDRs and were
not associated with spa types (Fisher’s exact p = 0.161) but instead with age categories and adult
and breeding rabbits (Fisher’s exact p = 0.010). Not-MDR strains were observed only in young and
replacement rabbits, with an MDR prevalence of 66.7 ± 33.3% and 75.0 ± 25.0%.

2.3. Analysis of Resistance Profiles

Among the 96 strains, 23 unique different resistance profiles were found based on the susceptibility
to each antibiotic (a to w) (Table 2). Out of the 23, 9 were associated with only one strain each, while
the other 14 together accounted for 90.6% of the strains. The most frequent resistance profiles were p
(n = 23, 24.0%) and j (n = 20, 20.8%). The six resistance profiles (b, f, j, p, r, and s) that were observed in
five or more strains were not associated with the age category (χ2 = 12.447, p = 0.645).
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Table 2. Spa types associated to resistance profiles and pathotypes and their relative frequencies.
All strains were susceptible to Amoxicillin-Clavulanate, Cefoxitin, Linezolid, Rifampin, and
Quinupristin-Dalfopristin, so these antibiotics are not shown.

Spa Type Freq. (%) Resistance Profile Pathotype Freq. (%) VA TEC P SXT NOR TE CN TOB N E CD

t094 4 (4.2) e A 1 (1.0) S S S S R R S S S S S
t B 2 (2.1) S R R S R R S S S S S
w C 1 (1.0) R R R S R R S S S S S

t491 37 (38.5) b D 5 (5.2) S S S S S R S S S R R
f E 5 (5.2) S S S S R R S S S R R
j F 18 (18.8) S R S S S R S S S R R

m G 1 (1.0) S R S S R R S S S R R
s H 1 (1.0) S R S R R R R R S R R
u I 3 (3.1) R S S S S R S S S R R
v J 4 (4.2) R R S S S R S S S R R

t605 2 (2.1) c K 1 (1.0) S S S S S R R R R R R
p L 1 (1.0) S R S S R R R R S R R

t2036 2 (2.1) j M 2 (2.1) S R S S S R S S S R R

t2802 51 (53.1) a N 1 (1.0) S S S S S R S S S S S
d O 2 (2.1) S S S S R S S S S R R
g P 1 (1.0) S S S S R R R R S R R
h Q 4 (4.2) S S S S R R R R R R R
i R 2 (2.1) S S S R R R R R S R R
k S 1 (1.0) S R S S S R S R S R R
l T 2 (2.1) S R S S R S S S S R R
n U 3 (3.1) S R S S R R S R R R R
o V 1 (1.0) S R S S R R R S R R R
p W 22 (22.9) S R S S R R R R S R R
q X 1 (1.0) S R S S R R R R R S S
r Y 5 (5.2) S R S S R R R R R R R
s Z 6 (6.3) S R S R R R R R S R R

VA: Vancomycin; TEC: Teicoplanin; P: Penicillin G; SXT: Sulfamethoxazole-Trimethoprim; NOR: Norfloxacin; TE:
Tetracycline; CN: Gentamicin; TOB: Tobramycin; N: Nitrofurantoin; E: Erithromycin; CD: Clindamycin.

Farmer strains shared the same resistance profiles with the rabbits: Profile p was isolated from
17 adult rabbits, three breeding rabbits, one young rabbit, and two farmers; r was drawn from two
adult rabbits, two breeding rabbits, and one farmer. Most of the profiles had resistance to Tetracyclines
(n = 21, 91.3%) and Macrolides (Erythromycin and Clindamycin: n = 18, 78.3%). Only two (8.7%)
profiles (t and w) showed resistance to Penicillin G.

Out of the 23 profiles, 15 (65.2%) were resistant to Glycopeptides: One was susceptible to
Teicoplanin but resistant to Vancomycin; 11 were resistant to Teicoplanin but susceptible to Vancomycin;
and two were resistant to both antimicrobials. Only two (8.7%) resistance profiles (i and s) were not
susceptible to Sulfamethoxazole-Trimethoprim, and 16 (69.6%) were resistant to Norfloxacin. About
half of the profiles (n = 11, 47.8%) showed resistance to Aminoglycosides: One was resistant only to
Gentamicin; two were resistant to Tobramycin but susceptible to Gentamicin; and eight were resistant
to both.

Only six (26.1%) were resistant to Nitrofurantoin, and two (8.7%) profiles (a and e) showed
resistance to less than three classes of antimicrobial agents, while 14 (60.9%) were resistant to
3–5 antimicrobial classes, and 7 (30.4%) were resistant to 6–8 classes. Therefore, all but a and e were
MDRs, with an average of 5.1 ± 1.9 resistance against single antibiotics and slightly fewer (5.0 ± 1.4)
resistance against classes of antimicrobials. Out of the 11 rabbits from which multiple strains were
obtained, all were MDRs. Among them, eight showed discordant resistance profiles, while three
showed concordant profiles. Out of the seven rabbits whose isolates were obtained from different
sampling sites, five (71.4%) profiles were discordant. Out of the four rabbits whose isolates were drawn
twice from the same sampling site, three (75.0%) had discordant profiles. No evidence was found
showing that different sampling sites hosted different resistance profiles (Fisher’s exact p = 0.721).

2.4. Analysis of Pathotypes

By associating the 23 resistance profiles to spa types, 26 pathotypes were identified (A to Z)
(Table 2). Out of these 26, 10 were associated to only one strain each, while the other 16 together were
found in 88.3% of the strains. The most represented pathotypes were F and W, which were isolated
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from 18 (18.8%) and 22 (22.9%) strains, respectively, with an estimated prevalence among rabbits of
18.1% (95CI: 10.3–25.9%) and 23.4% (95CI: 14.8–32.0%). Pathotypes observed more than once were
associated with age categories (Fisher’s exact p = 0.019), but those that occurred at least five times (D,
E¸ F, W, Y, and Z) were not (χ2 = 12.115, p = 0.670).

The two pathotypes isolated from farmers (W and Y) were also found in rabbits: W was isolated
from 16 adult rabbits, three breeding rabbits, and one young rabbit; Y was drawn from two adult
and two breeding rabbits. They were both spa type t2802 and resistant to six and seven classes of
antimicrobials, respectively. Only two (7.7%) pathotypes (B and C), both drawn from replacement
rabbits, showed resistance to Penicillin G.

Out of the 26 pathotypes, 17 (65.4%) were resistant to Glycopeptides; among them, one was
susceptible to Teicoplanin but resistant to Vancomycin; 14 were resistant to Teicoplanin but susceptible
to Vancomycin; and two were resistant to both antimicrobials. Only three (11.5%) pathotypes (H, R, and
Z), drawn from fattening rabbits and breeders, were resistant to the Sulfamethoxazole-Trimethoprim
combination, while 18 (69.2%) and 24 (92.3%), isolated from all four categories and farmers, showed
resistance to Norfloxacin and Tetracycline, respectively. Half of the pathotypes (n = 13) obtained from
all categories (except replacements) showed resistance to Aminoglycosides: One was resistant only to
Gentamicin; two were resistant to Tobramycin but susceptible to Gentamicin; and 10 were resistant to
both antibiotics. Only six (23.1%) pathotypes were resistant to Nitrofurantoin, while 21 (80.8%) drawn
from all categories (except replacements) were found to be resistant to Macrolides (Erythromycin
and Clindamycin). Only two (7.7%) pathotypes (A and N) were resistant to less than three classes of
antimicrobial agents, while 15 (57.7%) were resistant to three to five antimicrobial classes, and nine
(34.6%) to six to eight classes, with an overall 92.3% (n = 24) prevalence of MDRs.

Out of the 11 rabbits from which multiple strains were obtained, all reported MDRs. Among them,
nine showed discordant pathotypes, while two showed concordant ones. Out of the seven rabbits
whose isolates were obtained from different sampling sites, five (71.4%) pathotypes were discordant.
All four rabbits whose isolates were drawn twice from the same site had discordant pathotypes.
Consistently, no evidence showed that different sampling sites harboured different pathotypes (Fisher’s
exact p = 0.491).

The complexity of data, due to the high number of different pathotypes, and the scarcity of many
of them in the population did not allow us to obtain further information on the distribution of the
lineages among age categories in the rabbit population.

2.5. Clusterization and Factor Analysis

Since some pathotypes showed similar resistance profiles, factor analysis (FA) was used to
reduce the complexity of the database and group strains based on the similarity of their phenotypic
and genotypic features. As Erythromycin and Clindamycin were completely correlated, they were
aggregated in FA to avoid a singularity of the correlation matrix. The sample was adequate to perform
the factor analysis (Kaiser–Meyer–Olkin measure = 0.686). FA produced 11 factors, of which three
were retained because they could explain 98.7% of the data variability. The variables that contributed
the most to variability were Aminoglycosides (Gentamicin 90.4%, Tobramycin 94.7%), spa type (89.0%),
Norfloxacin (72.1%) for the first factor; Penicillin G (79.4%) and Erythromycin (72.8%) for the second
one; and Tetracycline (74.0%) for the third factor (Figure 2).

Other variables were less relevant to defining data variability. Since the first three factors were
sufficiently informative to cover the variability of the whole dataset, they were used to produce the
similarity matrix. Based on the matrix and a cut-off value of 0.0, five different clusters of strains were
generated. Spa types were partly grouped together, but they were not completely separated from each
other, with t491 showing high variability. Pathotypes were grouped together in a three-dimensional
space as follows: Cluster 1: D, F, J, I, M; Cluster 2: A, B, C, E, G, N, X; cluster 3: O, T, U, V; cluster 4: H,
K, L, S; and cluster 5: P, Q, R, W, Y, Z. The score-plot in Figure 3 shows the spatial distribution of the
clusters and pathotypes in a two-dimensional space.
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Figure 2. Loading plot showing the impact of each variable on the first two factors of the factor analysis.
Legend: VA = Vancomycin; P = Penicillin G; TE = Tetracycline; TEC = Teicoplanin; E = Erythromycin;
SXT = Sulfamethoxazole-Trimethoprim; N = Neomycin; NOR = Norfloxacin; CN = Gentamicin;
TOB = Tobramycin.
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Figure 3. Scores of the pathotypes and their positions relative to the first two factors. Clusters are
identified by different colours.

2.6. Analysis of Resistance Number

The resistance varied significantly among spa types (Friedman’s test p = 0.002), ranging from
3.5 ± 1.0 in t094 to 5.9 ± 1.2 in t2802, but did not differ among age categories (Friedman’s test p = 0.815),
ranging from 3.5 ± 0.5 in replacement rabbits to 5.5 ± 0.3 in breeding rabbits. However, an increasing
resistance trend was appreciable among the age categories of rabbits and the strains obtained from
farmers, which showed the highest average resistance value (6.3 ± 0.6) (Figure 4).
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Figure 4. Resistance against antimicrobial classes for rabbits (age categories) and farmers. Legend:
Error bars = Inter-quartile range.

According to the age categories, the resistance increased significantly with the time spent in the
farm environment (Table 3).

Table 3. Observed and estimated number of class resistance by age category and in-farm time recorded
groups. Risk ratios for the increase of youngest one.

Age Category Resistance
(Mean ± s.e.)

Time on Farm
(Days) Freq. (%) Estimated Resistance

(No.) Estimated 95% C.I. RR p-Value

Replacement rabbits 3.5 ± 0.5
<60 7 (7.29) 3.6 2.5–4.7

1
(ref.)

-
Young rabbits 3.7 ± 1.5

Adult rabbits 5.0 ± 0.2 60–80 71 (74.0) 5.0 4.7–5.3 1.4 0.035

Breeding rabbits 5.5 ± 0.3 ≥240 18 (18.8) 5.6 5.1–6.2 1.6 0.007Farmers 6.3 ± 0.3

Legend: s.e. = standard error; C.I. = Confidence Interval; RR = Relative Risk.

Since spa types were associated with both age categories and time on the farm (Fisher’s exact
p < 0.001), as well as resistance profiles the categories needed to be added to the regression model
to evaluate the “time on farm” effect on the resistance count. Due to including the fewest resistance,
t2036 was set as the reference group. t605 and t2802 proved to be significantly related to an increase in
resistance types. After the inclusion of spa types in the model, the effect of the time on farm was no
longer significant (p > 0.2). Results and estimates for spa types are reported in Table 4.

Table 4. Observed and estimated resistance types for each spa type. Relative risks of gaining one more
type(s) of resistance in each group compared to t2036.

Spa Type Resistance
(Mean ± s.e.)

Estimated Resistance
(No.) Estimated 95% C.I. RR p-Value

t094 3.5 ± 0.5 5.0 1.5–8.5 1.3 0.464
t491 4.0 ± 0.1 3.9 3.7–4.2 1.0 0.372
t605 5.5 ± 0.5 5.4 4.7–6.1 1.4 <0.001

t2036 4.0 ± 0.0 3.8 3.5–4.1 1 (ref.) -
t2802 5.9 ± 0.2 5.9 5.5–6.2 1.5 <0.001

Legend: s.e. = standard error; C.I. = Confidential Interval; RR = Relative Risk.

Figure 5 shows that the significantly more resistant spa types (t605 and t2802, n = 53) increased
with the time spent on the farm, while the other spa types (n = 43) reduced (Figure 5).

Although the time-on-farm effect vanished when spa types were considered, this effect could still
affect the prevalence of different pathotypes. Therefore, to consider the full complexity of the data,
an evaluation of the number of resistance types was performed in relation to pathotype clusters and
the time-on-farm variable. The time spent in the farm environment proved not to be significant overall
(χ2 = 4.09, p = 0.129), except between the first (<60 days) and the third (≥240 days) categories (χ2 = 3.93,
p = 0.047).

Clusters had significantly different counts of resistance overall (χ2 = 519.17, p < 0.0001). Compared
to cluster 1, cluster 2 did not have significantly more resistance (χ2 = 0.68, p = 0.411); cluster 3 had
significantly more resistance than cluster 1 (χ2 = 4.63, p < 0.032) but not more than cluster 2 (χ2 = 3.02,
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p < 0.082); clusters 4 and 5 had significantly more resistance than clusters 1 and 2 (p < 0.001) but not
more than cluster 3 (χ2 = 0.5, p < 0.480; χ2 = 2.58, p < 0.108, respectively). The increasing trend acted
on two different levels: Macroscopic variations were appreciable between clusters, while there were
minor intra-cluster differences among the time-on-farm categories. Table 5 outlines the estimated
counts of resistance by the clusters and time on farm of the categories.
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Figure 5. Prevalence of significantly more resistant spa types (t605 and t2802) against the less resistant
ones for each in-farm time category.

Table 5. Predicted counts of resistance by the clusters and time on farm of the categories.

Cluster Time on Farm (Days) Estimated Resistance
(No.) Estimated 95% C.I.

1
<60 3.2 2.4–3.9

60–80 3.9 3.7–4.0
≥240 4.0 3.7–4.25

2
<60 3.3 2.5–4.2

60–80 4.0 3.6–4.5
≥240 4.2 3.6–4.7

3
<60 4.3 2.9–5.7

60–80 5.2 4.0–6.5
≥240 5.4 4.1–6.6

4
<60 4.8 3.4–6.1

60–80 5.8 4.9–6.6
≥240 5.9 5.0–6.8

5
<60 5.1 3.9–6.3

60–80 6.2 6.0–6.4
≥240 6.4 6.1–6.7

Figure 6 shows the predicted counts of resistance for each cluster, according to the on-farm
time variable.

The chart shows that there is an effect of clusters that is also dependent from the time on farm,
which had an additive effect between the first and the third category. There was also a break in the
trend between the cluster 2 and 3 values.
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3. Discussion

The high prevalence of multidrug-resistant strains observed in this study (97.9%) agrees with
what was previously described in intensively raised rabbits [14]. The highest resistance observed
in this study, particularly against Tetracycline (95.8%), Macrolides (93.8%), and Quinolones (63.5%),
is also similar to that observed against the same antibiotics in a recent study conducted in Spain and
Portugal [14]. An unexpectedly high resistance was observed against Glycopeptides (77.1%), whose use
is restricted to human medicine. This result suggests the possibility of human–animal transmission,
although this study was not designed to test this factor. Moreno-Grua et al. [14] observed a 12.5%
prevalence of Methicillin-resistant strains in the Iberian Peninsula, isolated from 22 out of 89 farms.
We did not find any Methicillin-resistant strain, which is almost in agreement with the only MRSA
case published on rabbits in Italy [9] that reported only one in 40 intensive rabbit farms having MRSA.

Due to its simplicity and affordability, spa typing has been described as a useful tool to survey the
circulation of pathogenic strains in farm environments and among different farms and countries [15].
The clonal phylogenetic structure of S. aureus allows one to trace back the origin of the bacterial
strains and map the lineages’ evolution in a population, although it cannot fulfil all the needs of
epidemiological surveillance of antimicrobial resistance. In this study, a representative sample of a
relatively closed population of rabbits was chosen to investigate the prevalence of antibiotic-resistant
Methicillin-sensitive S. aureus strains. Five spa types were found circulating among the animals,
unevenly colonizing different body sites and age categories [15]. It was also observed that some spa
types were more strongly related to some age categories, such as t094 in replacement rabbits. Since
these animals were partly bought from outside the farm, it could be presumed that S. aureus strains
were introduced along with the animals, while also bringing in new resistance genes. However, the
overall group of newly introduced rabbits was very reduced (approximately 2.6%). Further, although
these rabbits might host different spa types, those strains should have an evolutionary advantage
in establishing themselves in a population already colonized by S. aureus. One of the main forces
acting as selective pressure on bacteria in a farm environment is the usage of antibiotics, which act not
only on pathogens but also on commensal flora that are being actively selected towards an increase
in resistance [16,17]. To survey the evolution of resistant strains, spa typing showed its limit, as it
was unable to differentiate strains at the level of detail needed. These details lay in the genomes of
bacteria as resistance genes. However, for the purpose of this study, phenotypic manifestation was
used to maintain a pragmatic approach since most laboratories do not have the resources to perform
multiple types of molecular testing to identify resistance genes. Since phenotypic resistance patterns
likely reflect underlying genotypic differences, susceptibility to each antibiotic could be considered a
distinctive tract useful to define lineages circulating in the farm environment, along with spa types.
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Out of the 8192 possible arrangements, only 23 different resistance profiles were found. Therefore,
it is reasonable to expect that they are related to some other features of the strains or even to each other.
The pathotype identification hinted at an association between spa types and resistance profiles, but such
pathotypes were too dispersed to more deeply investigate. The implementation of factor analysis on
the phenotypic data was intended to enhance the readability of the database, thereby improving our
ability to understand how similar these pathotypes are. The results showed that spa typing does not
describe all variability but remains a powerful tool to clarify clonal evolution mechanisms; further,
the clusters of pathotypes generated by FA were associated with age categories.

Our objective was to explore how the selective pressure exerted by antimicrobial treatments
affects the amount of resistance in S. aureus. Therefore, we assumed that the time spent in the farm
environment would be a proxy for the quantity of exposure to antibiotics and that the farm environment
would be a source of colonization for most resistant strains of S. aureus, which are considered to have
the best survival chances. To test these assumptions, age categories were redefined while considering
the physiology of rabbits and intensive-breeding times. By simply evaluating the frequencies of
the most resistant spa types (t605 and t2802), it was observable that their prevalence increased with
exposure to the farm environment and that the time on farm had a significant effect on the amount of
resistance. A causal relationship was also supported by the dose–effect trend and prior knowledge of
biological mechanisms. However, the time on farm was no longer able to statistically significantly
explain this increase when the clusters of pathotypes were considered, although the trend remained
evident. These findings confirm that the increase in resistance was due to antibiotic usage and the
selective pressure exerted, while also suggesting another question: With an increase in time spent
on the farm, do the resistant strains increase or does the resistance in strains increase? This sounds
trivial, but, based on our findings, the former option seems more probable than the latter since the
relationship between strains and resistance can completely hide the relationship between age and
resistance. On the other hand, it is reasonable to assume that both mechanisms play a role in AMR,
but they might proceed at different speeds.

More resistant strains are considered to have the best survival chances; therefore, their prevalence
increased as they filled the space left empty by those that did not survive the antibiotic treatment.
This finding indicates that rabbits who live for a long time in the environment play a key role in
maintaining resistant strains and spreading them to newly introduced and new-born individuals.
Furthermore, the role of farmers should not be underestimated, as farmers survive more often than
animals and continue to spread resistant strains to newly introduced rabbits. The usefulness of the
sanitary vacuum remains debated because it only applies to animals and the environment, but farmers
could also act as a source of resistant strains.

4. Materials and Methods

4.1. Sampling and S. aureus Characterization

Sampling and bacteriological analysis (identification and molecular characterization of S. aureus
isolates) were described in detail in our previous article [13] and are briefly summarized below.

Out of a total of 2066 samples taken from 400 rabbits of different ages reared in a commercial
medium-sized intensive breeding farm in central Italy, and from farmworkers, 592 Methicillin-sensitive
S. aureus strains (n = 552 from healthy skin and n = 40 from lesions) were isolated. A sample of 96
S. aureus was randomly selected to perform antimicrobial susceptibility tests (ASTs) and molecular
analyses. The sample was so distributed: 72 strains representing the four breeding categories (n = 2,
2.8% of S. aureus infection in youngsters; n = 52, 72.2% in adults; n = 14, 19.4% in breeding rabbits;
n = 4, 5.5% in replacement rabbits) were taken from healthy skin, 21 strains were isolated from lesions,
and three from the healthy skin of the nose and hands of the farm workers, who gave their informed
consent. Animals treated with antibiotics within 30 days were excluded from the study; the farm’s
veterinarian reported data about the antibiotic treatment in the previous three years: Enrofloxacin,
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Sulfamethoxazole-Trimethoprim, Zinc Bacitracin, and Valnemulin were used to treat bacterial infections
as need.

4.2. Antibiotic Susceptibility Testing

To determine the antibiotic profiles, 96 randomly selected S. aureus, mecA, and mecC negative
(MSSA strains) were screened, and antibiotic susceptibility testing for 16 antimicrobial agents was
performed according to the Clinical and Laboratory Standards Institute guidelines [18,19].

S. aureus subsp. aureus ATTC® 43300TM was used as a quality control strain for the zone diameter
determinations and MIC evaluation. The standard disk diffusion method (Kirby-Bauer test) was used
to test Penicillin G (P, 1 IU), Cefoxitin (FOX, 30 µg), Sulfamethoxazole-Trimethoprim (SXT, 25 µg),
Norfloxacin (NOR, 10 µg), Tetracycline (TE, 30 µg), Gentamicin (GM, 10 µg), Tobramycin (TOB, 10 µg),
Erythromycin (E, 15 µg), Clindamycin (CD, 2 µg), Rifampin (RIF, 5 µg), Nitrofurantoin (NT, 100 µg),
Linezolid (LIN, 10 µg), and Quinupristin-Dalfopristin (Q-D, 15 µg). As recommended by CLSI (2018),
Penicillin 1 IU was used to test the isolates against Penicillins and as a marker for penicillinase-labile
beta-lactams, while Cefoxitin was used to test the strains against the penicillinase-stable ones
(phenotypic resistance to methicillin). The E-test method was used to determine the MICs against
Amoxicillin-Clavulanate, Vancomycin, and Teicoplanin, as described by the manufacturer (MIC Test
Strip, Liofilchem, Roseto degli Abruzzi, Italy). Isolates that exhibited intermediate sensitivity were
considered resistant to the antibiotic.

Some drugs were chosen for their importance in treating S. aureus infections in animals and others
due to their ability to provide diversity in the representation of different antimicrobial agent classes.
As Linezolid, Quinupristin-Dalfopristin, Vancomycin, and Teicoplanin are among the antibiotics that
have become life-saving treatments for human patients suffering from different kinds of infections
caused by multidrug-resistant bacteria, it was in our interest to assess sensitivity to these antimicrobials.
Profiles of antibiotic resistance were investigated singularly and in association with clones (spa types)
to define the unique combinations of phenotypical and genotypical characteristics as pathotypes.
Alphabetical codes were used to identify resistance profiles (lowercase) and pathotypes (uppercase).

Finally, the pathotypes were grouped together in clusters based on spa types and resistance patterns.

4.3. Statistical Analysis

Many categorical variables were used to perform the statistical analyses, some related to the
animals (rabbit’s identification code, age category, site of sampling) and others to the bacteria (spa type).
Resistance to antibiotics was coded as 1 if the strain was intermediate or resistant and 0 otherwise.
From the previous variables, the other variables were derived: MDR strains were defined as those
having resistance against at least three different antimicrobial classes [20]; the count of resistance was
obtained by adding together all resistance types against single antibiotics.

According to a farmer’s statement, on average, 30% of replacement rabbits were introduced from
outside the farm at an adult age to replace the breeding rabbits (personal communication). For this
reason, these rabbits could be conveniently associated with the young rabbits due to their short average
time spent in the farm environment. On the other hand, breeding rabbits and farmers have spent a
long time in the farm environment, hinting at a possible reunion of these two categories. Therefore,
the age category variable was recorded as the time on farm as follows: <60 days, grouping together
young rabbits that were 40–45 days of age with replacement rabbits; 60–80 days, for the age of adult
rabbits that had lived on the farm since birth; and ≥240 days for grouping breeding rabbits whose
reproductive activity started at least at 8 months of age with farmers. The time on farm analysis was
performed as an exploratory survey since it was not defined from the beginning, but the need for it
arose over the course of the analyses.

Data analysis proceeded as follows: (1) analysis of individual strains and the overall prevalence
of resistant ones; (2) analysis of the resistance profiles and associations with age category and spa type
and the prevalence of MDRs; (3) analysis of the pathotypes and their association with age categories;
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(4) factor analysis and hierarchical clustering of pathotypes; and (5) analysis of the count of resistance
and its association with other variables.

To investigate the prevalence of resistant strains versus antibiotics, as well as antimicrobial classes,
an exploratory analysis was performed to calculate the mean, standard deviation, and standard error
of the mean. Contingency tables were produced to investigate the relationships between resistance
and spa types, age categories, and sampling sites using chi-square and Fisher’s exact tests to assess
the associations. The correlation between resistance to antibiotics belonging to the same class was
evaluated with the tetrachoric correlation coefficient, rtet [21]. Resistance profiles were obtained by
collapsing the database to unique combinations of resistance to antibiotics and identified by lowercase
letters from “a” to “w”. The resistance profiles’ prevalence and association with the age categories
and spa types were estimated via the same methods described for individual strains. Pathotypes
were defined as unique combinations of resistance profiles and spa types assigned uppercase letters
from “A” to “Z”. The prevalence of pathotypes resistant to every antibiotic and the association of this
resistance with age categories were also investigated.

To improve data readability, enhance information quality, and avoid tautologies, a factor analysis
(FA [22]) was performed on a set of 11 variables (spa types and resistance to antibiotics). FA produced
some factors (vectors of eigenvalues) able to cover the variability of the related variables. The
Kaiser–Meyer–Olkin measure was calculated to assess the usefulness of FA. The relationship among the
former variables and the main factors was evaluated graphically by a loading plot and quantitatively
by the explained cumulative variance. Using a graphical evaluation of the scree plot, some factors were
chosen and then used for hierarchical clustering by applying Ward’s criterion to the similarity matrix [23].
The obtained clusters resembled the groups of pathotypes circulating on the farm environment.

An analysis of variance to assess the resistance among age categories and spa types was performed
using Friedman’s test. The trend of the amount of resistance was evaluated using Poisson’s regression
models considering either the age category and spa types or the time on farm and clusters. The robust
standard error was calculated.

Data were recorded on a Microsoft Excel spreadsheet, which was also used to build a database.
Every subsequent analysis was performed using STATA 15.0 (Stata Corp. LLC, College Station,
TX, USA).

5. Conclusions

This study showed that 92.3% of pathotypes were MDRs and associated with age categories and
adult and breeding rabbits. The highest resistance was observed against the classes of Tetracyclines,
Macrolides, and Glycopeptides in both animal and human S. aureus strains. According to the analysis
of resistance, 23 unique different profiles were obtained, with farmer strains that shared the same
resistance profiles with rabbits. In particular, when the 23 resistance profiles were associated with
the spa types, 26 pathotypes were identified. Two pathotypes isolated from farmers were also found
in rabbits, which were both spa type t2802 and resistant to six and seven class of antimicrobials,
respectively, confirming the zoonotic risk that could occur in rabbit farms.

As Nemet et al. [14] observed, clonal types do not always correspond to spa types, through which
only part of the bacterial genome is sequenced and evaluated. However, information on lineages
circulating in the herd obtained by cluster analysis on antimicrobial resistance profiles could help us
understand how the selective pressure exerted by antimicrobial treatment acts on S. aureus strains and
thus provide useful management indications for antibiotic use.
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