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Editorial on the Research Topic

Livestock and its role in the emergence, spread, and

evolution of antimicrobial resistance: animal-to-human or

animal-to-environment transmission

The emergence of multidrug-resistant bacterial pathogens is a global multifactorial and

multisectoral problem. The intensive use of antimicrobials in livestock has been associated

with an increase in antimicrobial resistance (AMR). In this regard, antimicrobial-resistant

strains are constantly emerging from this sector, raising concerns about animal-to-human

and animal-to-environment transmission. This Research Topic includes original, brief

report, and review research focused on AMR in the veterinary sector.

Cross-species and inter-host transmission of
multidrug-resistant gram-negative bacteria

Ramírez-Castillo et al. discussed the spread of carbapenem resistance in terrestrial

food-producing animals, seafood, aquaculture, wildlife, companion animals, and their

environments. Overall, poultry, swine, and cattle have carried acquired carbapenemases,

including KPC, NDM, IMP, VIM, and OXA. These carbapenemases were occurred mainly

in Enterobacterales, Acinetobacter species, and Pseudomonas aeruginosa. In seafood and

aquaculture, intrinsic or acquired carbapenemases have been detected in Enterobacterales,

Shewanella algae, Vibrio species, and clinically important non-fermenting gram-negative

bacilli. A high prevalence of clinically significant carbapenemases has been observed

in wildlife and companion animals. Furthermore, carbapenemases were also identified
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in their surrounding environments. These findings show the

spread of carbapenem-resistant strains in the veterinary sector and

highlight the cross-species transmission of carbapenem resistance.

In Andaman and Nicobar Islands of India, the occurrence

of β-lactamase-producing Enterobacteriaceae strains from broilers

and native fowl was investigated by Bhowmick et al.. Among the

identified species, Klebsiella pneumoniae was the most prevalent,

followed by Salmonella enterica, and Escherichia coli. These

species showed resistance to several antimicrobials, highlighting

the β-lactams agents. In this regard, β-lactamase-encoding genes,

including blaCTX−M, were identified. The rate of β-lactamase-

producing strains was significantly higher in Andaman than

in Nicobar birds. These results revealed that β-lactamases are

circulating in the fowl population, including those living in remote

locations with low anthropogenic activity. Furthermore, a partial

clonal relationship of sequences of β-lactamases with human strains

from the Indian subcontinent was observed, providing evidence of

the inter-host transmission.

Antimicrobial-resistant
Staphylococcus aureus, enterococci,
and Campylobacter jejuni of bovine
origin

The European study conducted by Nemati et al. demonstrated

the key clinical properties of bovine Staphylococcus aureus,

including contagiousness and AMR. The bovine adhesion-

like protein, encoded by adlb gene, was distributed among

the different genotypes and clonal complexes (CCs) from ten

European countries. Overall, S. aureus strains were inhibited

by all antimicrobials tested, but some strains were resistant to

important antimicrobials, including oxacillin. In this regard, MDR

strains were detected in Belgium, Austria, Italy, and Germany.

All penicillin-resistant strains showed the simultaneous presence

of all bla operon genes searched. These results demonstrate that

contagiousness and AMR seem to be correlated with different

genotypes and CCs and that the prevalence of penicillin resistance

is country dependent.

The review of Strong et al. addressed the factors associated

with increase or decrease in the prevalence of antimicrobial-

resistant enterococci applicable to the Canadian farm-to-fork beef

continuum. For this proposal, articles discussing various factors

associated with AMR were selected. The AMR was related to

certain heavy metals and antimicrobial supplementation. In many

instances, unique genes and phenotypic resistance patterns were

nuanced. Furthermore, the interpretation of minimum inhibitory

concentration and intrinsic resistance varied among enterococci.

Several issues were identified, limiting the interpretability and

comparison of factors at the broader One-Health scope. Therefore,

studies focused on identifying research gap, as well as the

standardization of laboratorymethodologies are encouraged, which

will contribute to future transdisciplinary projects and applications.

In Campylobacter jejuni strains, Goulart et al. investigated

the growth kinetics and competition, as well as fluoroquinolone

(FQ) resistance development. FQ-resistant strains had statistically

significant increases over FQ-susceptible strains in growth in

competition experiments carried out in mixed cultures without

antimicrobials. In addition, FQ-susceptible strains developed

resistance to ciprofloxacin more readily when exposed to low

levels of the antimicrobial and at high initial bacterial cell density.

Accordingly, these findings indicate that FQ-resistant strains may

have a slightly higher fitness advantage over the FQ-susceptible

strains and provides an explanation for the high prevalence of

FQ-resistant C. jejuni strains in cattle production.

The use of antimicrobials in livestock:
trends and challenges

The Danish pig sector is one of the most important in the

world and antimicrobial use (AMU) should be monitored. In

this context, Moura et al. investigated which antimicrobials were

used, how, and for which reasons. In 2020, there was practically

no use of polymyxins, extended-spectrum cephalosporins, and

fluoroquinolones. The use of orally administered antimicrobials

for gastrointestinal indications in weaned piglets was highlighted.

The substitution of group treatments for individual treatments, as

well as the promotion of animal health and disease prevention, can

enable further reductions in the AMU in the pig sector.

To understand the risk of AMR in livestock house aerosol

and its association with AMU, Kobayashi et al. performed a study

on the aerosol of the piggeries of Japanese farms. The results

revealed that the AMR rate for critically important antimicrobials

was positively associated with the AMU of them. The observed

positive associations show that the AMR rate may be decreased

by reducing the AMU. Therefore, these findings are expected to

help establish countermeasures for AMR from aerosol bacteria in

swine farms.

In Colombia, Roldan-Henao et al. evaluated the productivity

and seroprevalence of Salmonella in pigs administered with

organic acids (OA) compared to pigs given antimicrobial growth

promoters (AGP). This pilot study indicated that administrating

OA and cleaning the water pipes improve productivity in pigs and

delay exposure to Salmonella species when compared with AGP.

Although this study must be repeated before definite conclusions

can be drawn, OA shows promise and may replace AGP, reducing

AMU and AMR.

Indonesia is an important producer of broilers and empirical

evidence has shown that the broiler industry uses excessive

amounts of antimicrobials; however, quantitative data on AMU

at the farm level is not available. Sani et al. compared on-

farm AMU monitoring methods and assessed which monitoring

method is most suitable for obtaining information on quantitative

AMU at the farm level. Using four different indicators, this study

demonstrated considerable differences in the ranking of AMU.

Besides, collecting farm-level AMU data and adding it to a database

can help with monitoring AMU trends.

In summary, these studies provided important findings on

the transmission of AMR in Gram-negative and Gram-positive

bacteria, as well as new insights into AMU in the veterinary sector.

The Guest Editors of this Research Topic hope that these results

will further motivate scientists to study and discuss the impact of

livestock in the emergence, spread, and evolution of AMR.
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Objectives: The present study was conducted to detect the occurrence of β-

lactamase and biofilm-producing Escherichia coli, Salmonella, and Klebsiella

in broilers and native fowl reared in the Andaman and Nicobar Islands, India.

The study also included molecular docking experiments to confirm the nature

of the catalytic domains found in the β-lactamase variants obtained and to

reveal the clonal relationship of the isolates with human clinical strains from

the database.

Materials and methods: A total of 199 cloacal swabs were collected from

five poultry breeds/varieties (broiler, Vanraja, Desi, Nicobari, and layer) in three

districts of the Andaman and Nicobar Islands. E. coli, Salmonella enterica, and

Klebsiella pneumoniae were isolated by standard techniques and confirmed

by PCR. Phenotypical β-lactamase producers were identified by a double-disc

test. The genes (blaCTX, blaSHV, blaTEM, and blaAmpC) were screened,

and selected sequences of β-lactamase variants were submitted to DDBJ.

Frontiers in Veterinary Science 01 frontiersin.org

8

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2022.1075133
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2022.1075133&domain=pdf&date_stamp=2023-01-05
mailto:isamanta76@gmail.com
mailto:drisamanta@wbuafscl.ac.in
mailto:ananda.tiwari@helsinki.fi
https://doi.org/10.3389/fvets.2022.1075133
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fvets.2022.1075133/full
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Bhowmick et al. 10.3389/fvets.2022.1075133

Homologymodeling,model validation, and active site identification of di�erent

β-lactamase variants were done by the SWISS-MODEL. Molecular docking

was performed to identify the catalytic domains of the β-lactamase variants.

The selected β-lactamase sequences were compared with the Indian ESBL

sequences from human clinical strains in NCBI-GenBank.

Results: In total, 425 Enterobacteriaceae strains were isolated from the

collected samples. Klebsiella pneumoniae (42.58%) was found to be the most

prevalent, followed by Salmonella enterica (30.82%) and E. coli (26.58%). The

phenotypical antibiogram of all 425 isolates showed the highest resistance

against oxytetracycline (61–76%) and the lowest against gentamicin (15–

20%). Phenotypical production of β-lactamase enzymes was observed in

141 (33.38%) isolates. The isolation rate of β-lactamase producing E. coli,

Salmonella enterica, and Klebsiella pneumoniae was significantly higher (p <

0.05) in the birds reared in the South Andaman district (25.6, 17.5, and 18.7%,

respectively) than in Nicobar (11.5, 7.6, 7.1%, respectively). Genotyping of the

β-lactamase-producing isolates revealed the maximum possession of blaTEM,

followed by blaSHV and blaCTX−M. The nucleotide sequences were found to be

similar with blaCTX−M−15, blaSHV−11, blaSHV−27, blaSHV−228, blaTEM−1, and

blaAmpC in BLAST search. Distribution of studied biofilm-associated genes

in Enterobacteriaceae strains from di�erent varieties of the birds revealed

that the layer birds had the maximum possession, followed by Vanraja, Desi,

broilers, and Nicobari fowls. The phylogenetic analysis of selected sequences

revealed a partial clonal relationship with human clinical strains of the Indian

subcontinent. Molecular docking depicted the Gibbs free energy release for 10

di�erent macromolecules (proteins) and ligand (antibiotic) complexes, ranging

from −8.1 (SHV-27 + cefotaxime) to −7 (TEM-1 + cefotaxime) kcal/mol.

Conclusion and relevance: The study revealed β-lactamase variants

circulating in the fowl population of the Andaman and Nicobar Islands (India),

even in remote places with low anthropogenic activity. Most of the strains

possessed blaTEM−1, followed by blaCTX−M−15. Possession of blaSHV−11,

blaSHV−27, and blaSHV−228 in poultry Enterobacteriaceae strains was not

reported earlier from any part of the world. The phylogenetic analysis revealed

a partial clonal relationship of β-lactamase sequences with the human clinical

strains isolated from the Indian subcontinent.

KEYWORDS

Andaman and Nicobar, docking, clonal, ESBL, poultry

Introduction

Antimicrobial resistance in livestock is a global challenge as

the bacteria possessing the resistance genes can be disseminated

into the human food chain through cross-contamination by

means of occupational exposure, contaminated environment,

and consumption of animal-origin foods. Extended spectrum-

β-lactamase (ESBL) and AmpC-β-lactamase (ACBL) producing

Enterobacteriaceae are the most reported antimicrobial-resistant

bacteria in humans and livestock in the last two decades (1).

Poultry was identified as the major reservoir of ESBL-producing

Enterobacteriaceae in comparison to pigs, cattle, and other

members of the livestock family (2). The poultry as a reservoir

of ESBL-producing bacteria acts as a challenge for the farmers

and slaughterhouse workers or meat vendors, as increased gut

colonization of the resistant bacteria was detected in people

who had more contact with the birds than the community (3).

A recent whole-genome sequencing-based study also evidenced

the transmission of ESBL-producing bacteria from poultry to the

human population (4).

The ESBL enzyme generates resistance to β-lactam

antibiotics, including higher-generation cephalosporins and
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monobactams. AmpC β-lactamase-producing bacteria (ACBL)

can develop resistance against β-lactam antibiotics in addition

to β-lactamase inhibitors like clavulanic acid. There are three

classical ESBLs, i.e., TEM (except TEM-1, TEM-2, and TEM-

13), SHV (except SHV-1, SHV-2, and SHV-11), and CTX-M

(5). CTX-M-15 is the most common ESBL genotype prevalent

currently among the human clinical isolates with a rising trend

of CTX-M-1, frequently originating from livestock and poultry

(6). Poultry acts as the major reservoir of CTX-M-1, SHV-12,

TEM-52, and AmpC β-lactamases (7).

Anthropogenic activities were found to be associated with

the development of an ESBL-“resistome” in the environment

including aquatic settings either due to the dissemination

of ESBL-determinants or the bacteria carrying the genes

associated with direct human activities and/or the release of the

antimicrobials in the sub-therapeutic level in the environment

because of indirect human activities (8–10). Persistence of ESBL-

producers on the abiotic or biotic surface, associated with the

development of “resistome”, is dependent on the capacity to

form biofilms, as they help in the survival of the bacterial colony

against physical and chemical stresses, including disinfectants,

host phagocytosis, and antibiotics (11). However, a recent study

identified antimicrobial resistance genes in the commensals

present in soil exposed to low anthropogenic activities (12).

Several studies found variants of ESBL in Enterobacteriaceae

in healthy or diseased poultry birds (6, 13), but limited

literature is available about the affinity of the β-lactamases

for the precise class of cephalosporins. The present study

was conducted to detect the presence of β-lactamase and

biofilm-producing Escherichia coli, Salmonella, and Klebsiella

in broilers and backyard or native fowl reared in the

Andaman and Nicobar Islands (India), even in remote places

with low anthropogenic activities. The study also included

molecular docking experiments to confirm the nature of the

catalytic domains in β-lactamase variants (blaCTX−M, blaSHV,

and blaTEM) and phylogenetic analysis to reveal the clonal

relationship of the poultry-origin Enterobacteriaceae isolates

with human clinical strains from the GenBank database.

Enterobacteriaceae was selected as the study bacteria as the

family is included in the World Health Organization (WHO)

global priority list under “critical” category as an indicator of

antibiotic resistance.

Materials and methods

Sampling

During the period from November 2019 to January 2021,

a total of 199 cloacal swabs (Table 1) were collected from five

poultry breeds or varieties (broiler, Vanraja, Desi, Nicobari, and

layer) irrespective of age and sex in three different districts of

the Andaman and Nicobar Islands (India), i.e., South Andaman

(S/A) (11.74◦N/92.65◦E), North and Middle Andaman (N &

M/A) (12.65◦N/92.89◦E), and Nicobar (C/N) (7.12◦N/93.78◦E).

The sample size varied between the districts depending on the

accessibility and willingness of the farmers to join the study.

The collected swabs taken from live birds were properly labeled

and were aseptically transported, maintaining the cold chain,

into the bacteriology laboratory of the Animal Science Division,

ICAR-CIARI, Andaman and Nicobar Islands (India).

No clinical symptoms were reported by the farmers

during the collection of cloacal swabs from the birds. The

contract farmers reared the broilers in medium-sized flocks

(100–200 birds) with the guidelines, feed, vaccines, and

medicines (including antibiotics like doxycycline, neomycin,

and cephalexin) provided by the enterprise. The backyard

farmers reared Vanraja, layer birds, and native fowls such as

Desi and Nicobari in small flocks consisting of 15–20 birds per

household with occasional exposure to tetracyclines, neomycin,

and fluoroquinolones for therapy under the guidance of local

veterinarians, para-veterinarians, and drug shop owners. The

backyard farmers reared the birds under a semi-intensive system

with daytime roaming around the houses and overnight shelter

at the farmer’s house. No commercial feed mixture was detected

to have been used for feeding. The contract farmers prepared

a separate bamboo or brick poultry shed and used feeders and

waterers, with occasional cleaning and disinfection of the shed

with formalin.

Isolation, identification, and PCR-based
confirmation of Escherichia coli,
Salmonella, and Klebsiella

The swab samples were transported in a sterile transport

medium (transport liquid medium, HiMedia, India) and

inoculated into the nutrient broth (HiMedia, India) and

incubated at 37◦C for 24 h. The loopful of overnight growth was

streaked onto MacConkey agar (HiMedia, India) and incubated

at 37◦C for 24 h. The selected single pink colonies were

transferred into eosin methylene blue (EMB) agar (HiMedia,

India) and incubated at 37◦C for 24 h. The single colonies

with a greenish metallic sheen were selected for further

morphological and biochemical identification (14). For the

isolation of Salmonella, the swab samples collected were

enriched with overnight growth in selenite broth (HiMedia,

India) at 37◦C. The loopful of growth was streaked onto

brilliant green agar (BGA) (HiMedia, India) and incubated

at 37◦C. The single reddish colonies were selected for

further morphological and biochemical identification (14).

Similarly, for the isolation of Klebsiella, the growth in nutrient

broth was streaked into Klebsiella selective agar (HiMedia,

India) and incubated at 37◦C. The single purple magenta

colonies were considered for further morphological and
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TABLE 1 Distribution of ESBL-producing E. coli, Salmonella, and Klebsiella in three districts of Andaman and Nicobar Islands (India).

District Breed Number of
collected
samples

Number of
E.coli isolates

Number of
ESBL-E.coli
isolates (%)

Number of
Salmonella
isolates (%)

Number of
ESBL-
Salmonella
isolates (%)

Number of
Klebsiella
isolates (%)

Number of
ESBL-
Klebsiella
isolates (%)

South Andaman Vanraja 18 14 8 14 3 17 8

Desi 20 14 10 14 2 20 4

Nicobari 20 14 6 11 5 19 2

Layer 12 9 3 6 2 12 3

Broiler 30 6 2 27 11 29 17

Sub-Total 100 57

(57/113, 50.44%)

29∗

(29/113, 25.6%)

72

(72/131, 54.96%)

23a

(23/131, 17.55%)

97

(97/181, 53.59%)

34b

(34/181, 18.78%)

N&M Andaman Vanraja 14 7 3 7 2 12 5

Desi 35 7 4 13 1 23 4

Sub-Total 49 14

(14/113, 12.38%)

7

(7/113, 6.19%)

20

(20/131, 15.26%)

3

(3/131, 2.29%)

35

(35/181, 19.33%)

9

(9/181, 4.97%)

Nicobar Nicobari 50 42

(42/113, 37.16%)

13∗

(13/113, 11.5%)

39

(39/131, 29.77%)

10a

(10/131, 7.63%)

49

(49/181, 27.07%)

13b

(13/181, 7.18%)

Total 199 113

(113/425, 26.58%)

49

(49/113, 43.36%)

131

(131/425, 30.82%)

36

(36/131, 27.48%)

181

(181/425, 42.58%)

56

(56/181, 30.93%)

∗Differs significantly at a p-value of <0.05; aDiffers significantly at a p-value of <0.05; bDiffers significantly at a p-value of <0.05.
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biochemical identification (14). The tentatively identified E. coli,

Salmonella, and Klebsiella isolates were confirmed by 16SrRNA

gene-specific PCR (15, 16). Klebsiella pneumoniae was also

identified by specific PCR with the Klebsiella species isolates

(17). The PCR products were agarose gel electrophoresed

containing ethidium bromide, and the gel was visualized

and documented in a gel documentation system (Labmate

Asia, India).

TABLE 2 Phenotypical antibiotic resistance in Enterobacteriaceae strains isolated from poultry in Andaman and Nicobar Islands (India).

Antibiotics E. coli (%) (n = 113) S. enterica (%) (n = 131) K. pneumoniae (%) (n = 181)

Erythromycin (E) 74 (65.49%) 104 (79.395%) 108 (59.67%)

Tetracycline (TE) 86 (76.11%) 102 (77.86%) 112 (61.88%)

Chloramphenicol (C) 35 (30.97%) 48 (36.64%) 55 (30.39%)

Amoxicillin/clavulanic acid (AMC) 87 (76.99%) 65 (49.62%) 111 (61.33%)

Gentamicin (GEN) 18 (15.93%) 24 (18.32%) 38 (20.99%)

Sulphafurazole (SF) 50 (44.25%) 54 (41.22%) 71 (39.23%)

Ampicillin/cloxacillin (AX) 72 (63.72%) 76 (58.02%) 111 (61.33%)

Co-trimoxazole (COT) 82 (72.57%) 68 (51.91%) 109 (60.22%)

Amikacin (AK) 43 (56.64%) 37 (28.24%) 92 (50.83%)

Ampicillin (AMP) 64 (56.64%) 70 (53.44%) 83 (45.86%)

Ciprofloxacin (CIP) 82 (72.57%) 77 (58.78%) 128 (70.72%)

Oxytetracycline (O) 92 (81.42%) 106 (80.92%) 125 (69.06%)

FIGURE 1

Phenotypical antibiotic resistance profile of bacterial strains isolated from di�erent birds reared in Andaman and Nicobar Islands (India).
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Antibiogram

All the E. coli, Salmonella enterica, and Klebsiella

pneumoniae isolates were screened for antibiotic sensitivity

with ceftazidime (CAZ) (30 µg), cefotaxime (CTX) (30 µg),

ceftriaxone (CTR) (30 µg), cefpodoxime (CPD) (10 µg),

cefoxitin (CX) (30 µg), aztreonam (AT) (30 µg), erythromycin

(E) (15 µg), tetracycline (TE) (30 µg), chloramphenicol

(C) (30 µg), amoxicillin/clavulanic acid (AMC) (20/10 µg),

gentamicin (GEN) (10 µg), sulphafurazole (SF) (300 µg),

ampicillin/cloxacillin (AX) (10 µg), ampicillin (AMP) (10 µg),

co-trimoxazole (COT) (23.75/1.25 µg), amikacin (AK) (30 µg),

ciprofloxacin (CIP) (5 µg), and oxytetracycline (O) (30 µg). The

interpretation of the susceptibility or resistance was calculated

as per the CLSI recommendation (18).

Double disc di�usion test

The bacterial isolates with a zone of inhibition (ZOI)

diameter of ≤22mm for ceftazidime, ≤27mm for cefotaxime,

≤25mm for ceftriaxone, ≤17mm for cefpodoxime, and

≤27mm for aztreonam were considered for disc diffusion

testing to detect phenotypical ESBL or AmpC production. For

confirmation of ESBL production, the isolates that showed an

increase of ≥5mm in ZOI diameter when tested with CTZ

and CAZ alone and in combination with ceftazidime/clavulanic

acid (CAC/CAZ) (30/10 µg) and cefotaxime/clavulanic acid

(CEC/CTX) (30 /10 µg) (18).

Cefoxitin (CX) (30 µg) disc screening was used

for the initial detection of AmpC producers, and the

isolates with ZOI diameter ≥18mm were considered

for the cefoxitin-cloxacillin double disc test. For

confirmation of AmpC production, the isolates

showed an increase of ≥4mm in ZOI diameter when

tested with cefoxitin alone and in combination with

cefoxitin/cloxacillin (19).

PCR-based detection of ESBL and
chromosomal AmpC genes

All the isolates showing phenotypical β-lactamase

production were screened for the presence of blaCTX−M,

blaSHV, blaTEM , and blaAmpC genes by PCR (20, 21). The

PCR products were electrophoresed with ethidium bromide

(0.5µg/ml) and the gel was visualized and documented in

a gel documentation system (Labmate Asia, India). The

commercial source (Xcelris Genomics, India) was used for

the sequencing of selected PCR products as representative

of each breed or variety of the birds or the districts studied.

The sequence homology was detected by the standard

nucleotide BLAST algorithm (https://blast.ncbi.nlm.nih.

gov/Blast.cgi?CMD=Web&PAGE_TYPE=BlastHome). The

sequences were submitted to the DNA Data Bank of Japan

(DDBJ; www.ddbj.nig.ac.jp).

Detection of biofilm-associated genes

All the 425 isolates were subjected to PCR-based

detection of biofilm-associated genes, namely, csgA,

FIGURE 2

Distribution of β-lactamase genes in di�erent birds reared in Andaman and Nicobar Islands (India).
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TABLE 3 Accession numbers of nucleotide sequences of ESBL/AmpC genes possessed by E. coli, Salmonella enterica, and Klebsiella pneumoniae

strains isolated from di�erent birds in Andaman and Nicobar Islands (India).

Bacteria ESBL type Source Strain no Place Accession number

E. coli SHV-11 Desi bird DPDB15 Diglipur, N&M/Andaman LC655953

E. coli TEM-1 Desi bird BEBDB8 Beodnabad, S/Andaman LC659951

E. coli TEM-1 Layer TBLB4 Terylabad, S/Andaman LC659952

E. coli TEM-1 Vanraja BEBVR8 Beodnabad, S/Andaman LC659953

E. coli TEM-1 Vanraja RGVR8 Nimbudera, N&M/Andaman LC659954

E. coli TEM-1 Nicobari BLNB39 Big Lapathy, Nicobar LC659955

E. coli TEM-1 Vanraja RGVR6 Nimbudera, N&M/Andaman LC659960

E. coli CTX-M-15 Nicobari MPNB15 Manpur, S/Andaman LC660645

E. coli CTX-M-15 Desi bird BEBDB8 Beodnabad, S/Andaman LC660646

E. coli CTX-M-15 Nicobari SLNB30 Small Lapathy, Nicobar LC660647

E. coli AmpC Desi bird BEBDB5 Beodnabad, S/Andaman LC661855

E. coli AmpC Desi bird RGDB7 Rangat, N&M/Andaman LC661856

E. coli AmpC Desi bird DPDB21 Diglipur, N&M/Andaman LC661857

E. coli AmpC Vanraja RGVR5 Nimbudera, N&M/Andaman LC661858

E. coli AmpC Vanraja RGVR7 Nimbudera, N&M/Andaman LC661859

E. coli AmpC Nicobari KYKNB10 Kinyuka, Nicobar LC661860

E. coli AmpC Nicobari BLNB39 Big Lapathy, Nicobar LC661861

S. enterica SHV-228 Broiler CABR1 Calicut, S/Andaman LC656726

S. enterica SHV-228 Nicobari AHNB8 Dollygunj, S/Andaman LC656727

S. enterica TEM-1 Layer AHLB9 Dollygunj, S/Andaman LC656923

S. enterica AmpC Broiler INBR28 Indiranagar, S/Andaman LC661874

S. enterica AmpC Desi bird KGDB21 Kodiyaghat, S/Andaman LC661875

S. enterica AmpC Vanraja BEBVR7 Beodnabad, S/Andaman LC661876

S. enterica AmpC Layer AHLB10 Dollygunj, S/Andaman LC661877

S. enterica AmpC Desi bird DPDB11 Diglipur, N&M/Andaman LC661878

S. enterica AmpC Vanraja RGVR8 Nimbudera, N&M/Andaman LC661879

K. pneumoniae SHV-27 Desi bird BTDB29 Baratang, N&M/Andaman LC653140

K. pneumoniae SHV-11 Nicobari KYKNB10 Kinyuka, Nicobar LC655875

K. pneumoniae TEM-1 Layer TBLB2 Terylabad, S/Andaman LC659956

K. pneumoniae TEM-1 Nicobari KGNB4 Kodiyaghat, S/Andaman LC659957

K. pneumoniae TEM-1 Desi bird RCDB16 Rangachang, S/Andaman LC659958

K. pneumoniae TEM-1 Desi bird DPDB20 Diglipur, N&M/Andaman LC659959

K. pneumoniae TEM-1 Nicobari BLNB33 Big Lapathy, Nicobar LC659961

K. pneumoniae TEM-1 Nicobari TLNB45 Tamaloo, Nicobar LC659962

K. pneumoniae TEM-1 Vanraja LPVR16 LalPahad, S/Andaman LC659963

K. pneumoniae TEM-1 Vanraja DPVR14 Diglipur, N&M/Andaman LC659964

K. pneumoniae CTX-M-15 Desi bird DPDB19 Diglipur, N&M/Andaman LC660643

K. pneumoniae CTX-M-15 Desi bird DPDB22 Diglipur, N&M/Andaman LC660644

K. pneumoniae AmpC Nicobari PKNB15 Perka,C/N LC661862

(Continued)
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TABLE 3 (Continued)

Bacteria ESBL type Source Strain no Place Accession number

K. pneumoniae AmpC Nicobari BLNB33 Big Lapathy, Nicobar LC661863

K. pneumoniae AmpC Nicobari TLNB45 Tamaloo, Nicobar LC661864

K. pneumoniae AmpC Broiler MPBR9 MaccaPahad, S/Andaman LC661865

K. pneumoniae AmpC Layer AHLB8 Dollygunj, S/Andaman LC661866

K. pneumoniae AmpC Nicobari KGNB4 Kodiyaghat, S/Andaman LC661867

K. pneumoniae AmpC Desi bird BEBDB6 Beodnabad, S/Andaman LC661868

K. pneumoniae AmpC Vanraja LPVR17 LalPahad, S/Andaman LC661869

K. pneumoniae AmpC Desi bird RGDB6 Rangat, N&M/Andaman LC661870

K. pneumoniae AmpC Desi bird DPDB20 Diglipur, N&M/Andaman LC661871

K. pneumoniae AmpC Vanraja RGVR6 Nimbudera, N&M/Andaman LC661872

K. pneumoniae AmpC Vanraja DPVR14 Diglipur, N&M/Andaman LC661873

sdiA, and rpoS (22, 23). The commercial source (Xcelris

Genomics, India) was used for the sequencing of selected

PCR products. The sequence homology was detected

by the standard nucleotide BLAST algorithm (https://

blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Web&PAGE_TYPE=Bla

stHome).

Homology modeling, model validation,
and active site identification of di�erent
ESBL variants

Available PDB structures of CTX-M-15 (PDB id: 4HBU),

SHV-11 (PDB id: 6NFD), and TEM-1 (PDB id: 1BTL) were

pulled out from the Research Collaboratory for Structural

Bioinformatics Protein Data Bank (RCSB-PDB) database

(https://www.rcsb.org/). A position-specific iterated basic local

alignment search tool (PSI-BLAST) was performed to find

out suitable templates for SHV-28 (template PDB id: 3D4F)

and SHV-228 (template PDB id: 3OPL) (https://www.ebi.

ac.uk/Tools/sss/psiblast/). Protein homology modeling was

performed by using the SWISS-MODEL server (https://

swissmodel.expasy.org/). Other structural assessments

and stereochemical qualities (Supplementary Figure 1)

were verified by the PROCHECK server (https://www.

ebi.ac.uk/thornton-srv/software/PROCHECK/). Catalytic

active sites for the crystal structures and the modeled

proteins were further deposited to DoGSiteScorer, a web

server for automatic binding site detection, under the

proteins plus (http://dogsite.zbh; uni-hamburg.de/) to

get the potential pockets for molecular docking analyses

(Supplementary Figure 2).

Docking of third-generation
cephalosporins with the ESBL variants

Molecular docking was performed on the Autodock

Vina Windows Desktop Suite (https://autodock.scripps.edu/

download-autodock4/) as described earlier (24). Three-

dimensional SDF file structures of cefotaxime (C16H17N5O7S2;

PubChem id: 5742673) and cefpodoxime (C15H17N5O6S2;

PubChem id: 6335986) were retrieved from the PubChem

database (https://pubchem.ncbi.nlm.nih.gov/). Receptor energy

minimization was done in Swiss-PdbViewer (https://spdbv.unil.

ch/energy_tut.html), and the ligand structures were optimized

by the Avogadro desktop suite (https://avogadro.cc/). Two-

dimensional macromolecule+ ligand complexes were visualized

by LIGPLOT (https://www.ebi.ac.uk/thornton-srv/software/

LigPlus/install.html) analysis, and 3D complexes were made in

the PyMOL (https://www.schrodinger.com/products/pymol)

desktop suite.

Partial clonal relationship of poultry
origin β-lactamases producing
Enterobacteriaceae strains with human
clinical isolates

The selected β-lactamase sequences from the present

study were compared with the ESBL sequences of clinical

Enterobacteriaceae strains isolated from human patients

in India and Indian subcontinents (Bangladesh, Myanmar,

China, Thailand), available in the NCBI-Genbank database

(National Centre for Biotechnology Information; https://

www.ncbi.nlm.nih.gov/genbank/). The phylogenetic tree was

constructed by the maximum likelihood (ML) method using
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molecular evolutionary genetics analysis (MEGA-X; https://

www.megasoftware.net/) and analyzed in iTOL v6 (https://itol.

embl.de/).

Statistical analysis

The chi-square test (SPSS Inc.) was applied to reveal

the statistical differences in the occurrence of β-lactamase-

producing E. coli, Salmonella, and Klebsiella strains among the

studied fowl population reared in the South Andaman and

Nicobar districts.

Results

In total, 425 Enterobacteriaceae strains were isolated from

the collected samples (n = 199). K. pneumoniae (42.58%) was

found to be the most prevalent, followed by Salmonella enterica

(30.82%) and E. coli (26.58%) (Table 1). E. coli, Salmonella, and

Klebsiella were tentatively identified by biochemical tests and

confirmed with 16S-rRNA gene-specific PCR.

Phenotypical antibiotic resistance profiling of all 425

isolates showed the highest resistance against oxytetracycline

(61–76%), amoxicillin/clavulanic acid (61–76%), and co-

trimoxazole (60–72%), and the lowest resistance was

observed against gentamicin (15–20%). E. coli (81.42%)

and Salmonella (80.92%) showed the highest phenotypical

resistance against oxytetracycline, whereas Klebsiella showed

the highest resistance against ciprofloxacin (70.72%) (Table 2;

Figure 1).

Out of 425 isolates, phenotypical production of β-

lactamase enzymes was observed by double disc test in 141

(33.38%) isolates. Production of β-lactamase enzymes was

detected maximum in E. coli (43.36%) isolates, followed

by the Salmonella (27.48%) and Klebsiella (30.93%)

strains (Table 1). The isolation rate of β-lactamase-

producing Enterobacteriaceae was significantly higher

(p < 0.05) in the birds reared in the South Andaman

district than in the Nicobar district (Table 1). Using the

cefoxitin-cloxacillin double disc synergy (CC-DDS) test,

phenotypical AmpC production was found in 28.24%

(120/425) bacterial isolates. Klebsiella (51.33%) was the

highest AmpC producer, followed by Salmonella (36.28%) and

E. coli (18.58%).

Genotyping of the β-lactamase-producing isolates revealed

maximum possession of blaTEM by E. coli (92.04%),

Salmonella (78.63%), and Klebsiella (94.48%) isolates

followed by blaSHV and blaCTX−M (Figure 2). None of

the Salmonella isolates possessed blaCTX−M. Moreover,

none of the E. coli, Salmonella, and Klebsiella isolates

possessed all the studied ESBL genes (blaCTX−M, blaTEM,

and blaSHV) together. Furthermore, blaTEM + blaSHV

genotype was possessed by the maximum number of isolates,

followed by the genotype blaTEM + blaCTX−M. All the

phenotypical AmpC-producing isolates possessed blaAmpC

in PCR. The nucleotide sequences of the PCR products

were compared and found similar with blaCTX−M−15

FIGURE 3

Distribution of biofilm-associated genes in di�erent birds reared in Andaman and Nicobar Islands (India).
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(98.1% cognate), blaSHV−11 (99.45% cognate), blaSHV−27

(98.01–99.38% cognate), blaSHV−228 (99.38% cognate),

blaTEM−1 (99.33% cognate), and blaAmpC (99.88% cognate)

in the BLAST search. The sequences were published by DDBJ

with accession numbers (https://getentry.ddbj.nig.ac.jp/)

(Table 3).

The distribution of biofilm-associated genes (csgA, rpoS,

and sdiA) in the studied Enterobacteriaceae strains from

different breeds or varieties of the birds revealed the maximum

possession mostly by layer birds, followed by the other

varieties of the studied birds (Figure 3). The csgA was detected

with the highest frequency in the isolates from layer birds

(92.5%), followed by Desi (84.6%), Vanraja (79%), Nicobari

(66.6%), and broiler (53.2%). The sdiA was detected with the

highest frequency in the isolates from layer birds (88.8%),

followed by Desi (83.5%), Vanraja (79%), Nicobari (70.6%),

and broiler (56.4%). The rpoS was detected with the highest

frequency in the isolates from Vanraja (99%), followed by

layer birds (96.3%), Desi (94.5%), Nicobari (78.7%), and

broiler (77.4%).

The phylogenetic analysis revealed a partial clonal

relationship of β-lactamase sequences of the present

study (Table 3), i.e., 15 blaTEM−1 (LC659951-64 and

LC656923), 2 blaSHV−228 (LC656726-27), 5 blaCTX−M−15

(LC660643-47), 1 blaSHV−27 (LC653140), and 2 blaSHV−11

(LC655875 and LC655953) sequences with blaCTX−M−15,

blaSHV−11, and blaSHV−27 and blaTEM−1 sequences

possessed by clinical strains isolated from human patients

FIGURE 4

Clonal relationship of β-lactamase-producing Enterobacteriaceae isolated from locally reared fowls in Andaman and Nicobar Islands (India) with

human clinical isolates.
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FIGURE 5

Macromolecule and ligand representation (3D) in PyMOL. These color codes have been mentioned throughout the study. (A) Cartoon

representation of TEM-1 in ruby color. (B) Cartoon representation of CTX-M-15 in cyan color. (C) Cartoon representation of SHV in gray color.

(D) Ball and stick representation of cefotaxime (ligand bonds are in golden color). (E) Ball and stick representation of cefpodoxime (ligand bonds

are in lilac color).

in India, Bangladesh, China, Myanmar, and Thailand

(Figure 4).

Molecular docking depicted the Gibbs free energy

release for 10 different macromolecules (proteins) and

ligand (antibiotic) complexes, ranging from −8.1 (SHV-

27+cefotaxime) to −7 (TEM-1+cefotaxime) kcal/mol. The

color code of the drug and receptor molecules was maintained

throughout the study (Figure 5). A summary of all the 10

complexes and participating amino acid residues in molecular

interaction is described in Table 4. Different ligand + receptor

complexes (2D Ligplot Plus and 3D PyMOL) are described in

Figures 6–10.

Discussions

In the present study, K. pneumoniae was found to

be the most prevalent in the cloacal swabs of the birds

collected from different districts of A&N Islands (India),

followed by Salmonella (30.82%) and E. coli (26.58%).

Similar isolation rates of Klebsiella were reported earlier

from poultry (43.8–72.3%) and bovine milk samples (45.2%)

in other parts of India (25, 26). The isolation rate of

Salmonella and E. coli in the present study was found

to be corroborative with earlier reports (27, 28). However,

the recovery of Salmonella, E. coli, and Klebsiella from

poultry varied in different geographical regions depending

on isolation protocol, sample size, and animal husbandry

practices (29).

Antibiogram profiling of all 425 isolates showing maximum

resistance against tetracycline is corroborative with the previous

findings in Bangladesh (30), Iran (31), Malaysia (32), and Egypt

(33). The resistance of poultry origin-Enterobacteriaceae to

quinolone antibiotics (ciprofloxacin) from South China (34),

Spain (35), and Egypt (36) was also reported, where co-resistance

to ciprofloxacin and tigecycline was reported. Resistance to

quinolones is often linked to tetracycline as the tetracycline

molecule activates mutations in the mar operon, which results

in more expression of the MarA protein increasing multidrug

resistance (37). Most of the isolates in the present study showed

resistance to three or more antibiotics and were considered

multidrug resistant (38). The most common MDR pattern

was found as E-TE-C-AMC-SF-COT-AMP-AX-CIP-O (9.7% in

E. coli, 6.1% in Salmonella, and 5% in Klebsiella). All three

studied bacterial strains (86.19%) were found susceptible to

gentamicin, indicating the possible future usage of gentamicin

for the treatment of bacterial infections in poultry in the

A&N Islands.

Phenotypical β-lactamase production was detected

maximum in E. coli (43.36%) isolates, followed by Salmonella

(27.48%) and Klebsiella (30.93%). The majority of the

ESBL producers in poultry belonged to the E. coli and

Salmonella group of bacteria throughout the world (7).

The occurrence of ESBL-producing Enterobacteriaceae was
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TABLE 4 Summary of in silico analyses.

Results of Autodock Vina Amino acid residuesU

ESBLs (Protein) name Ligand
structure

Gibbs free
energy
(Kcal/mol)

Hydrogen bonding Hydrophobic
interactions

CTX-M-15 Cefotaxime −7.5 Ser 70, Asn 132, Lys 234, Ser

237, Gly 238, Pro 268

Ser 130, Asn 170, Thr

235, Gly 236, Gly 239,

Ser 272, Lys 269, Ala 270

Cefpodoxime −7.1 Ser 70, Asn 132, Asn 170, Ser

237, Ala 270, Pro 268

Asn 104, Ser 130, Thr

235, Gly 236, Gly 238,

Gly 239, Lys 269

SHV SHV-11 Cefotaxime −7.8 Asp 100, Ala 233, Arg 239 Ser 66, Tyr 101, Ser 126,

Thr 163, Asn 166, Val

212, Thr 231, Gly 232,

Glu 235

Cefpodoxime −8.0 Ala 233, Gly 234, Glu 235,

Arg 239

Ser 66, Tyr 101, Ser 126,

Thr 163, Asn 166, Val

212, Thr 231, Gly 232,

Mse 266

SHV-27 Cefotaxime −8.1 Ile 32, Met 34, Ile 230, Ala

232

Gly 30, Glu 33, Phe 51,

Thr 56, Pro 168,Met

171, Ala 172, Arg 228,

Gly 229, Val 231

Cefpodoxime −7.5 Ile 32, Thr 56 Gly 30, Met 31, Phe 51,

Pro 52, Met 53, Met 54,

Thr 166,Met 171, Arg

228, Ile 230, Val 231, Ala

232

SHV-228 Cefotaxime −7.3 Ser 126, Thr 231, Ala 233,

Glu 235, Arg 239

Ser 66, Asn 166, Val 212,

Gly 232, Gly 234

Cefpodoxime −7.1 Ser 126, Asn 128, Thr 163,

Thr 231, Ala 233

Ser 66, Tyr 101, Asn 166,

Val 212, Gly 232, Glu

235

TEM-1 Cefotaxime −7 Ser 130, Pro 167, Ala 237,

Arg 244

Glu 104, Tyr 105, Asn

170, Val 216, Ser 235,

Gly 236, Glu 240

Cefpodoxime −7.3 Ser 130, Ser 235, Ala 237,

Arg 244

Ser 70, Glu 104, Tyr 105,

Pro 167, Asn 170, Val

216, Gly 236, Glu 240

Uamino acids, being reported necessary for these catalytic activities, are mentioned in bold.

in accordance with those reported in Thailand (24.9%)

(39), Lebanon (28%) (29), Ghana (29%) (4), and Denmark

(27%) (40), lower than the prevalence rate reported

in Germany (81–85%) (41) and Spain (79%) (42), and

higher than Nicaragua (13%) (43) and Finland (14%) (44).

The occurrence of ESBL-producing Enterobacteriaceae

in poultry varies widely according to geographical

location and antibiotic exposure, and the plasmids play a

significant role in the clonal spread of ESBL genes in the

poultry production system as the vertical route has less

importance (44).

The isolation rate of β-lactamase producing

Enterobacteriaceae was significantly higher (p < 0.05) in

the birds reared in the South Andaman district than in

Nicobar, which is correlated with more anthropogenic activities

as the total human population and population density of

South Andaman is significantly higher than the Nicobar (45).

Anthropogenic activities were found to be directly correlated

with the generation of ESBL-resistome in the environment

either due to the dissemination of ESBL-producing bacteria

or the release of the antimicrobials at the sub-therapeutic

level in the environment (8–10). However, the occurrence of

β-lactamase-producing Enterobacteriaceae in the birds reared

in the Nicobar Islands with the minimum anthropogenic

activities is an important finding as it may be correlated

with increased soil salinity and high incidence of migratory
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FIGURE 6

CTX-M-15 involved in interactions. (A) A binding map for cefotaxime+CTX-M-15. (B) A binding map for cefpodoxime+CTX-M-15.

birds in the islands after tsunami (46). Increased translation

of multiple antibiotic resistance operons and transfer of

ESBL gene containing plasmid was detected in soil bacteria

to cope with the salinity stress as the stressors and the

antimicrobials use the same bacterial cellular components

or processes (47, 48). An increased presence of migratory

birds after tsunami was associated with the generation

of feeding habitats by the submergence of agricultural

fields (49).

The nucleotide sequencing of the PCR products revealed

that the variants of the β-lactamase circulating in the fowl

population of A&N Islands were TEM-1 with the highest

frequency, followed by CTX-M-15, SHV-11, SHV-27, and

SHV-228. Similarly, TEM-1 was reported with a maximum

frequency in E. coli strains isolated from diseased poultry in

China (50) and in Salmonella strains isolated from poultry

or poultry products in the Netherlands (51). Although TEM-

1 is not considered as a classical ESBL, it is reported with

high frequency in human clinical isolates throughout the

world, and TEM-1-encoded enzyme was sometimes detected

to demonstrate ESBL properties (52, 53). The high prevalence

of TEM-1 in the fowl population of the present study

also indicated the probable presence of subclinical bacterial

infections, which was overlooked by the farmers who were not

trained in poultry farming (13). The possession of blaCTX−M−15

is mostly associated with clinical Enterobacteriaceae isolates

originated from both human and animal populations worldwide

(54). CTX-M-15-producing Enterobacteriaceae were earlier

Frontiers in Veterinary Science 13 frontiersin.org

20

https://doi.org/10.3389/fvets.2022.1075133
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Bhowmick et al. 10.3389/fvets.2022.1075133

FIGURE 7

SHV-11 involved in interactions. (A) A binding map for cefotaxime+SHV-11. (B) A binding map for cefpodoxime+SHV-11.

reported in poultry from different parts of the globe (41,

42, 55). The SHV-27 was earlier reported in Klebsiella

strains isolated from neonatal blood in Brazil, and the

enzyme was found to show resistance against cefotaxime,

ceftazidime and aztreonam (56). However, SHV-27, SHV-11,

and SHV-228 were not reported from poultry in any part of

the world.

Using the cefoxitin-cloxacillin double disc synergy

(CC-DDS) test, phenotypical AmpC enzyme production

was found to be 28.24% (120/425). In India, earlier studies

revealed the occurrence of chromosomal AmpC (blaAmpC)

in Enterobacteriaceae strains isolated from poultry, cattle with

mastitis, pig and farm environments, and ducks (57). Other

than therapeutic exposure to cefotaxime and ceftazidime, which

was not detected in the present study, the occurrence of AmpC-

producing bacteria might be associated with clonal transmission

from the environment, as observed in a transmission dynamics

study of ESBL-producing Enterobacteriaceae (39). The

co-existence of ESBL and AmpC enzymes was detected

in 10.82% (46/425) of the isolates, which is consistent

with the earlier findings in the poultry production system

(29, 58).
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FIGURE 8

SHV-27 involved in interactions. (A) A binding map for cefotaxime+SHV-27. (B) A binding map for cefpodoxime+SHV-27.

The generation of environmental resistomes is dependent

on the persistence of ESBL/AmpC-producers on the abiotic

or biotic surface with the capacity to form biofilms, as

it helps in the survival of the bacterial colony against

physical and chemical stresses (11). The present study

detected a high prevalence (76%) of biofilm-associated

genes in the Enterobacteriaceae strains isolated from

the studied fowl population, indicating their possible

environmental origin, although the soil microbial profile

and the phenotypical biofilm-forming capacity of the strains

were not validated.

The phylogenetic analysis revealed a partial clonal

relationship between the fowl origin Enterobacteriaceae

isolates and human clinical strains from the Indian

subcontinent. Earlier studies revealed genetic relatedness

of strains, similarity in types of β-lactamase genes,

and/or associated plasmids in E. coli strains originating

from animals and humans depicting the transmission

probabilities (59).

Molecular docking interaction in the present study

demonstrated the probable interactions among the different

macromolecule-ligand complexes. The ligands with the

minimum binding energy have the highest affinity of β-

lactamases for cefotaxime and cefpodoxime. In our study,

SHV-27 variants possessed the highest activity against

cefotaxime. Improved docking scores were observed for
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FIGURE 9

SHV-228 involved in interactions. (A) A binding map for cefotaxime+SHV-228. (B) A binding map for cefpodoxime+SHV-228.

the SHV variants because of the size and volume of its

catalytic pocket and its druggability (Supplementary Figure 2).

Antibiotic degradation by blaSHV in the present study

has also revealed the participation of almost equivalent

amino acids in terms of hydrophobic contacts (Ser 66, Tyr

101, Asn 166, and Val 212), which further emphasizes the

structural homology of the other related variants. The study

suffers from limitations related to sequencing, clonality

analysis, and restricted numbers of isolates. The future

characterization of this geographical location with the

advent of next-generation sequencing can reveal the picture

in detail.

The present study thus described the occurrence of

β-lactamase/AmpC-producing Enterobacteriaceae in the

local fowl population, even with the exposure of limited

anthropogenic activities. Most of the strains possessed

blaTEM−1, followed by blaCTX−M−15. The possession

of blaSHV−11, blaSHV−27, and blaSHV−228 in poultry

Enterobacteriaceae strains was not reported earlier. ESBL

variants were modeled by the SWISS-MODEL and verified.

Ligand with the minimum binding energy has the highest

affinity of β-lactamases for cefotaxime and cefpodoxime.

Phylogenetic analysis of the fowl origin ESBL-producing

Enterobacteriaceae strains revealed a partial clonal relationship

with the clinical isolates from human patients.
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FIGURE 10

TEM-1 involved in interactions. (A) A binding map for cefotaxime+TEM-1. (B) A binding map for cefpodoxime+TEM-1.
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SUPPLEMENTARY FIGURE 1

RC plot analyses for the modeled SHV-27 protein structure.

SUPPLEMENTARY FIGURE 2

Summary of main chain parameters for the modeled SHV-27 protein

structure.

SUPPLEMENTARY FIGURE 3

Summary of side chain parameters for the modeled SHV-27 protein

structure.

SUPPLEMENTARY FIGURE 4

RMSD profile for the modeled SHV-27 protein structure.

SUPPLEMENTARY FIGURE 5

RC plot analyses for the modeled SHV-228 protein structure.

SUPPLEMENTARY FIGURE 6

Summary of main chain parameters for the modeled SHV-228 protein

structure.

SUPPLEMENTARY FIGURE 7

Summary of side chain parameters for the modeled SHV-228 protein

structure.

SUPPLEMENTARY FIGURE 8

RMSD profile for the modeled SHV-228 protein structure.

SUPPLEMENTARY FIGURE 9

Surface view of macromolecules. (A) TEM-1 (in ruby color) showing the

opening of the catalytic pocket marked in yellow color. (B) CTX-M-15 (in

cyan color) showing the opening of the catalytic pocket marked in

yellow color. (C) SHV (in gray color) showing the opening of the

catalytic pocket marked in yellow color.
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Control of Salmonella in pig/pork production is important to protect public

health because pork is one of the main sources of human infection. Moreover,

antimicrobial use in pig farms should be kept low to minimize development and

transmission of antimicrobial resistance. This pilot study evaluated the productivity

and Salmonella seroprevalence in pigs administered organic acids (OA) compared

to pigs given growth promoters in one farm in Antioquia, Colombia. Two groups

each consisting of 60 pigs of 6-weeks of age were studied for 4 months. One

group was provided feed and water with OA (Selko pH
®

and Selacid
®
), whereas

the other group (control) received antimicrobial growth promoters according to

routine feeding practices (tylosin and zinc bacitracin). Blood samples were taken

three times (T1–T3) and pigs were weighted five times to calculate daily weight

gain (DWG) and feed conversion ratio (FCR). Initially when the pigs were 6 weeks

old (T1), the Salmonella seroprevalence was 1.7% in both groups. When the pigs

were 11weeks old (T2), the seroprevalencewas significantly lower in pigs provided

OA compared to the control group (19 vs. 47%, P < 0.001), whereas when the pigs

were 23 weeks old (T3), the seroprevalence did not di�er between the groups

(62 vs. 77%; P = 0.075). The cumulative DWG was significantly higher in the

intervention group than in the control group (713 vs. 667 g/day; P < 0.001). The

cumulative FCR did not di�er between groups (2.80 vs. 2.77; P = 0.144). The

pilot study indicates that cleaning the water pipes and administrating OA improve

productivity in pigs and delay exposure to Salmonella spp. when compared with

growth promoters. Thus, OA could replace antimicrobial growth promoters and

reduce antimicrobial use and resistance. However, the study should be repeated

before firmer conclusions can be drawn.

KEYWORDS

Salmonella, organic acids, pigs, seroprevalence, growth promoters, growth performance

1. Introduction

Salmonellosis is a foodborne, zoonotic disease that is generally self-limiting (1).

Worldwide, non-typhoidal Salmonella is ascribed to ∼93.8 million human cases of

acute gastroenteritis and 155,000 deaths annually (2, 3). In the United States, the

cost of human salmonellosis is estimated to be around $2.9 billion per year (4).

Denmark has carried out intensive programs to control Salmonella in the animal

production chain since 1990s which has resulted in a low human incidence, i.e.,
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11.8 Salmonella cases per 100,000 habitants were registered in

2021 (5). In Colombia, human salmonellosis is underreported and

considered an endemic disease with sporadic outbreaks. According

to the Colombian National Institute of Health, 7,219 Salmonella

cases were reported between 2000 and 2013 with S. Typhimurium

(33.7%) being the most common serotype detected followed by S.

Enteritidis (28.6%), S. Dublin (3.3%) and S. Derby (2.1%) (6, 7).

The distribution of the different Salmonella serotypes varies

according to food source and geographical area (6). Infection with

S. Enteritidis is often associated with consumption of eggs and

poultry meat, whereas the other globally important serotype S.

Typhimurium is related mainly to consumption of pork (6, 8). In

2020, 13.0% of the human cases of salmonellosis reported in the

European Union (EU) were due to consumption of contaminated

pork. In 2015, the Salmonella prevalence was 28.2% on pork

carcasses at abattoirs in Colombia with S. Typhimurium, S. Agama

and S. Agona being the main serotypes found (9). Comprehensive

control of Salmonella throughout the food value chain can decrease

the incidence of human salmonellosis (6, 10, 11).

Subclinical salmonellosis in pigs constitutes a source of

Salmonella. After weaning, the pigs excrete Salmonella and infect

other pigs in the pen. Excretion of Salmonella may increase at

times of stress such as during transport to the abattoir and in

the lairage area, resulting in high risks for contamination of the

carcasses during slaughter unless adequate measures are taken (11–

14). In Colombia, the between-farm Salmonella seroprevalence

was 42.9% (n = 350) in 2020 in the seven main pig producing

provinces (8, 15–17). Half of the Salmonella strains tested (n = 41)

showed concurring resistance to penicillin, cefuroxime, tetracycline

and trimethoprim/sulfamethoxazole. These types of antimicrobial

resistances (AMR) in Salmonellamay be ascribed to the routine use

of antimicrobials supplemented to pig feed used in Colombia (3, 18)

and is of concern for effective treatment of human salmonellosis

(16). Moreover, reduced AMR levels are not just of benefit to

human health but will also ensure that pigs suffering from diseases

caused by bacterial pathogens can be treated.

Although the use of antimicrobial growth promoters is banned

in some parts of the world including the EU, they are still

allowed and commonly used in Colombia for disease control

and to improve growth in livestock. However, use of such

growth promoters leads to development of AMR. For this reason,

alternatives have been sought to replace the antimicrobial growth

promoters including preventive measures focusing on improving

the health of pigs while maintaining productivity (19). Without

maintenance of productivity, the farmers cannot be expected

to change habits and replace antimicrobial growth promoters

with alternatives.

Organic acids (OA) can be used to control Salmonella and

promote growth in pigs. When administrated in water and/or feed,

the OA cause a decreased pH to 3.8–4.2 at which the growth

of many gastro-intestinal bacteria except lactobacilli is altered or

directly inhibited. OA also modulate the intestinal fermentation

patterns of feed creating a better gastro-intestinal environment with

improved utilization of feed and growth (20–23). These positive

effects of OA on feed conversion rate and growth performance are

also described in poultry including increased egg production. The

ability to decrease Salmonella colonization depends on the type

of OA used (24). Although the antibacterial effect of OA is well

known in theory, published results of efficacy in on-farm studies

vary, with some reporting beneficial effects (25–28) while others fail

to demonstrate any effect (29–31). Thus, further evidence is needed

to establish at which concentrations and combinations OA could be

used to control Salmonella spp. in pigs and to elucidate their effect

on productivity (21, 32).

The purpose of this pilot study was to evaluate the effect of OA

on the productivity and the Salmonella seroprevalence in pigs from

weaning to slaughter. We undertook a clinical trial, comparing the

effect of provision of OA with antimicrobial growth promoters in

a pig farm in Antioquia, Colombia. The hypothesis was that OA

supplements to water and feed were equally effective as the growth

promoters. This would open up for a possible replacement of

antimicrobial growth promoters with OA in line with the principles

of prudent use of antimicrobials.

2. Materials and methods

2.1. Herd description

This study was endorsed by the Institutional Committee

Cuidado y Uso de los Animales (CICUA) at the CES University,

Medellin, Colombia (Code No. 206/Act No. 38). The study farm

produced piglets as well as finisher pigs was selected in Antioquia,

Colombia. The farm had a known positive status for Salmonella.

The farm had a total of 500 sows. The piglets were weaned

at 4 weeks of age, where after they remained for 7 weeks in the

weaning facilities. They were then moved to the growing facilities,

where they would stay for 6 weeks. Finally, they were moved to

the finishing pens where they remained for 6 weeks until slaughter.

The feed was produced on the farm. The composition of the feed

is shown in Supplementary Table S1. The pens were equipped with

portable waterers to measure water consumption.

2.2. Baseline sampling

Prior to the start of the trial, sampling of blood, rectal swabs

and fecal material was performed to determine the within-farm

Salmonella seroprevalence and to confirm presence of Salmonella

in the herd. In August 2020, blood samples and rectal swabs were

taken from 10 lactating sows, 30 weaned piglets, 30 growing pigs

and 30 finishing pigs. Subsequently in September and December

2020 as well as in April 2021, a total of 130 samples were

collected, processed and analyzed in three different ways. The

first 40 samples consisted of rectal swabs, which were transported

in Selenite-Cystine medium (Instituto Colombiano de Medicina

Tropical (ICMT), Medellin, Colombia) and processed at two

different laboratories. The following 30 samples were fecal samples,

each with a volume of around 25 g, and collected directly from

the rectum of individual pigs to increase the sensitivity of the

subsequent laboratory analysis. The fecal samples were placed in

sterile plastic bags. The remaining 60 samples consisted of fecal

swab samples which were transported in Aimes transport medium

(ICMT, Medellin, Colombia).
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2.3. Experimental design and sampling

A parallel, randomized, controlled clinical trial was performed

at the selected pig farm including 120 individual pigs. The sample

size was based on logistical and economic considerations. The

piglets were randomly divided into two groups of 60 pigs each.

Each individual pig was ear tagged with an identification number

to ensure proper follow-up (Figure 1).

The inclusion criteria were piglets close to weaning at∼28 days

of age and healthy at the time of sampling. The exclusion criteria

were piglets that presented physical defects or that had received

any antimicrobial treatment up to 10 days before the selection of

the animals. At the time of sample selection, 250 piglets met the

inclusion criteria and the formula K = N/n (K = sample interval,

N = total population units and n = sample size) was used to

determine the number of animals to be included in the study.

The farm veterinarian oversaw the assignment of pigs to each

group in the pens before the sampling was initiated. Each pen

was completely separated from other pens preventing the pigs in

one group from having physical contact with other pigs. The trial

started when the pigs were 6 weeks of age with a follow-up time of

4 months.

In September 2021, water samples were taken and

microbiological and physicochemical analyses were performed

to determine the dosage of Selko pH
R©

(Trouw Nutrition,

Tres Cantos, Madrid) to be added to the water. These water

quality analyses were done as the effect of Selko pH
R©

depends

on the characteristics of the of water including pH, hardness,

concentrations of minerals and organic matter as well as

bacterial concentration. The results showed a high degree of

fecal contamination of the water with an E. coli count of 1,944

CFU/100ml, fecal coliforms of 3,888 CFU/100ml, but with no

isolation of Salmonella spp. It was therefore decided by the owner

of the farm to disinfect the water pipes with 0.4 ml/l of citric acid

solution (GREEN DAC
R©

ECOLAB, Bogota, Colombia) before

beginning the clinical trial to ensure the effect of the OA treatment.

Subsequent water samples obtained after cleaning the pipes

contained 0 E. coli CFU/100ml, 8 CFU/100ml of fecal coliforms

and absence of Salmonella spp. During the clinical trial, the pipes

were cleaned every month using citric acid in the same way as

described above.

The drinking water for the intervention group was

supplemented with Selko pH
R©

that contains E 236 formic

acid, E 260 acetic acid, E 295 ammonium formate, E 300 L-

Ascorbic acid, E 330 citric acid, E 4 copper and E 6 zinc. Based

on the water characteristics it was decided to add 0.8 ml/liter of

Selko pH
R©
to the water to ensure the expected effect. This dosage

was administered during the first 4 h of the day, every other day

throughout the follow-up period. Likewise, Selacid
R©

(Trouw

Nutrition
R©
, Tres Cantos, Madrid) that contains E 200 sorbic

acid, E 236 formic acid, E 260 acetic acid, E270 lactic acid, E 280

propionic acid, E 295 ammonium formate and E 330 citric acid

was added to the feed. Two kg of Selacid
R©

per ton was added

to weaner feed, whereas 1.5 kg per ton was used in grower and

fattener feed during the entire study. The concentration of the

individual compounds in the two commercial products were not

declared and such information could not be obtained from the

company. In the control group, tylosin phosphate 10% (1 kg per

ton) was added to the weaner feed for the first 7 days of the study.

Moreover, 15% zinc bacitracin (300 g per ton) was added to the

grower feed for about 1 month.

Before starting the intervention with 6 weeks old piglets, initial

(T1) blood samples and rectal swabs were obtained from each

the 60 piglets. These samples were analyzed in pools of two

yielding a total of 30 pooled samples to determine the Salmonella

seroprevalence and the proportion of pigs excreting Salmonella.

Blood samples were taken again when the pigs were 11 weeks

old (T2) and at the end of the observation period, when the pigs

were 23 weeks of age (T3). At the beginning of the observation

period, each pig was weighed (W1). Weighing was repeated when

the pigs were 9, 15, 17, and 23 weeks old (W2–W5) and these

measurements were used to calculate the daily weight gain (DWG)

using the formula: weight in kg gained/#days between weighing.

Similar for feed conversion ratio (FCR), the following formula

was used: kg consumed/weight in kg gained in the period. Feed

consumption was estimated from the data sheet delivered to the

farm manager and workers in charge of supplying feed to the pigs,

and on which they noted the number of packages of feed supplied

to each pen. The amount of feed in kg consumed by pigs in each

pen and each group of pigs was then calculated.

2.4. Serological and microbiological
analysis

The blood samples were stored and transported in a refrigerator

(4–5◦C) within 24 h after sample collection. Subsequently, serum

was extracted and the ELISA diagnostic kit IDEXX
R©

Swine

Salmonella Ab (IDEXX, Barcelona, Spain) was used to evaluate

the seroprevalence of Salmonella spp., using a cut-off of 40%

optical density.

The 30 pooled rectal swabs were duly marked and transported

within 24 h at 4–5◦C to the Veterinary and Zootechnical Laboratory

of ICMT, which was in charge of processing and analyzing

the samples. Upon arrival at the laboratory, the samples were

inoculated into peptonized water at an adjusted ratio of 1:10

weight/volume and incubated at 36 ± 1◦C for 18 ± 2 h after which

1ml was incubated in selenite cystine broth and incubated at 36 ±

1◦C for 24 ± 2 h. On day three, 0.1ml of the broth was inoculated

onto Xylose Lysine Deoxycholate (XDL; ICMT, Colombia) agar

and Hecktoen agar (ICMT, Colombia) and incubated at 36 ± 1◦C

for 18 ± 2 h. Suspected Salmonella spp. colonies were selected

from both agar media and re-streaked onto MacConkey agar

(ICMT, Colombia) to obtain pure colonies after incubation at 36

± 1◦C for 18 ± 2 h. Subsequently, suspected isolates were tested

by urea and sulfide-indole-motility tests as well as Gram staining.

Finally, suspected isolates were subjected to PCR to confirm

the serogroup and serotype, using the primers and conditions

previously described by Cardona-Castro et al. (33).

2.5. Statistical analysis

Data from all pigs were used. The serological samples of the

animals that died during the follow-up period were filled according
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FIGURE 1

Study design. W1–5, weight 1 to weight 5.

to the mode of the results. For the statistical analyses, SPSS
R©

version 21 CES university license, Microsoft Office Excel 2003

(Microsoft Corporation, Redmond, USA), JAMOVI version 1.8.4

of free distribution and EPIDAT 3.1 of free distribution was used.

A univariate analysis was carried out to describe the

distribution of pigs included in the study according to their sex,

age, weight, Salmonella seroprevalence and the line (breeder or

finisher). To check for normality of the distribution of quantitative

variables, Shapiro-Wilk normality test was performed. Next,

bivariate analyses were undertaken investigating the association

between the different variables, with a focus on the effect of

treatment. Parametric tests were used for dependent quantitative

variables that were normally distributed (T-student test), whereas

non-parametric tests were used for the non-normally distributed

variables (Mann-Whitney U test). Chi-square test was used for

the count data variables, and the Fisher exact test was used when

one or more of the expected cell values were <5. For all analyses,

the P-value was reported using a significance value of α = 0.05

(34, 35). Due to the limited number of samples, no attempts

were made to model the seroprevalence over time using repeated

measurements models.

3. Results

3.1. Salmonella baseline

In August 2020, the baseline seroprevalence of Salmonella

was 59.0% in the pig herd. Only one Salmonella-positive sample

was found and confirmed by PCR among the 100 fecal samples

analyzed. The 130 fecal samples obtained between September 2020

and April 2021 were all negative for Salmonella. In 2021, the

results of the second baseline sampling analyzing 100 blood samples

yielded a seroprevalence of 47.0% (Table 1).

3.2. Clinical trial

The distribution of the pigs according to sex, age, line,

Salmonella prevalence and weight is presented in Table 2 and

shows no statistical difference between the two groups. During the

observation period, six animals died among including four pigs

from the intervention group and two pigs in the control group

(Supplementary Figure S1). Based on a necropsy examination, the

pigs died due to infarction, hemorrhage, meningitis, intestinal

torsion and pneumonia. Hence, the causes of death were not related

to the water and feed additions and this level of mortality was

normal at the farm.

At T1, when the pigs were 6 weeks of age a Salmonella

seroprevalence of 1.7% was found in both groups. At T2, when the

pigs were 11 weeks of age a Salmonella seroprevalence of 18.3%

was observed in the intervention group vs. 47.7% in the control

group, showing a statistically significant difference between groups

(P < 0.001). Finally, at T3 where the pigs were 23 weeks of age a

Salmonella non-significant seroprevalence of 61.7% was observed

in the intervention group vs. 76.7% in the control group (P= 0.075)

(Supplementary Figure S2).

The median and the interquartile range (IQR) of the weight

of the pigs at the different times of measurements are shown in
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TABLE 1 Salmonella seroprevalence among the 100 pigs included in the base line study.

Date Type of pig No. of animals Age Salmonella serology
positive samples (%)

Average seroprevalence

10/8/20 Lactating sows 10 1 year 6 (60.0%)

59.0%
10/8/20 Weaned piglets 30 6 weeks 9 (30.0%)

17/8/20 Growing pigs 30 13 weeks 21 (70.0%)

17/8/20 Finishing pigs 30 22 weeks 23 (76.7%)

26/10/21 Lactating sows 10 1 year 7 (70.0%)

47.0%
26/10/21 Weaned piglets 30 9 weeks 3 (10.0%)

21/10/21 Growing pigs 30 13 weeks 18 (60.0%)

21/10/21 Finishing pigs 30 22 weeks 19 (63.3%)

TABLE 2 Descriptive analysis of characteristics and Salmonella seroprevalence of 120 weaned piglets included in the clinical trial with organic acids.

Variable Control group Intervention group P-value for
group di�erence

frequency Relative
frequency

Absolute
frequency

Relative
frequency

Sex

Female 35 58.3% 31 51.7%

0.22Castrated 14 23.3% 10 16.7%

Male 11 18.3% 19 31.7%

Line

Breeder 17 28.3% 12 20.0%
0.29

Finisher 43 71.7% 48 80.0%

Salmonella seroprevalence

Positive at T1a 1 1.7% 1 1.7% 1

Positive at T2 28 47.7% 11 18.3% <0.001

Positive at T3 46 76.7% 37 61.7% 0.075

Variable Median IQR Median IQR P-value for
group di�erence

Age (days) at T1 42 3 42 2 0.97

Weight (kg) at T1 15 3 14 3 0.11

Total 60 100% 60 100%

a T1–T3 is the three times that Salmonella seroprevalence was measured during the trial where T1 was at the beginning of the trial, when the pigs were 6 weeks old, T2 at 11 weeks of age, and

T3 at 23 weeks of age.

Figure 2. There was a statistically significant difference between the

groups at W4 (P < 0.001) where the pigs were 17 weeks old with

a better performance in the intervention group, where the median

weight was 65.0 kg per pig (IQR= 10.0 kg) vs. 61.0 kg in the control

group (IQR= 9.5 kg). Likewise, atW5where the pigs were 23 weeks

old, the growth performance was significantly higher (P= 0.024) in

the intervention group, where the median weight was 101.0 kg per

pig (IQR 12.5 kg) vs. 97.0 kg in the control group (IQR 11.0 kg).

For DWG3, there was a statistically significant difference

between treatment groups (P < 0.001), showing higher values in

the intervention group, which had a median of 722 g/pig/day (IQR

22 g/pig/day) vs. a median of 611 g/day (IQR 78 g/pig/day) in

the control group (Figure 3). There was no difference between

groups for DWG1, DWG2, and DWG4. However, the median

of the cumulative DWG was 743 g/pig/day (IQR 12 g/pig/day)

for the intervention group vs. 666 g/pig/day (IQR 10 g/pig/day)

for the control group, showing a statistically significant difference

(P < 0.001).

Regarding FCR, a statistically significant difference (P = 0.025)

was observed at FCR3 where a median of 2.4 kg of feed per kg

of weight gained (IQR 1.8 kg) was estimated for the intervention

group vs. 2.8 kg (IQR 0.9 kg) in the control group. For FCR4, a

statistically significant difference (P = 0.009) was observed where

a median of 3.1 kg of feed per kg of weight gained (IQR 0.7 kg)

was estimated for the intervention group vs. 2.8 kg (IQR 0.4 kg)

in the control group (Figure 4). However, there was no significant

difference (P = 0.14) when the median cumulative FCR was

compared between groups, as the pigs in the intervention group
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FIGURE 2

Weight of the individual pigs (kg) for the intervention and control groups measured five times during the study. Me, median; IQR, interquartile range;

W1–5, Weight all time 1–5.

FIGURE 3

Daily weight gain of the pigs (g/day) divided according to group, measured at four times during the study as well as for the entire period. Me, median;

IQR, interquartile range; DWGc, cumulative daily weight gain.

used 2.8 kg of feed per kg weight gained (IQR 0.6 kg) vs. 2.7 kg of

feed (IQR 0.4 kg) the control group.

In the intervention group, the total feed consumption was

13,120 kg vs. 12,680 kg in the control group (P = 0.61). This

corresponded to an average feed consumption of 2 kg per animal

per day for the intervention group and 1.9 kg for the control group

(P = 0.87). Furthermore, the total water consumption for the

intervention group was 78,144 L and for the control group 70,310 L.

The water consumption variable was not normally distributed; the

median consumption was 620 L/day (IQR 460) for the intervention

group and 560 L of water/day (IQR 410) for the control group. The

difference in water consumption was not statistically significant

(P = 0.09).

4. Discussion

The baseline results showed a high Salmonella seroprevalence

of 59.0%, which did not concord with the low proportion of pigs

excreting the bacteria as shown by the culture-based detection

method (1.0%) (36). To investigate this further, several methods
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FIGURE 4

Feed conversion ratio (FCR) per pig (in kg/kg gained/pig) divided according to group, measured at four times during the study as well as for the entire

period. Me, median; IQR, interquartile range; FCRc, cumulative feed conversion ratio.

and growth media were used to increase the sensitivity (37).

However, these efforts were not successful in increasing the number

of Salmonella-positive samples. This may be because of the known

low sensitivity of culturing Salmonella spp. in fecal samples from

pigs (8, 32, 38–40). Moreover, the regular administration of growth

promoters to piglets on the farm could have reduced the Salmonella

spp. excretion (40). Therefore, it was decided to measure only

Salmonella seroprevalence during the study as an indication of the

Salmonella prevalence.

There was a significantly lower Salmonella seroprevalence in

the group of pigs provided organic acids (OA) (18.3%) compared

with the control group (47.7%) at T2 (11 weeks). Contrary, at T1

(6 weeks) and T3 (15 weeks), there was no statistical difference

in seroprevalence. OA favor the growth of lactobacilli, which

contributes to a low pH, limit bacterial growth in the intestines and

stimulates the immune system in a non-specific way; all of which

decrease the probability of Salmonella colonization (3, 22, 41, 42).

For this reason, the use of OA may have delayed the excretion and

spread of Salmonella during the post-weaning period. However,

as the observation period progressed, the majority of the pigs

were eventually exposed to Salmonella spp. at some point. These

findings are in agreement with the literature (3, 41, 43). Pigs develop

partial immunity to Salmonella when the spread and exposure to

the pathogen is reduced. Such partial immunity development is

the core of a Salmonella reduction strategy as pigs at the time

of slaughter will have a lower probability excreting Salmonella

(36, 44). It is well-known that Salmonella cannot be eradicated

without culling the farm (36, 44). There is a positive association

between herd serology and the prevalence of Salmonella on the

carcass as a low seroprevalence is associated with less prevalence

on the carcass, less excretion and less overall contamination with

Salmonella at the abattoir (45).

In Colombia, it is customary practice to use growth promoters

like tylosin and zinc bacitracin. However, this is not in line with

the principles of prudent use as it will lead to development of

AMR and growth promoters are now banned in many countries

(46, 47). Growth promoters are used as they are believed to support

increased growth and reduce the severity of post-weaning diarrhea.

In our study, pigs provided OA had a better cumulative DWG

and weight productively than pigs administered growth promoters.

The OA are feed additives that are metabolized by the animal,

allowing their use without the risk of residues accumulating in

the meat. The use of OA is already increasing as a response to

strengthened regulations and consumer concerns on the use of

antimicrobials in many countries (48). The mode of action of OA

includes modulating stimulus that benefits the development of the

mucosa, the length ofmicrovilli, intestinal cell growth and therefore

the absorptive capacity of the intestine is improved (3, 19).

The weight measured at time pointsW4 (17 weeks) andW5 (23

weeks) and the cumulative DWG during the study showed a better

growth performance of pigs administered OA compared with the

control group, which supports findings in other studies (49–56).

van der Heijden et al. concluded that Selko pH
R©
added to water

at a concentration of 0.2% significantly reduced the seroprevalence

of Salmonella and improved the productive performance of pigs

(57). Likewise, formic, citric and benzoic acids can lead to improved

growth when added to feed provided to weaned and growing pigs

(23). A better DWG translates into less time spent by the pig in the

herd, as well as a more efficient use of feed nutrients that represent

one of the main costs of production (58).

Frontiers in Veterinary Science 07 frontiersin.org34

https://doi.org/10.3389/fvets.2023.1123137
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Roldan-Henao et al. 10.3389/fvets.2023.1123137

Although there was a statistically significant difference (P =

0.025) at FCR3 and FCR4 (P = 0.009), favoring the intervention

group and control group respectively, there was no significant

difference in the cumulative FCR between the two groups. This

may because the staff in charge of supplying the feed to the pigs did

not fully take into account the pigs that died during the trial when

calculating the feed to be administered. Therefore, the number of

pigs used to calculate the feed provided was likely a little too high

which may explain that no difference was found in the cumulative

FCR between the groups (59).

The cleaning of the water pipes on the farm with citric acid

before and during the study improved the water quality, which

likely also resulted in healthier pigs (60, 61). Water is a potential

source of various pig pathogens causing diseases that affect weight

gain and feed conversion (62). For this reason, it is recommended

to clean the water pipes regularly. The combination of cleaning

of the pipes and the use of OA may be responsible for the higher

overall productivity and apparently slower spread of Salmonella in

the group administered OA. At the abattoir, such pigs are expected

to have a lower probability of excreting Salmonella (44).

Salmonella antibodies can remain at measurable levels up to 3

months in the pig, whichmeans that positives animals can be found

even when they no longer are infected or excreting Salmonella

spp. (36). Pigs included in the clinical trial may have experienced

exposure to the pathogen without excreting Salmonella during

sampling. Additionally, presence of antibodies in the individual

animal may not be directly related to a carrier stage or probability

of shedding Salmonella spp. (63). Hence, it is a limitation of

our study that no other diagnostic tests were applied that could

confirm whether pigs were excreting Salmonella (13). Post-harvest

sampling of lymph nodes and ileocecal contents of the pigs may

have increased the likelihood of detecting Salmonella if present,

and thereby allowing a better assessment of how OA impacted the

Salmonella levels in the pigs (37).

Selacid
R©

was supplied at different concentrations during the

study. It is known that different concentrations of OA can affect the

Salmonella seroprevalence in pigs as shown by Calveyra et al. who

concluded that at a concentration of 0.1%, OA had no significant

effect on the Salmonella level whereas it did have a significant effect

on improving daily weight gain in the pigs (64).

The dosage of Selko pH
R©
we administered to drinking water

(0.8 ml/L) was slightly lower than the dosage recommended by

the technical data sheet (1–2 ml/L) from the manufacturer (65).

The total estimated cost of the growth promoters added to the

administered feed was 32 US$ as compared to 57 US$ for OA

added to water and feed. The relative low dosage of OA may

have had a reduced effect on Salmonella in the intervention group

(25, 30, 66). On the other hand, the additional supplement of

OA in the feed probably compensated for the lower concentration

of Selko pH
R©

used in the water. The types and concentrations

of different OA products—as well as their costs—should be

further investigated for their effect on Salmonella and overall

productivity as the effect of the acids varies significantly depending

on the components present in the feed (23, 59, 63). Moreover,

attention should be given to palatability of the OA to ensure

that the pigs do not consume less water or feed. Contrary to

traditional organic acids, Selko pH
R©

has the advantage that

it is safe to use as it can be given to pigs in relative high

concentrations without risking that the pigs stop drinking because

of palatability issues.

For future research, it is recommended to include pig farms

with known high prevalence of Salmonella spp., serial sampling and

analyses of 25-g of fecal samples to increase the sensitivity.

5. Conclusion

This pilot study indicates that administration of OA in

combination with regular cleaning of water pipes can improve

productivity and delay exposure to Salmonella spp. when

compared with commonly used antimicrobial growth promoters.

A substitution of antimicrobial growth promoters with OA will

lower antimicrobial use and resistance, while ensuring productivity.

However, the study should be repeated before firmer conclusions

can be drawn regarding productivity and the Salmonella spp.

reduction potential of OA.
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The comparison and use of tools
for quantification of antimicrobial
use in Indonesian broiler farms

Rianna Anwar Sani1, Jaap A. Wagenaar1,2,3, Tagrid E. H. A. Dinar1,

Sunandar Sunandar4, Nofita Nurbiyanti4, Imron Suandy5,

Gian Pertela6, Elvina J. Jahja7, Budi Purwanto8, CORNERSTONE

group, Ingeborg M. van Geijlswijk9 and David C. Speksnijder1,3,10*

1Division of Infectious Diseases and Immunology, Faculty of Veterinary Medicine, Utrecht University,

Utrecht, Netherlands, 2Wageningen Bioveterinary Research, Lelystad, Netherlands, 3WHO Collaborating

Center for Reference and Research on Campylobacter and Antimicrobial Resistance from a One Health

Perspective/WOAH Reference Laboratory for Campylobacteriosis, Utrecht, Netherlands, 4Center for

Indonesian Veterinary Analytical Studies (CIVAS), Bogor, Indonesia, 5Ministry of Agriculture of the

Republic of Indonesia, Jakarta, Indonesia, 6Laboratory Services and Surveillance Department, PT Medion

Farma Jaya, Bandung, Indonesia, 7Animal Health Department, PT Medion Farma Jaya, Bandung,
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Introduction: Indonesia has a large broiler industry with extensive antimicrobial

use (AMU) according to empirical evidence. However, there are no quantitative

data of on-farm AMU. Quantification of AMU at farm level is crucial to guide

interventions on antimicrobial stewardship (AMS). The objective of this study

was to compare on-farm AMU monitoring methods, to assess which monitoring

method is best suited to gain insight in the quantitative AMU at farm level in

medium-scale Indonesian broiler farms.

Method: AMU was calculated using four di�erent indicators—mg/PCU (mass-

based), TFUDDindo (Treatment Frequency of Used Daily Dose, dose-based),

TFDDDvet (Treatment Frequency of Defined Daily Dose, dose-based), and

TFcount−based (count-based)—for the total AMU of 98 production cycles with an

average length of 30 days.

Results: Broilers were exposed to an average of 10 days of antimicrobial

treatments per production cycle, whereas 60.8% of the antimicrobials belonged

to the Highest Priority Critically Important Antimicrobials (HPCIAs). For each pair

of indicators, the Spearman rank correlation coe�cient was calculated to assess

if the production cycles were ranked consistently in increasing AMU across the

di�erent indicators. The correlation varied between 0.4 and 0.8.

Discussion: This study illustrates the considerable di�erence in the ranking of

AMU between the di�erent indicators. In a setting comparable to medium-scale

broiler farms in Indonesia, where resources are scarce and there is no professional

oversight, the TFcount−based method is best suitable. Before implementing an AMU

monitoring method, careful consideration of the use-indicators is paramount to

achieve fair benchmarking.

KEYWORDS

antimicrobial resistance, antimicrobial stewardship, veterinary antimicrobial use

monitoring, poultry, Indonesia
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1. Introduction

The increase of antimicrobial resistance (AMR) is seen as

a major health threat for humans and animals worldwide. It

is estimated that 1.27 million human deaths are attributable to

bacterial AMR in 2019, and if no action is taken, AMR could

become one of the biggest causes of human death by 2050 (1, 2).

Multiple studies have illustrated that antimicrobial use (AMU)

in livestock results in increased occurrence and dissemination of

cross sectoral AMR. A reduction in AMU will reduce selection

for AMR, which could eventually result in a decrease of AMR

(3–7). A concern regarding AMR development in livestock is the

frequent use of antimicrobials categorized by the World Health

Organization (WHO) as Highest Priority Critically Important

Antimicrobials (HPCIAs) for human medicine, such as 3rd and 4th

generation cephalosporins, colistin and fluoroquinolones (8).

It is estimated that the majority of globally used antimicrobials

(73%) are used in animals reared for food production, and the

total amount used in animals is projected to increase by 11.5% by

2030, primarily in Asia (6, 9). This increase is most likely due to

the intensification of the livestock industry to meet the growing

demand for animal protein, particularly in Low- and Middle-

Income Countries (LMICs) (5, 10). In many of these countries,

professional veterinary oversight is lacking and antimicrobials can

be purchased without a prescription, increasing the risk of the

development of AMR due to indiscriminate use in livestock (11,

12).

With a population of 280 million people in 2022, Indonesia is

the fourth highest populated country in the world. The Indonesian

broiler sector accounts for 87% of the consumed meat, and

empirical studies indicate that the broiler industry accounts for

around 60% of the antimicrobial use in livestock (13, 14). Although

a pilot surveillance study in 2019 has collected qualitative data on

AMU, quantitative data on AMU at farm-level in the Indonesian

broiler sector is lacking (15). There is no structural professional

veterinary oversight over AMU (14). Availability of reliable AMU

data at farm level is vital for antimicrobial stewardship (AMS)

initiatives, targeting imprudent use, encouraging improvements in

animal husbandry, biosecurity, and enabling detailed risk and trend

analyses (16).

Setting up AMU monitoring systems involves various

challenges, a major one being the choice of indicators for

quantifying and reporting results. The indicator is a technical unit

used to quantify an animal’s exposure to antimicrobials. In the

numerator, the indicator contains a unit of measurement (UM)

that expresses the amount of antimicrobials used. Depending

Abbreviations: AMR, antimicrobial resistance; AMS, antimicrobial

stewardship; AMU, antimicrobial use; CIA, critically important antimicrobials;

CIVAS, Indonesian center for veterinary analytical studies; DDDvet, defined

daily dose for veterinary products; FAO, food and agriculture organization

of the United Nations; HIA, highly important antimicrobials; HPCIA, highest

priority critically important antimicrobials; LMIC, low- and middle income

country; Mg/PCU, milligrams per population correction unit; TF, treatment

frequency; UDD, used daily dose; UM, unit of measurement; VMP, veterinary

medicinal product; WHO, World Health Organization; WOAH, World

Organization for animal health.

on the context and objective of the AMU monitoring system,

a dose-based, mass-based or count-based UM can be used. A

dose-based UM uses the number of standardized dosages (usually

in mg/kg) in the numerator, a mass-based UM the total mass of the

antimicrobials applied (usually in milligrams) in the numerator,

and a count-based UM the number of administrations of an

antimicrobial product. All UMs are applied during a defined

period (e.g., production cycle, year). The denominator contains the

animal population that is exposed to antimicrobials in a specific

time period (16). By dividing the UM by the animal population

that is exposed in the same time period, a treatment frequency

(TF) can be calculated (quantity of AMU per time period). A major

challenge is developing an AMU monitoring tool that is both easy

to use in the local context and reliable in the collection, analysis

and reporting of AMU data.

The objective of our study was to compare on-farm AMU

monitoring methods for Indonesian broiler farms, to assess which

monitoring method is best suited to gain insight in the quantitative

AMU at farm level in medium-scale Indonesian broiler farms.

2. Materials and methods

Usage data from the CORNERSTONE project was used

(17). This project is a longitudinal study which was initiated

and coordinated by researchers from the Faculty of Veterinary

Medicine of Utrecht University, in cooperation with the Center

for Indonesian Veterinary Analytical Studies (CIVAS), Medion

(Indonesian veterinary pharmaceutical company with direct

relationships with poultry farmers) and FAO Indonesia, taking

place from 2018 to 2023. In this project, a sample of nineteen

medium scale broiler farms located in the western part of

Java Island, Indonesia was selected for baseline data collection

and an intervention study with the objective of increasing

prudent AMU. The study is performed on medium-scale farms

as this group forms the largest number of commercial farms

in Indonesia. The farms were selected using a convenience

sampling method from the client database provided by Medion

and have either open- or semi-open housing systems. All farms

were independent medium-scale commercial broiler farms with

5,000–20,000 broilers, utilizing developed housing and equipment,

applying low to moderate biosecurity measures and usually

marketing the birds commercially. During the recruitment process,

farmers were explained the objective of the CORNERSTONE

project was to gain insights in on-farm AMU in order to develop

recommendations to optimize AMU. The implementation of

these recommendations is voluntary, and farmers can quit the

study at any point in time. All farmers signed an informed

consent form prior to data collection. All traceable data

was anonymized.

2.1. Selecting AMU indicators

Existing on-farm AMU monitoring systems were explored and

the guideline “Quantification of veterinary antimicrobial usage

at herd level and analysis, communication and benchmarking to

improve responsible usage” (AACTING) was selected as the basis
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to develop an on-farm AMU monitoring system for medium-

scale broiler farms in Indonesia (18). The different steps of

the AACTING guideline were followed, which addresses the

requirements for developing an AMUmonitoring system regarding

(1) data collection, (2) data analysis (including how to quantify

AMU), (3) benchmarking, and (4) reporting (18).

In Step 2 (data analysis), the different options for unit of

measurement (UM; the numerator of an indicator) to quantify

AMU at farm level were considered. A UM of each of the

three different categories—mass-based, dose-based, and count-

based AMU metrics—was used for this study. Most farmers or

farm managers on medium-scale poultry farms lack knowledge

of prudent AMU and do not consult a veterinary professional

when administering antimicrobials. This leads to a high variety of

dosages. Using a standardized dose in the denominator on these

farms could lead to an over- or underestimation of the actual

AMU. The seriousness of this error was assessed by calculating the

actual dose used. For each production cycle analyzed, we calculated

two dose-based (Used Daily Dose (UDD) and Defined Daily Dose

(DDDvet)), onemass-based (mg/kg) and one count-based (number

of single-day treatments) UM. DDDvet as defined by the European

Medicines Agency (EMA) uses a standardized dose derived from

European data, whereas UDD is calculated using the measured

use data from the studied farms (18). By calculating AMU both

with UDD and DDDvet the applicability of the European standard

DDDvet in the context of Indonesian medium-scale broiler farms

is examined.

2.2. Data collection

AMU data was collected from at least four successive

production cycles of one broiler house per participating farm.

During each production cycle, an extension worker from CIVAS

visited the farms three times (at the start, in the middle and

just before harvest) to assemble and check the quality of the

collected data. These extension workers instructed the farmers at

the start of the project on what data they needed to collect. AMU

data was collected using daily treatment records filled in by the

farmers along with drug collection bins. The records contained

the date and age of the broilers at application, the (brand) name

of the veterinary medicinal product (VMP), purpose of use, the

amount of the products used and the route of application. The

drug collection bins were provided during the first visit from

extension workers and emptied at the end of each cycle. The

farmers were requested to place all used packages of administered

products (except for feed packets) into the drug bins. During a

cycle, the farmers were requested to send a picture or copy of

the daily records every week. The farmers recorded the number

of chicks at the start of the cycle, daily mortality rate, number

of broilers sent to slaughter, and harvest weight. For some

production cycles mortality rates were missing; in these cases, the

number of broilers at the start of the cycle was used to calculate

the denominator.

As the farmers did not record the average daily bodyweight of

the broilers, the “standard” Indonesian growth curve for the Cobb

strain was used to estimate the bodyweight of the broilers on each

day of the production cycle (19). A standardized mean bodyweight

throughout the cycle of 1.0 kg (as used in EMA guideline) was used

for the mass-based indicator (20).

All collected data were entered and analyzed in Microsoft

Excel 365 (Microsoft Corp., Redmond, USA). Quality check of

the data was performed manually by checking the input. The

exact (antimicrobial) contents of the VMPs that the farmers had

applied were obtained through the Index for Veterinary Medicines

Indonesia and cross-checked (Index list with used products) by an

Indonesian veterinarian from CIVAS (21).

2.3. Calculation of the four di�erent AMU
monitoring tools

The first indicator calculated is mass-based and expressed in

milligrams (mg) of active substance per Population CorrectionUnit

(PCU). This indicator is calculated as (20):

mass-based mg/PCU

=

Total amount of active substance administered during a cycle (mg)

standardized bodyweight (1.0 kg) ∗N broilers (present at treatment)

The second indicator is the dose-based Treatment Frequency

of used daily dose (TFUDDindo). The UM for this indicator was

calculated for broilers specifically on the included production cycles

of the study farms and was therefore named UDDindo. UDDindo

is defined as “the actual administered dose (as active substance in

mg) per standardized bodyweight (kg) of an animal at treatment.”

The UM UDDindo needed to be established per treatment before

the indicator TFUDDindo can be calculated. UDDindo was calculated

per treatment as:

dose-based UDDindo (mg/kg)

=

amount of active substance administered per treatment (mg)

N treated ∗standardized bodyweight at treatment (kg)

When the UDDindo was calculated for each specific treatment

during a cycle, the average UDDindo for each active substance

in all studied production cycles was calculated by dividing the

sum of UDDindo for a specific active substance by the number of

treatments that contained the same antimicrobial active substance

(Table 1).

Once the UDDindo for each active substance was determined,

the TFUDDindo was calculated by:

dose-based TFUDDindo (days of treatment/production cycle (30 days))

=

6 amount of active substance administered (mg)

N treated ∗standardized bodyweight at treatment (kg)∗UDDindo∗30 days

The third indicator is comparable to TFUDDindo but uses

defined daily dosages instead of used daily dosages. This indicator

is TF Defined Daily Dose (TFDDDvet). The DDDvet values were

obtained according to the calculations by the European Medicines

Agency (20). As the bodyweight plays a significant role in
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TABLE 1 Overview of defined DDDvet and calculated UDDindo values

used to calculate TFDDDvet and TFUDDindo respectively per production cycle.

Antimicrobial
group

Content DDDvet
mg/kg

UDDindo
calculated
mg/kg

Polymyxins

(HPCIA)

Colistin 5.1 12.5

Fluoroquinolones

(HPCIA)

Ciprofloxacin Not available 30.0

Fluoroquinolones

(HPCIA)

Enrofloxacin 10.0 31.4

Fluoroquinolones

(HPCIA)

Flumequine 14.0 5.1

Macrolides

(HPCIA)

Tylosin 81.0 20.3

Macrolides

(HPCIA)

Erythromycin 20.0 19.3

Macrolides

(HPCIA)

Spiramycin 73.0 7.8

Fosfomycin (CIA) Fosfomycin Not available 20.9

Aminoglycosides

(CIA)

Spectinomycin 124.0 14.6

Aminoglycosides

(CIA)

Neomycin 24.0 5.4

Penicillins (CIA) Amoxicillin 16.0 23.1

Sulfonamides

(HIA)

Sulfadiazine,

trimethoprim

34.0 30.6

Sulfonamides

(HIA)

Sulfaquinoxaline,

natrium,

pyrimethamin

60.0 16.5

Lincosamides

(HIA)

Lincomycin 8.6 13.7

Tetracyclines (HIA) Doxycycline 15.0 9.5

Tetracyclines (HIA) Oxytetracycline 39.0 14.8

The Antimicrobial groups are: Highest Priority Critically Important Antimicrobials

(HPCIA’s), Critically Important Antimicrobials (CIA’s) and Highly Important

Antimicrobials (HIA’s).

calculating AMU in broilers, the same standardized bodyweight at

day of treatment was used as in TFUDDindo.

Dose-based TFDDDvet (days of treatment/production cycle (30 days))

=

6 amount of active substance administered (mg)

N treated ∗standardized bodyweight at treatment (kg) ∗DDDvet∗30 days

The fourth indicator TFcount−based is count-based

and expressed as the number of days under treatment

per production cycle. If a VMP contained two

antimicrobial active substances, it was counted as two

separate treatments:

Count-based TFcount−based (days of treatment/production cycle (30 days))

=

n days of treatments of active substance per cycle

30
(

average length of a production cycle
)

The treatment frequencies therefore portray the proportion

of days the broilers were under antimicrobial treatment during a

standardized production cycle of 30 days.

2.4. Benchmarking and statistical analysis

An arbitrary benchmark analogous to the Dutch system was

placed on the upper quartile in the ranking of each of the four

indicators (22). The cycles within the highest AMU quartile (n =

25) were defined as “high AMU.”

For each of the four aforementioned indicators the AMU per

production cycle was ordered from the lowest to the highest value.

To test if these rankings for each specific indicator were correlated

Spearman rank correlation coefficients (ρ) were calculated for

each pair of indicators. The Spearman rank correlation coefficient

measures the agreement between rankingmethods and ranges from

−1 (perfect negative agreement) to 0 (no agreement) to+1 (perfect

positive agreement). The statistical significance test for a Spearman

correlation assumes independent observations. The production

cycles that were observed in this study were clustered in nineteen

participating farms (four to six production cycles per farm). In the

statistical analysis the intraclass correlation (ICC) was therefore

calculated to check this assumption of independent observations.

The Bonferoni adjusted p-value was calculated to compensate for

the family wise error. For each pair of indicators, the number

of production cycles ranked in the upper quartile for only one

of the indicators but not for the other indicators was calculated.

Additionally it was calculated how many cycles were ranked in the

upper quartile in all four indicators.

3. Results

3.1. Application of the four di�erent AMU
monitoring tools

The checklist for each step provided by the AACTING

guideline was filled out as part of collecting primary data for the

context of the included medium scale broiler farms (Table 2).

Per farm, four to six production cycles were monitored (in

total 98 production cycles across 19 farms), on average 5.2 per

farm (Annex 1). In 97 production cycles, the broilers belonged

to the Cobb strain, 1 production cycle used broilers from the

Ross strain. Antimicrobials were used in 97 of the 98 (99%)

production cycles. In total, 150 different VMPs were used, 53 of

which contained antimicrobials. The daily recording forms were

primarily used to analyze AMU per production cycle. The packages

collected in drug collection bins were counted to cross-check the

daily recording forms. All daily recording forms corresponded with

the collected packages. The antimicrobials used belong to nine

different antimicrobial classes, three of which are classified by the

WHO as HPCIAs, three as Critically Important Antimicrobials

(CIAs) and three as Highly Important Antimicrobials (HIAs) (23).

Twenty-three VMPs contained a combination of two different

antimicrobial substances.

The mean number of broilers that were present in the included

study houses during a production cycle was 9,442 (ranging from
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TABLE 2 Checklist for developing an AMUmonitoring system in the context of Indonesian medium-scale broiler farms.

Requirements data collection according
to AACTING guideline

Available options in the context of medium-scale broiler farms in
Indonesia

1. Identify Data sources Data at farm level through:

- Extension worker visits

- Drug bins collecting all medicinal products used

- Questionnaires filled in by farmers

2. Required information needed to calculate the quantity of

each antimicrobial active substance used (numerator)

Use data required:

- Unique ID/name of the antimicrobial containing VMP (through daily recordings)

- Number of packages or amounts used (daily recordings)

- Amount of active antimicrobial substances in all VMPs used [using Indonesian Index of Veterinary

Medicine (IOHI) provided by ASOHI (association for Veterinary Medicine in Indonesia)]

- Age at treatment (daily recordings)

3. Required information to calculate the size of population at

risk of treatment (denominator)

- Flock size (recorded at farm level through daily recordings)

- Flock size at time of treatment (recorded at farm level through daily recording)

- Assumed biomass (bodyweight) per animal (standard weight set through Cobb growth curve provided by

Medion)

4. Define data collection time windows as well as data lock

points

- Window data collection: mean period of one production cycle of 30 days on medium-scale broiler farms

in Indonesia

5. Determine how data should be provided - Manual input in written daily recordings

6. Determine who should provide data - Farmer (for this study with guidance of an extension worker)

7. Determine who can change the data - Extension workers (validation of data input by farmer required)

- System operators in case of errors

Requirements Data Analysis according to
AACTING guideline

Answers in context of medium-scale broiler farms in Indonesia

1. Determine numerator for analysing the datas Numerator for Mass-based (mg/PCU) and Dose-based (TFUDDindo , TFDDDvet) was expressed in milligrams

of administered active substance. Numerator for Count-based indicator (TFcount−based) was expressed in

number of treatments (treatment being defined as a single-day treatment with one active substance)

2. Determine the denominator quantifying the size of

population of animals at risk

Denominator for each indicator was expressed as:

- Mass-based (mg/PCU): Standardized bodyweight (1.0 kg) multiplied by number of broilers present at

treatment

- Dose-based (TFUDDindo): standardized bodyweight (according to Cobb growth curve provided by

Medion), multiplied by number of broilers present at treatment, multiplied by the calculated Used Daily

Dose, multiplied by time period of 30 days

- Dose-based (TFDDDvet): standardized bodyweight (according to Cobb growth curve provided by

Medion), multiplied by number of broilers present at treatment, multiplied by the standardized Defined

Daily Dose vet (calculated by EMA), multiplied by time period of 30 days

- Count-based (TFcount−based): time period of 30 (days)

3. Determine which AMU indicator best fits with the goal of

the entire system and the AMUmonitoring objectives

Based on

- Data collection capacity without the aid of extension workers on the farms within this study

- Objective of quantifying AMU at farm level and benchmarking in a fair manner

The AMU indicator best suitable for these study farms would be Count-based (TFcount−based)

1,715–27,500, SD: 6,905). All four indicators ranked Cycle 3 on

Farm 1 to have the highest AMU per standardized cycle (of

30 days). Leaving out the single production cycle in which no

antimicrobials were used, all four indicators also identified the

same production cycle (Cycle 3 on Farm 2) as having the lowest

AMU. The mean AMU per standardized production cycle (n =

98) expressed in a mass-based indicator was 46.9 mg/PCU (SD:

58.3 mg/PCU). For the dose-based indicators, the mean TFUDDindo
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FIGURE 1

Average number of antimicrobial treatments per broiler per day of age divided in the di�erent antimicrobial classes.

FIGURE 2

Proportion of antimicrobial classes used in all monitored cycles using the four di�erent AMU indicators.

was 0.3 (SD: 0.3) and TFDDDvet was 0.6 (SD: 0.6). The mean

TFcount−based was 0.3 (SD 0.2).

Figure 1 shows the number of treatments per antimicrobial

class per day of age. On average, there were 10.2 antimicrobial

treatment days per cycle. During the first 6 days of age, there

is a high treatment incidence of fluoroquinolones (HPCIA)

(e.g., in 39% of the monitored cycles, broilers were under

fluoroquinolone treatment on Day 4 of the cycle), and a second

period of high fluoroquinolone and macrolide (both HPCIA)

treatment incidence from Days 17 to 23. Other antimicrobial

classes show different dynamics of use during the first 23

days of the production cycle. Figure 2 shows the proportion

of antimicrobial classes used in all monitored cycles using the

different indicators. The proportions calculated as TFcount−based,

and TFUDDindo show similar patterns, whereas the proportions

for antimicrobial classes used calculated as mass-based (mg/PCU)

and the TFDDDvet indicator are different from the first two.

Although overall TFcount−based and TFUDDindo show similar

patterns when calculated over all cycles, the variation becomes

clear when individual cycles are analyzed (Figures 3A–D). For

example, in Cycle 2 on Farm 12 (12.2) or Cycle 5 on Farm 13

(13.5), the proportion HPCIAs versus CIAs that were used differ

Frontiers in Veterinary Science 06 frontiersin.org43

https://doi.org/10.3389/fvets.2023.1092302
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Anwar Sani et al. 10.3389/fvets.2023.1092302

FIGURE 3

Distribution of AMU amongst the di�erent priority antimicrobial classes as defined by WHO (HPCIA, CIA and HIA) of the 14 production cycles that

were ranked as “high AMU” within only one indicator. Individual production cycles are labeled as [farm.cycle]; 4.1 means cycle 1 on farm 4. (A)

Distribution of AMU defined as mg/PCU. (B) Distribution of AMU defined as TFUDDindo. (C) Distribution of AMU defined as TFcount−based. (D) Distribution

of AMU defined as TFDDDvet.

considerably depending on whether TFUDD−indo or TFcount−based

was used.

Most AMU across all the monitored cycles belong to the

HPCIAs, most of which were fluoroquinolones, irrespective of

the indicator used (Figure 2). The percentage HPCIA use differs

between indicators from 60.3 (mg/PCU) to 77.2% (TFDDDvet)

(Figure 2). Depending on the indicator used, various production

cycles were classified as “high AMU,” defined as having an AMU

in the upper quartile within a specific indicator (Table 3).

The ICC was negligible (<0.1) meaning that observations

within each cluster were behaving as independent observations and

the Spearman rank correlation test could be applied.

The lowest correlation found between two indicators was 0.4

(TFDDDvet and TFcount−based) and the highest correlation was 0.8

(mg/PCU and TFUDDindo) (Table 3, Figures 4A–F). The Bonferoni

adjusted p-value for each of the six pairwise comparisons between

indicators was <0.05. Seven of the 25 production cycles in the

upper quartile were classified as “High AMU” by all four indicators.

Fourteen out of the 25 production cycles in the upper quartile were

only marked as “High AMU” by just one indicator.

4. Discussion

In this study, we applied existing AMU indicators following

the AACTING guidelines to gain insight into AMU at farm level

on medium-scale broiler farms in Indonesia (18). Quantitative

AMU data as well as data on the number of broilers present

throughout the production cycle was used. Antimicrobials were

used in 99% of the production cycles, although large variations

between production cycles could be observed. Regardless of the

unit of measurement (UM) used, the majority of antimicrobials

TABLE 3 Pairwise comparison of AMU indicators using spearman rank

correlation.

mg/PCU TFUDD TFDDDvet Tfcount-
based

mg/PCU 1.00 0.78 0.69 0.69

N = 0 N = 6 N = 8 N = 8

TFUDD 1.00 0.69 0.62

N = 0 N = 8 N = 10

TFDDDvet 1.00 0.39

N = 0 N = 15

TFcount-

based

1.00

N = 0

The values within the cell indicate the rho (ρ) coefficient and the number of farms ranked as

“High AMU” [threshold upper quartile of AMU (N = 25)] with one indicator but below the

threshold in the other indicatior in the pairwise comparison. The p-value for all Spearman

rank correlation calculations was <0.05. The color shades indicate the level of correlation

found in this study: dark green represents perfect correlation and deep yellow represents no

correlation.

used belonged to the HPCIA category. All UMs identified the

same cycles as the cycle with the highest and lowest AMU,

respectively. The UMs differed in the ranking of production cycles

with increasing AMU.Nineteen production cycles were categorized

as “high AMU” (upper quartile of AMU) for both the dose-Based

UM TFDDDvet and the mass-based UM TFcount−based together

Only ten cycles were categorized as “high AMU” when calculated

for both the mass-based UM mg/PCU and the dose-Based UM

TFUDDindo together.
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FIGURE 4

Scatter plots showing the correlation of individual production cycle AMU rankings between the 4 tested AMU indicators. (A) Correlation between

TFDDDvet and TFUDDindo. (B) Correlation between mg/PCU and TFUDDindo. (C) Correlation between TFcount−based and TFUDDindo. (D) Correlation between

mg/PCU and TFcount−based. (E) Correlation between mg/PCU and TFDDDvet. (F) Correlation between TFcount−based and TFDDDvet.

4.1. Data collection and quality control

An effective monitoring system for AMU requires a measure

of the amount of antimicrobials consumed and a measure of the

population of animals at risk of treatment (16). Furthermore,

ongoing systematic data should be collected to measure AMU

change over time.

AMU data collection can be performed at different levels of

aggregation or detail, and for different purposes. Indonesia reports

national veterinary AMU at the level of species and administration

route, and this is paralleled by collection of AMR data in poultry

which is an ongoing surveillance system in Indonesia [personal

communication Dr. Desmayanti; (24, 25)]. Data collection at the

farm level, however, is important to understand why and how such

large quantities of antimicrobials are used, identify high users, and

provide the basis for developing AMS programs on farms (26). This

study is the first that collected longitudinal and quantitative data

on a sample of Indonesian broiler farms. This gave the opportunity

to compare data-analysis systems for reporting and benchmarking,

build experience in collecting data on broiler farms, and add

quantitative data to the qualitative AMU studies that have been

performed in the recent past in Indonesia. From our study, it is clear

that an intensive follow-up is needed to collect reliable data from

medium scale broiler farms in Indonesia. Even with the intensive

follow-up there was no one guarantee that the AMU data was

exact. Based on anecdotal reports from extension workers, farmers

were not used to registering treatments precisely and appeared to

find it difficult to make registration part of their daily routine.

Intensive follow-up with frequent farm visits are a prerequisite for

reliable data in situations where other data quality controls like

intensive veterinary oversight are lacking. However, collecting on-

farm data from a sample of farms as proxy for use, and extrapolate

this to regional or even country level, will be a very time- and

labor-consuming approach given the number of farms needed and

the dispersed locations of farms (27). This is important to realize

when deciding which AMU indicator will be used. A more detailed

indicator (such as a dose-based indicator) where extensive data

collection is required could be less suitable in this setting. Large-

scale (>20,000 broilers) commercial farms, usually with developed

housing and equipment, were not included in our study due to

limited access to data (9). Due to a stricter farm management

on large-scale farms, we can speculate that this might facilitate

more thorough data collection. However, when data are collected

to inform national policy, data from both large-scale and medium-

scale farms should be included as there might be clear differences in

usage. In the CORNERSTONE project, data collection is performed

so that an intervention can be designed as part of an antimicrobial

stewardship program.
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4.2. Data analysis

Which UM is chosen often depends on the context (e.g.,

data availability, resources, objective of the monitoring system). A

different choice of numerator (and thus indicator) can influence the

interpretation of AMU at both national level (28, 29) and farm level

(30, 31).

As antimicrobials classified as HPCIA are crucial in human

medicine, it is paramount in AMU monitoring systems that the

use of HPCIAs is not masked. When using a mass-based UM,

the risk exists that the AMU can falsely appear to have decreased

through switching to antimicrobial classes with a higher potency

and so a lower required dose active substance, even though the

duration of animal exposure to antimicrobials may not have

changed. Remarkably, for the mass-based indicator mg/PCU in

this study, the class of antimicrobials calculated to have been most

used was the highly potent class of fluoroquinolones (HPCIA). This

seemingly contradictory result can be explained by the three times

higher dose of fluoroquinolones that was used on our study farms

compared to the DDDvet, leading to a higher amount of milligrams

being used than expected. This could also be the explanation for the

(counter-intuitive) highest correlation between the UMs TFUDDindo
and mg/PCU.

A dose-based UM can be used to correct for the dosage.

The challenge for dose-based UMs in a setting often lacking

professional veterinary oversight, is that the recommended dose

according to the SPC may not always reflect drug use in practice,

as farmers frequently deviate from the recommended dosage

(22, 26, 32). These variations were clear in this study, where

the dosage of enrofloxacin used in the different cycles varied

from 0.0017 to 203 mg/kg (the standardized dose according to

EMA is 10 mg/kg). For fluoroquinolones this is due to huge

variation in applied doses per farm. As a result of this variation

in dosage per individual farm, even the standardized UDDindo,

derived from the collected farm-level data leads to a varying over-

or underestimation for each individual production cycle. This,

in turn, leads to an incorrect ranking. Furthermore, comparing

UDDindo and DDDvet shows that in this dataset the actual used

dose (UDDindo) for colistin and enrofloxacin, both HPCIAs, was a

3-fold higher than the standardized DDDvet as calculated by EMA

(Table 1). In contrast, all other UDDindo values were much lower

than the DDDvet values (Table 1). Considering the importance of

HPCIA and the substantial difference in actual dose used and the

DDDvet in this dataset, and varying under- and overestimation

per individual farm by UDDindo, dose-based indicators have their

restrictions in measuring AMU on medium-scale Indonesian

broiler farms.

If a count-based UM is used, it is not necessary to have data

available on the actual amount of antimicrobials used. Using a

count-based UM thus requires less data, creating a lower burden

for farmers to record data, but is less accurate compared to a

dose-based UM if the goal is to examine the actual AMU at farm

level. This is because it does not take into account the actual

dosage applied, but counts every treatment with the same value

(this value is “1”). However, the underestimation of use of potent

antimicrobials, as would happen if a mass-based UM was used, is

avoided when a count-based UM is used, because every treatment is

weighted the same. However, it does not provide insight into under-

or overdosing of a VMP, what appeared to happen frequently in our

study population. It only counts the days that animals are under

antimicrobial treatment in a predefined period, without weighing

the quality of the AM treatment.

Besides choosing the numerator of the indicator for AMU,

the AMU needs to be divided by a proxy for the targeted animal

population to have comparable results (16). The weight of broilers

increases by a factor of almost 40 (from 40 g to 1,500 g under

Indonesian conditions) during their short life, which could imply

a high risk of under- or overestimation of AMU when a single

standardized animal weight is used (33). A mass-based UM for

AMU usually uses slaughter weight, underestimating the effective

exposure to antimicrobials per kilogram bodyweight, as most

treatments often take place in the first week of production at low

bodyweight. Due to varying management conditions of the farms

in this study, there was also considerable variety in the actual

bodyweight of the broilers at specific age on different farms, not

always following the Cobb growth curve. A study by Kassabova in

2019 showed that using different weights to calculate dose-based

AMU also significantly influences the outcome of the measurement

(22). When available data on growth curves is limited, it could

therefore be the best option to use a count-based UM, where the

weight of the animals is not needed.

In summary, there are pros and cons for each UM for AMU.

In the current setting of medium-scale broiler farms in Indonesia,

the count-based UM seems most suitable (and realistic) to achieve

a fair benchmarking of farms.

4.3. Benchmarking

Benchmarking AMU refers to comparing a farm’s AMU with

the AMU of the reference population (18). A prerequisite is that

AMU for all entities in this population is quantified in a comparable

manner. Using a different indicator can lead to a change in the way

farms are ranked, which was clearly visible in this study (26, 34).

Although some studies performed in broilers (34) and pigs (26)

showed a correlation between the mass- and dose-based indicator,

the correlation in this study was considerably lower [∼0.6 (this

study) compared to 0.8 (26)]. An explanation for this could be

that the other studies were performed using data from countries

where the administered dosages were more according to the SPC

than in this study. A consistent over- or underestimation of the

dosage would still result in a similar ranking of antimicrobial

users, even though the exact values differ. However, if the over- or

underestimation varies strongly, like in this study, the correlation

automatically decreases.

Due to the limited number of participating farms and variation

in the use of antimicrobials between production cycles, it was

decided to benchmark per cycle instead of per farm in this study.

This method is feasible in studies such as this one, where extensive

supervision is possible. For this study, there was no preliminary

data and benchmarking was only performed after data for all

production cycles had been collected. Since farms have varying

empty periods (in which no production cycle is running), quite

some time can elapse between data collection of different cycles.

For future studies, a timely benchmark is advised. This way, as soon
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as data is collected from one production cycle, it can immediately

be reported back to the farmer whether or not their farm ranks

as “high AMU.” Considering the duration of data collection, data

analysis and efforts required to draft a report, benchmarking

per farm is probably more realistic than per production cycle.

Regardless of whether benchmarking is done within a smaller

study or at a national level, similar farms should be used as a

reference population. In this context, medium-scale farms should

be compared with medium-scale farms and Large-scale farms with

Large-scale farms.

4.4. Reporting

Reporting on the outcome of AMU quantifications is necessary

for the improvement of AMS initiatives. Ongoing, systematic

monitoring of on-farm AMU can guide targeted improvements of

AMU as part of stewardship programs (16, 18). It is important

to ensure the report is adjusted to the person it is addressed to

(16). In our study, we reported back to farmers who mostly lack

knowledge of prudent AMU and AMR. The report language should

be understandable for this type of farmer and offer a clear overview

of the AMU on their own farm compared to others within the

reference population. In this study, practical suggestions on how

to reduce AMU (particularly of HPCIAs) at farm level were added.

If data is also reported to the government or at an international

level, it is important to clearly define the reference population and

add a time period to the AMU data (18). Anonymization of the

participating farms is a prerequisite for each type of reporting and

should be agreed upon when farms are included in studies.

Previous surveillance questionnaires concluded that AMU is

widespread in the Indonesian broiler sector and that 80% is

used preventively (15). Enrofloxacin is the most frequently used

antimicrobial (15). With 10.2 average days under antimicrobial

treatment per cycle and 82.6% of all treatments with the

purpose of prevention or growth booster (2%) (data not

shown), our results are comparable and there is an evident

need to improve responsible antimicrobial use on medium

scale broiler farms. An AMU monitoring system at farm level

could be an effective tool to create insight for farmers in their

use, which can in turn, assist in monitoring of the desired

decreasing AMU.

5. Limitations of the study

Data were collected from only 19 farms, with close to 100

cycles. The cycles are not independent and might be clustered

per farm for certain issues (e.g., dosing). The farms are selected

by Medion based on their willingness to participate and are

therefore not a representative sample of the AMU in medium-scale

farms in their region. They might be more motivated to register

treatments and open to advice. Due to the COVID-19 pandemic,

data collection took longer than expected (it took place from

2019 to 2022). This might have influenced AMU habits, as during

a 3-year time period, the antimicrobial treatment management

could change.

6. Conclusion

Based on data from this study on 19 medium-scale broiler

farms, the most feasible and fair method to benchmark medium

scale farms is to use the UM TFcount−based. One reason is that

farmers from this sector are not yet used to extensive AMU

data collection, as would be needed for the other indicators.

Another important factor is the highly variable dosing practice

found in this sector, which contrasts with the rigid legislation

and veterinary oversight in European countries, for example.

Consequently, a dose-based UM will not represent actual use and

result in unfair benchmarking.

This study was the first to create insight into quantitative and

qualitative AMU data at farm level in medium-scale broiler farms

in Indonesia. The next step would be to use these tools on a

larger sample of farms, and to use the outcomes for implementing

interventions. Collecting AMU data at farm level in a database

can subsequently help in monitoring AMU trends and aid policy

makers in designing targeted AMS interventions. The easier count-

based indicator TFcount−based would be best suitable for the current

state of medium scale broiler farms in Indonesia. With this

indicator the level of HPCIA use is not underestimated. Depending

on future resources and possibilities to steer dosing practices, a

dose-based indicator could be used as the successor of the count-

based indicator.
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Human enterocolitis is frequently caused by the Gram-negative microaerobic 
bacterium Campylobacter jejuni. Macrolides (e.g., erythromycin) and 
fluoroquinolones (FQs) (e.g., ciprofloxacin) are the preferred antibiotics for the 
treatment of human campylobacteriosis. Rapid emergence of FQ-resistant (FQ-
R) Campylobacter during treatment with FQ antimicrobials is well known to occur 
in poultry. Cattle is also an important reservoir of Campylobacter for humans, and 
FQ-R Campylobacter from cattle has become highly prevalent in recent years. 
Even though the selection pressure may have contributed to the expansion of 
FQ-R Campylobacter, the actual impact of this factor appears to be rather low. In 
this study, we examined the hypothesis that the fitness of FQ-R Campylobacter 
may have also played a role in the rise seen in FQ-R Campylobacter isolates by 
employing a series of in vitro experiments in MH broth and bovine fecal extract. 
First, it was shown that FQ-R and FQ-susceptible (FQ-S) C. jejuni strains of 
cattle origin had comparable growth rates when individually cultured in both 
MH broth and the fecal extract with no antibiotic present. Interestingly, FQ-R 
strains had small but statistically significant increases over FQ-S strains in growth 
in competition experiments performed in mixed cultures with no antibiotic 
present. Lastly, it was observed that FQ-S C. jejuni strains developed resistance 
to ciprofloxacin more readily at high initial bacterial cell density (107 CFU/mL) and 
when exposed to low levels of the antibiotic (2–4 μg/mL) compared with that at a 
low level of initial bacterial cell density (105 CFU/mL) and exposure to a high level 
of ciprofloxacin (20 μg/mL) in both MH broth and the fecal extract. Altogether, 
these findings indicate that even though FQ-R C. jejuni of cattle origin may have 
a slightly higher fitness advantage over the FQ-S population, the emergence of 
FQ-R mutants from susceptible strains is primarily dictated by the bacterial cell 
density and the antibiotic concentration exposed under in vitro condition. These 
observation may also provide plausible explanations for the high prevalence of 
FQ-R C. jejuni in cattle production due to its overall fit nature in the absence of 
antibiotic selection pressure and for the paucity of development of FQ-R C. jejuni 
in the cattle intestine in response to FQ-treatment, as observed in our recent 
studies.
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1. Introduction

Campylobacter is one of the most prevalent causes of bacterial 
foodborne gastroenteritis worldwide (1, 2). In the United  States, 
Campylobacter causes an estimated 1.3 million illnesses and costs 
~$1.7 billion yearly for medical treatment and lost productivity (3, 4). 
Human Campylobacter infections are primarily caused by the 
consumption of contaminated poultry meat (5, 6). In addition to 
chickens, Campylobacter is prevalent in both beef and dairy cattle 
(7–9). Humans can acquire Campylobacter from cattle through direct 
contact, ingestion of unpasteurized milk, and water contamination 
(10–15). Although most individuals infected with Campylobacter may 
not require antibiotic treatment, severe and systemic infections 
necessitate antimicrobial therapy, including macrolides (e.g., 
erythromycin) and fluoroquinolones (FQs) (e.g., ciprofloxacin) (16–
19). Unfortunately, both classes of antibiotics are becoming less 
effective in treating campylobacteriosis due to increasing rates of 
resistance to these drugs in Campylobacter (20–22). The fact that 
Campylobacter is a zoonotic pathogen exposed to FQs used in both 
animal production (e.g., beef cattle and non-lactating dairy cattle) and 
human medicine may contribute to the development of FQ-resistant 
(FQ-R) Campylobacter. In counties like the United States, Australia, 
and Canada, FQ antibiotics such as enrofloxacin and danofloxacin 
have indications for subcutaneous use in both sick (therapeutic 
treatment) and healthy cattle (metaphylaxis) at high risk of bovine 
respiratory disease (BRD) development (23–29).

Fluoroquinolone-resistant mutant can spontaneously develop in 
Campylobacter (30, 31), and the use of FQ antibiotics selects and 
enriches these mutants (32). In Campylobacter, FQ resistance is mostly 
caused by point mutations in the quinolone resistance-determining 
regions (QRDR) of DNA gyrase (gyrA) (33, 34), most commonly with 
the Thr-86-Ile amino acid substitution (C257T mutation), in 
conjunction with the function multidrug efflux pump CmeABC (34–
37). Interestingly, FQ resistance caused by gyrA mutations can 
be maintained in Campylobacter without antibiotic selection pressure, 
suggesting that FQ-R mutants do not carry a fitness burden (38, 39). 
For example, a previous study conducted by our group revealed a 
significant fitness advantage of FQ-R over FQ-susceptible (FQ-S) 
Campylobacter jejuni without antibiotic selection pressure when 
co-inoculated into chickens (40). Interestingly, the fitness change in 
FQ-R C. jejuni could not be attributed to compensatory mutations 
because no mutations other than the resistance-conferring C257T 
mutation were found in the gyrA and gyrB genes of the resistant 
strains (40).

Because FQ-R Campylobacter may still maintain fitness in the 
absence of antibiotic selection pressure, the reduced or discontinued 
antimicrobial use in food-producing animals may not necessarily 
result in an immediate decline in the frequency of FQ-R 
Campylobacter. For example, FQ-R Campylobacter was found in 40% 
of chicken products in two United States companies that had not used 
FQs for at least 1 year (41). Likewise, FQ-R Campylobacter remained 
for many rotations on Danish broiler farms that had stopped using FQ 
antibiotics for 4 years (42). In a recent study conducted by our group, 
it was found that the vast majority of dairy calves (26/30; 87%) were 
colonized by FQ-R C. jejuni even though they had no known previous 
exposure to FQ antibiotics (32). Similar findings were noted in a study 
with beef calves in which more than 60% of the Campylobacter isolates 
were resistant to at least one FQ antibiotic (e.g., nalidixic acid or 

ciprofloxacin) before treatment (43). A study conducted at commercial 
beef cattle confined feeding operations in Alberta, Canada found a 
relatively low level of resistance to FQs (~5–7%, ciprofloxacin and 
nalidixic acid) in C. jejuni isolates upon feedlot arrival, but the 
resistance rate significantly increased (to ~10–15%) after 60 days of 
maintenance period at some operations that did not use any FQ 
antibiotics (44). Interestingly, the same study showed a correlation 
between FQ resistance and genotype as certain subtypes of C. jejuni 
had higher rates of resistant isolates (44). Intriguingly, a longitudinal 
research on the incidence of antimicrobial-resistant Campylobacter in 
swine raised without antibiotics discovered a ciprofloxacin resistance 
rate of 17.1% in Campylobacter coli (45). These studies suggest that the 
fitness of FQ-R Campylobacter may contribute to the persistence of 
FQ resistance in the farm environment of various food-producing 
animals regardless of antimicrobial usage.

Very recently, we conducted a study with commercial dairy calves 
to evaluate the effect of subcutaneous (s.c.) administration of a single 
dose danofloxacin on the development of FQ resistance in C. jejuni 
in both healthy and BRD-induced calves (32). Data from that study 
showed that most of the calves were naturally colonized by a mixture 
of FQ-R and FQ-S C. jejuni strains (~50% of each population) even 
though these animals were known not to be  exposed to FQs 
previously per the farm records, suggesting that FQ-R strains may 
have a fitness advantage over FQ-S strains that allowed them to thrive 
in the gastrointestinal tract of cattle in the absence antibiotic selection 
pressure. To test this hypothesis, here we performed a series of in 
vitro experiments using both Mueller-Hinton (MH) broth and bovine 
fecal extract (in an attempt to mimic cattle intestinal tract), including 
the growth kinetics and competition as well as resistance 
development, using the FQ-R and FQ-S C. jejuni strains collected 
from the same study (32). It should be noted that natural carriage of 
Campylobacter in the intestine of healthy cattle is common and the 
organism is usually not associated with any overt disease in 
cattle (32).

2. Methods

2.1. Bovine fecal extract

Campylobacter-free rectal feces collected freshly and saved at 
−80°C during our previous investigation (46) was used as a bovine 
fecal extract in the current study. To confirm the Campylobacter-free 
status, fecal samples were plated on Mueller-Hinton (MH) agar 
(Difco, BD, Sparks, MD) plates containing Campylobacter growth 
supplement (SR084E; Oxoid, Basingstoke, England) and Preston 
Campylobacter selective supplement (SR117E; Oxoid). Plates were 
incubated at 42°C for 48 h under microaerobic conditions (10% CO2, 
5% O2, 85% N2). Enrichment culture was also performed as described 
elsewhere (32) to ensure the free Campylobacter status of the fecal 
samples, as this method is more sensitive than direct culture when 
the number of Campylobacter in cattle feces is low (47). Once the free 
status was confirmed by enrichment, the fecal extract was prepared 
using the Campylobacter-free bovine feces resuspended in MH broth 
(1:1 in equal volume), and the resuspension was sterilized by a step-
wise filtering process (0.80 μm and 0.20 μm pore sized filters; 
Corning® syringe filters, Millipore Sigma, United States) as described 
in one of our previous investigations (48). To check for sterility, the 
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filtered feces were plated on MH agar and blood agar plates (5% 
sheep blood agar) and incubated at 37°C under aerobic and 
microaerobic conditions for 72 h. Once sterility was confirmed (no 
growth of any bacterial colony), the filtered bovine fecal extract was 
stored in 50 mL sterile centrifuge tubes (10 mL per tube) at −80°C 
until further use.

2.2. Bacterial strains and culture conditions

The FQ-S and FQ-R C. jejuni strains used in this study are listed 
in Table 1. The majority of C. jejuni strains (n = 4; origin: Iowa) were 
isolated from the feces of healhty calves in our very recent study on 
FQ-resistance development in experimental cattle (32). These four 
strains were selected because they belonged to the most common 
MLST sequence types (ST) colonizing the calves and had different FQ 
susceptibility phenotypes (32). One (ST-93) of strains was originally 
isolated from the feces of healhy feedlot cattle (Missouri) in our 
previous study (7) and was one of the inoculum strains used to 
inoculate the experimental calves in our recent study (32). This strain 
(ST-93) was re-isolated from the experimentally inoculated calves in 
that study (32), and was selected to be included (the re-isolated strain) 
for use in the current study. The strain NCTC 11168 (49) was 
originally isolated from a diarrheaic human stool and is a commonly 
used reference strain by many investigators around the world. All the 
cattle strains were previously identified to the species level by 
MALDI-TOF mass spectrometry following the manufacturer’s 
(Bruker Daltonik, Billerica, MA, United  States) instructions and 
standard operating procedures at the Veterinary Diagnostic 
Laboratory at Iowa State University (32). Minimum inhibitory 
concentrations (MICs) of ciprofloxacin for all of the strains were 
determined using commercial Sensititre CAMPY2 plates (Thermo 
Fisher Scientific) in our previous study (32); no further standard MIC 
testing was performed in the current study. Instead, ability to grow in 
MH agar containing 4 μg/mL ciprofloxacin (clinical resistance 
breakpoint per CLSI) was used as an indication of FQ-resistance in 
the present study. This method was used in many of our previous 
studies and shown to correlate well with the standard MIC-based 
resistance determination (32, 34, 40, 46, 50, 51). Campylobacter jejuni 
strains (in glycerol stocks saved in freezers) were grown on MH agar 
at 42°C for 48 h under microaerobic conditions. The ID of all isolates 
once again confirmed by MALDI-TOF. Then, each culture was 
transferred to another fresh MH agar and incubated for ~20 h at 
42°C. The cells were collected and resuspended in MH broth for 
inoculation for further in vitro analysis.

2.3. Growth kinetics of FQ-susceptible and 
FQ-resistant Campylobacter jejuni

A fresh culture of each C. jejuni strain was first adjusted to 
OD600 = 0.1 (which corresponds to ~108 CFU/mL, as determined 
previously), diluted 1:100  in MH broth, and 100 μL of the diluted 
culture was separately inoculated into 3 tubes (with filtered lids to 
allow air exchange during incubation; Ibis Scientific, NV, 
United States) with 10 mL of the bovine fecal extract and another set 
of 3 tubes (the same type as above) with 10 mL of plain MH broth for 
comparison, yielding an initial bacterial cell density of ~104 CFU/mL 
(confirmed by viable CFU counts from appropriate serial dilutions 
inoculated on agar plates for incubation and colony counting). The 
cultures were incubated together at 39°C under microaerobic 
conditions to emulate bovine physiological body temperature. To 
assess differences during the bacterial growth, aliquots of the cultures 
(100 μL from each of the 3 replicate tubes) were collected at 12, 24, 36, 
and 48 h of incubation, serially diluted in MH broth as appropriate, 
and plated onto MH plates for enumeration of bacterial colonies from 
each replicate tubes separately (3 technical replicates) as described 
elsewhere (52). Growth curves of the strains were obtained separately 
in mono-cultures. Two independent experiments (biological 
replicates) were conducted using the same strains and conditions (6 
replicates total per strain per growth medium). No strain genotyping 
was performed for further confirmatory purposes at this step.

2.4. Pairwise competition experiments 
between FQ-susceptible and -resistant 
Campylobacter jejuni strains

Each of the pairs used in the competition assay contained a FQ-R 
and a FQ-S C. jejuni strain in equal starting concentration. In the first 
experiment, susceptible and resistant strains were harvested separately 
in MH broth and adjusted to the same OD600 value. Equal volumes of 
each strain (100 μL) were inoculated together into 3 tubes (the same 
type as above with filtered lids) with 10 mL of bovine fecal extract and 
another set of 3 tubes with 10 mL of MH broth for comparison to give 
an approximate final cell density of 107 CFU/mL for each strain. The 
cultures were incubated together at 39°C under microaerobic 
conditions for 24 h and then passaged by transfer of 100 μL of each 
culture to 10 mL of fresh a medium of corresponding type. To assess 
the growth differences between the strains, the passages were 
continued up to 10 times (with 24 h intervals) as described elsewhere 
(52). Total (susceptible + resistant) C. jejuni colonies and FQ-R 

TABLE 1 Characteristics of Campylobacter jejuni strains used in the current study.

Isolate Source Origin Isolation date Cipro MIC ug/mLa CIP Reference

ST-93 Feces of healthy cattle Missouri 2013 0.12 S (7, 32)

ST-61 Feces of healthy cattle Iowa 2018 0.12 S (32)

ST-929 s Feces of healthy cattle Iowa 2018 0.12 S (32)

ST-929r Feces of healthy cattle Iowa 2018 4 R (32)

ST-982 Feces of healthy cattle Iowa 2018 8 R (32)

NCTC 11168b Human feces United Kingdom 1977 0.12 S (49)

aCiprofloxacin susceptibility phenotype; R denotes resistant (MIC ≥ 4), S denotes susceptible (MIC ≤ 2).
bStrain used as control.
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colonies in each mixture at the end of each passage were determined 
by serially diluting the mixture in MH broth and transferring 100 μL 
of the dilution from each tube of the 3 replicate tubes to plain MH 
plates (antibiotic-free) and ciprofloxacin-containing (4 μL/mL) MH 
plates, respectively. The number of ciprofloxacin-susceptible cells for 
each replicate was calculated by subtracting the number of colonies 
on MH plates with ciprofloxacin from the number of colonies on MH 
plates without ciprofloxacin. Results (average of 3 replicates) were 
expressed as the individual growth curves of resistant and susceptible 
strains. In the second experiment, the initial cell density was reduced 
to 103 CFU/mL (from 107 CFU/mL) for each strain to evaluate the 
effect of a lower initial bacterial cell density on the outcome. Two 
independent experiments (biological replicates) were conducted using 
the same strains and conditions for each study with different initial 
cell densities (6 replicates total per strain per initiall cell density per 
growth medium).

2.5. Assessment of FQ resistance 
development In FQ-susceptible 
Campylobacter jejuni under different cell 
density and selection pressure

A fresh culture of each of the four FQ-S C. jejuni strains (Table 1; 
ciprofloxacin MIC = 0.12 μg/mL) was separately inoculated into 3 tubes 
(the same type as above with filtered lids) with 10 mL of bovine fecal 
extract containing various concentrations of ciprofloxacin (2, 4 or 20 μg/
mL) and another set of 3 tubes with 10 mL of MH broth containing the 
same ciprofloxacin concentrations for comparison. The experiments 
were conducted with high (107 CFU/mL) and low (105 CFU/mL) initial 
bacterial cell densities in the culture media. The cultures were incubated 
at 39°C under microaerobic conditions. Aliquots from each mixture 
(100–250 μL) were collected at different time points (0, 1, 2, and 3 days 
of incubation) for CFU counting. Total (susceptible + resistant) C. jejuni 
colonies and FQ-R colonies in each mixture at each time points were 
determined by using plain MH plates (antibiotic-free) and ciprofloxacin-
containing (4 μL/mL) MH plates, respectively. Of note, the detection 
limit of this method was ~4 to 10 CFU/mL. The number of ciprofloxacin-
susceptible cells was calculated by subtracting the number of colonies 
on MH plates with ciprofloxacin from the number of colonies on MH 
plates without ciprofloxacin. Two independent experiments were 
conducted using the same strains and conditions for each study with 
different starting bacterial cell densities and/or ciprofloxacin 
concentrations (three replicate tubes per experiment).

2.6. Statistical analysis

One-way analysis of variance (ANOVA) followed by Tukey’s post 
hoc test was used to calculate the significant differences in growth 
levels (log-transformed) of each C. jejuni strain at each time point 
(growth kinetics study). Student t-test was used to calculate the 
significant differences in growth levels of FQ-R and FQ-S C. jejuni at 
each time point in the pairwise competition assay, and in the 
development of FQ resistance mutants from FQ-S C. jejuni assay. 
Differences between the mean values were considered significant at 
p < 0.05. The data was analyzed using GraphPad software (Prism, San 
Diego, CA, United States).

3. Results

3.1. FQ-resistant and FQ-susceptible 
Campylobacter jejuni have comparable 
growth kinetics when individually cultured

FQ-R (e.g., ST-982 and ST-929r) and FQ-S (e.g., ST-929s, ST-93, 
ST-61, and NCTC 11168) C. jejuni strains were separately cultured in 
antibiotic-free bovine fecal extract (Figure 1A) and plain MH broth 
(Figure 1B). Although significant differences (value of p ≤ 0.05) in 
growth rates were observed between FQ-R and FQ-S C. jejuni strains 
starting from 24 h of incubation (especially in bovine fecal extract) 
until the completion of the experiment (Table  2), the strains had 
comparable growth kinetics overall in both media. There was no 
distinct growth kinetic pattern in FQ-R strains vs. FQ-S strains in 
bovine fecal extract, with a mixture of both phenotypes having a 
relatively faster (ST61-S, ST93-S, ST929-R) or slower (ST929-S, 
ST982-R) growth. The difference in the growth pattern of FQ-R 
strains vs. FQ-S strains was even less discernible in MH broth.

3.2. FQ-resistant and FQ-susceptible 
Campylobacter jejuni strains have 
comparable fitness

Results of the in vitro competition experiments using FQ-R and 
FQ-S C. jejuni strains are shown in Figures 2, 3 as log10 CFU/mL for 
each resistant and susceptible strain during the sequential passages of 
mixed cultures. Figure 2 shows experiments done using an initial 
bacterial cell concentration of 107 CFU/mL for each strain, while 
Figure 3 depicts the experiments done using an initial bacterial cell 
concentration of 103 CFU/mL for each strain. Interestingly, regardless 
of the initial bacterial cell concentration employed and different 
bacterial genotypes used, the growths of the FQ-R C. jejuni strains 
consistently reached higher concentration than those of the FQ-S 
C. jejuni strains throughout the entire experiment, both in bovine 
fecal extract and MH broth. Although the majority of differences 
observed were statistically significant, they were relatively of small 
scale and ranged only between 0.03–1.29 log10 CFU/mL in MH broth 
and 0.07–1.33 log10 CFU/mL in bovine fecal extract at high initial 
bacterial cell concentration (Figure 2), and between 0.015–1.72 log10 
CFU/mL in MH broth and 0.015–1.9 log10 CFU/mL in bovine fecal 
extract at low initial bacterial cell concentration (Figure 3). Overall, 
these findings indicated that even though FQ-R C. jejuni may have a 
small fitness advantage over FQ-S C. jejuni, a highly comparable 
growth kinetics was evident between the susceptible and resistant 
strains during the in vitro competition experiments (Figures 2, 3).

3.3. Development of FQ resistance in 
FQ-susceptible Campylobacter jejuni strains 
depends on initial bacterial cell density

All four FQ-susceptible C. jejuni strains tested developed resistance 
to ciprofloxacin within 24 h of incubation in both bovine fecal extract 
and MH broth (both containing 4 μg/mL ciprofloxacin) when the initial 
bacterial cell density was relatively high (107 CFU/mL; Figure 4). In big 
contrast, no FQ-R C. jejuni colonies were detected at all throughout the 
experiment when a lower starting bacterial cell concentration 
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(105 CFU/mL) was used in either growth medium containing the same 
ciprofloxacin concentration (data not shown). As typically expected, 
the initial inoculum (107 CFU/mL) of none of the four C. jejuni isolates 
tested had any detectible level of (spontaneous) FQ-R mutants at the 
start of the experiment (day 0, Figure 4). However, FQ-R colonies 
appeared as soon as 1 day after the initiation of incubation (day 1) and 
increased in numbers at the subsequent sampling points (day 2 and day 
3, Figure 4). Interestingly, the FQ-R C. jejuni population represented 
virtually 100% of the total colonies detected at all post-incubation 
sampling points (days 1, 2, and 3) for all 4 strains tested in both bovine 
fecal extract and MH broth (Figure 4). These results indicated that the 
initial bacterial cell density significantly and broadly influenced the 
emergence of FQ-R mutants from FQ-S C. jejuni under antibiotic 
selection pressure (4 μg/mL of ciprofloxacin).

3.4. Magnitude of antibiotic selection 
pressure significantly influences the 
development of FQ resistance from 
FQ-susceptible Campylobacter jejuni

The development of ciprofloxacin resistance in FQ-S C. jejuni 
strains when exposed to 2 μg/mL (Figure 5) followed comparable 

pattern to that observed when the strains were exposed to 4 μg/
mL of the antibiotic (Figure 4). At the beginning of the experiment 
(day 0) FQ-S strains (107 CFU/mL starting cell density) did not 
have any detectable FQ-R mutants, as expected (Figure 5). Within 
a day (day 1) of the exposure to a low dose (2 μg/mL) of 
ciprofloxacin, FQ-R colonies were emerged from both FQ-S 
C. jejuni strains tested (~2 log10 CFU/mL) and expanded 
substantially (~6–8 log10 CFU/mL) during the course of the 
experiment (days 2 and 3), with a highly similar pattern in both 
bovine fecal extract and MH broth (Figure 5). Notably, virtually 
100% of the colonies detected were FQ-R at all sampling points 
after the addition of the antibiotic in the growth medium (days 1, 
2, and 3), irrespective of the strain and culture media used 
(Figure 5). In stark contrast, when FQ-S C. jejuni strains (107 CFU/
mL starting cell density) were exposed to a higher concentration 
(20 μg/mL) of ciprofloxacin (Figure 6), only a small fraction (<2 
log10 CFU/mL) of the original inoculum was able to survive and 
develop FQ resistance on all of the sampling days (days 1, 2 and 
3), regardless of the strains tested and growth medium used. 
However, similar to what was observed with a lower ciprofloxacin 
concentration (2 μg/mL; Figure 5), virtually all of the detected 
colonies were FQ-R (Figure 6).

A B

FIGURE 1

Growth kinetics of FQ-resistant and FQ-susceptible Campylobacter jejuni strains grown in bovine fecal extract (A) and MH broth (B). FQ-resistant 
C. jejuni ST-982 and ST-929r are represented by the red and orange lines, respectively. FQ-susceptible C. jejuni ST-929s, ST-93, ST-61, and NCTC 
11168 are represented by the blue, black, purple, and green lines, respectively. The number of the bacterial colonies was measured at 12, 24, 36, and 
48 h of incubation. The experiment was repeated twice, and the results of one representative experiment are shown.

TABLE 2 Comparison of the growth kinetics of FQ-resistant vs. FQ-susceptible Campylobacter jejuni strains grown individually in bovine fecal extract 
and MH broth.

Fecal extract MH broth

12 ha 24 h 36 h 48 h 12 h 24 h 36 h 48 h

ST-929 (S)b vs. ST-982 (R)c nsd p < 0.001 p < 0.001 p < 0.001 ns ns ns p < 0.001

ST-929 (S) vs. ST-929 (R) ns p < 0.001 p = 0.044 p < 0.001 ns p < 0.001 p = 0.006 ns

ST-93 (S) vs. ST-982 (R) ns p < 0.001 p < 0.001 p < 0.001 ns p < 0.001 ns p = 0.004

ST-61 (S) vs. ST-982 (R) ns p < 0.001 p < 0.001 p < 0.001 ns p = 0.002 ns p = 0.002

A p-value ≤ 0.05 was considered significant. The blue-highlighted p-values represent a faster growth of FQ-S C. jejuni strains and the red-highlighted p-values represent a faster growth of 
FQ-resistant C. jejuni strains. The data was analyzed using GraphPad software (Prism, San Diego, CA, United States). 
aPeriod of time (hours) after the start of incubation.
bS denotes susceptible (ciprofloxacin MIC ≤ 2).
cR denotes resistant (ciprofloxacin MIC ≥ 4).
dns denotes non-significant (p-value > 0.05).
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FIGURE 2

Growth kinetics of FQ-resistant Campylobacter jejuni (shown as red lines; resistant ST-982 and resistant ST-929) and FQ-susceptible C. jejuni (shown 
as blue lines; susceptible ST-929, susceptible ST-93, and susceptible ST-61) strains of various genetic background as determined by pairwise 
competition experiments in mixed culture in bovine fecal extract (A,C,E,G) and MH broth (B,D,F,H). The initial bacterial cell density was 107 CFU/mL for 
each strain. The CFU of each strain at the baseline of each passage was calculated (24 h interval). Significant differences between resistant and 
susceptible strains are indicated by asterisks: p-values less or equal to 0.001 are summarized with three asterisks, p-values less or equal to 0.01 are 
summarized with two asterisks, and p-values less or equal to 0.05 are summarized with one asterisk. The experiment was repeated twice, and the 
results of one representative experiment are shown.
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FIGURE 3

Growth kinetics of FQ-resistant Campylobacter jejuni (shown as red lines; resistant ST-982 and resistant ST-929) and FQ-susceptible C. jejuni (shown 
as blue lines; susceptible ST-929, susceptible ST-93, and susceptible ST-61) strains of various genetic background as determined by pairwise 
competition experiments in mixed culture in bovine fecal extract (A,C,E,G) and MH broth (B,D,F,H). The initial bacterial cell density was 103 CFU/mL for 
each strain. The CFU of each strain at the baseline of each passage was calculated (24 h interval). Significant differences between resistant and 
susceptible strains are indicated by asterisks: p-values less or equal to 0.001 are summarized with three asterisks, p-values less or equal to 0.01 are 
summarized with two asterisks, and p-values less or equal to 0.05 are summarized with one asterisk. The experiment was repeated twice, and the 
results of one representative experiment are shown.
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FIGURE 4

Development of FQ-resistant Campylobacter jejuni mutants (shown as red dots) from FQ-susceptible strains (ST-61, ST-93, ST-929, and NCTC 11168) grown 
in bovine fecal extract (A,C,E,G) and MH broth (B,D,F,H) supplemented with 4 μg/mL of ciprofloxacin. The initial bacterial cell density (day 0) of each inoculum 
was 107 CFU/mL. Black dots denote total (susceptible + resistant) colonies. Each dot represents the log10 CFU/mL of each strain at a given time point 
(horizontal bars represent the mean log10 CFU/mL of three replicates). The number of bacterial colonies was measured on days 0, 1, 2, and 3 of incubation. 
The detection limit of the culture was ~10 CFU/mL medium. The experiment was repeated twice, and the results of one representative experiment are shown.
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4. Discussion

Over the past decades, Campylobacter has developed perpetual 
resistance to clinically important antibiotics that are used for the 
treatment of severe cases of human infections, in particular to FQs, 
posing a threat to treatment efficacy in clinical cases (21, 38, 53). The 
global predominance of FQ-R Campylobacter may have been directly 
influenced by the frequency with which resistant mutants emerged in 
response to the selection pressure imposed by the use of antibiotics in 
both human medicine and veterinary settings (34, 54–59). Notoriously, 
the transmission and spread of antibiotic-resistant pathogens is not 
only affected by the emergence of resistant mutants in response to the 
selection pressure, but also influenced by the relative fitness of the 
drug-resistant organisms in the absence of selection pressure (39, 40, 
60, 61). Cattle are a significant source of human Campylobacter 
infections, and there is a clear trend that FQ-R Campylobacter from 
cattle has become highly prevalent in recent years (7, 15, 62, 63). Even 

though the selection pressure (use of FQs in cattle) may have 
contributed to the expansion of FQ-R Campylobacter, the actual 
impact of this factor appears to be rather low (32, 44, 46, 64). In the 
current study, we examined the hypothesis that the fitness of FQ-R 
Campylobacter may have also played a role in the rise seen in FQ-R 
Campylobacter isolates of cattle origin. By using the FQ-R and FQ-S 
C. jejuni strains collected from calves from our recent study (32), 
we determined (a) in vitro growth kinetics of FQ-R and FQ-S strains 
in mono-cultures, (b) fitness of FQ-R C. jejuni without antibiotic 
selection pressure, and (c) examined the FQ resistance development 
in FQ-S C. jejuni by using different ciprofloxacin concentrations and 
initial bacterial cell densities.

Quinolone resistance typically develops at an average rate of 
5 × 10−9 in Campylobacter, with this rate being as high as 5 × 10−7 in 
some strains (65, 66). When Campylobacter is exposed to FQs, 
ciprofloxacin-resistant mutants will likely arise if the cell population 
is large enough (>106 CFU) (38), suggesting that Campylobacter 

A B

C D

FIGURE 5

Development of FQ-resistant C. jejuni mutants (shown as red dots) from FQ-susceptible strains (ST-61, and ST-929) grown in bovine fecal extract (A,C) 
and MH broth (B,D) supplemented with 2 μg/mL of ciprofloxacin. The initial bacterial cell density (day 0) of each inoculum was 107 CFU/mL. Black dots 
denote total (susceptible + resistant) colonies. Each dot represents the log10 CFU/mL of each strain at a given time (horizontal bars represent the mean 
log10 CFU/mL of three replicates). The number of bacterial colonies was measured on days 0, 1, 2, and 3 of incubation. The detection limit of the 
culture was ~4 CFU/mL medium. The experiment was repeated twice, and the results of one representative experiment are shown.
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possess a high mutation rate to FQ resistance. Our results are in line 
with an in vitro study conducted previously by our research group 
(50), in which FQ-resistance emerged readily from FQ-S C. jejuni at 
high (107 and 106 CFU/mL) initial bacterial cell densities when 
cultured in broth medium containing 4 μg/mL ciprofloxacin though 
no resistance developed when the initial concentration was103 CFU/
mL. Similar findings were also observed in the present study, as FQ-S 
C. jejuni developed resistance to ciprofloxacin (4 μg/mL) within 24 h 
of in vitro exposure at a relatively high initial bacterial cell density 
(107 CFU/mL; Figure 4), while no colonies of resistant C. jejuni strain 
was detected at a low initial bacterial cell density (105 CFU/mL). In 
agreement with these in vitro data, observations made in animals also 
indicate the importance of bacterial cell density in the development 
of FQ resistance in Campylobacter. For example, FQ resistance in 
Campylobacter emerges rapidly in chickens but not in cattle under 
FQ selection pressure, which can, at least in part, be explained by the 

fact that the organism typically colonizes the chicken intestine at a 
much higher magnitude (108–9 CFU/g feces) (32, 67) than it does the 
cattle intestinal tract (103–5 CFU/g feces) (67, 68). In chickens, as 
soon as 24 h after treatment with FQ antibiotics (enrofloxacin, 
sarafloxacin, or difloxacin; typically given in drinking water for 
5 days), FQ-R Campylobacter mutants were found in the feces of 
treated birds and gradually colonized the intestinal tract at high 
densities (34, 56, 57). In big contrast, our recent study with calves 
showed that a single dose s.c. enrofloxacin treatment (7.5 or 12.5 mg/
kg) did not result in any detectable level of FQ resistance development 
from FQ-S C. jejuni inhabiting the intestine (~104–5 CFU/g feces) of 
calves (46). Similarly, therapeutic administration of neither oral 
(20 mg/kg daily for 7 days) nor subcutaneous (20 mg/kg daily for 
1–7 days) enrofloxacin resulted in development FQ-resistance in 
C. jejuni NCTC 11168 following experimental inoculation of mice 
via oral gavage (69).

A B

C D

FIGURE 6

Development of FQ-resistant C. jejuni mutants (shown as red dots) from FQ-susceptible strains (ST-61, and ST-929) grown in bovine fecal extract (A,C) 
and MH broth (B,D) supplemented with 20 μg/mL of ciprofloxacin. The initial bacterial cell density (day 0) of each inoculum was 107 CFU/mL. Black dots 
denote total (susceptible + resistant) colonies. Each dot represents the log10 CFU/mL of each strain at a given time (horizontal bars represent the mean 
log10 CFU/mL of three replicates). The number of bacterial colonies was measured on days 0, 1, 2, and 3 of incubation. The detection limit of the 
culture was ~4 CFU/mL medium. The experiment was repeated twice, and the results of one representative experiment are shown.

59

https://doi.org/10.3389/fvets.2023.1117975
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Goulart et al. 10.3389/fvets.2023.1117975

Frontiers in Veterinary Science 11 frontiersin.org

In the current study, FQ-S C. jejuni strains developed resistance to 
ciprofloxacin more readily when exposed to low levels of ciprofloxacin 
(2 and 4 μg/mL) compared with exposure to a high level of ciprofloxacin 
(20 μg/mL). Our data suggest that a high dose of ciprofloxacin is lethal 
to Campylobacter, whereas a low dose may favor the emergence of 
FQ-R C. jejuni from the susceptible strains. Even though it can 
be  rather speculative and cannot be  stated with a high degree of 
certainity, the notion of the mutant selection window (MSW) theory 
could provide a reasonable explanation for this observation. The range 
of antimicrobial concentrations known as the MSW ranges from the 
lowest concentration required to block the growth of wild-type bacteria 
(MIC) to the highest concentration needed to inhibit the growth of the 
least susceptible mutant (70). The upper boundary is also known as the 
mutant prevention concentration (MPC) (71). According to previous 
publications, the typical MIC of ciprofloxacin in FQ-R C. jejuni ranges 
from 4 to 16 μg/mL (34, 38, 51, 56, 72). Under this theory, the antibiotic 
becomes lethal to bacteria at concentrations over the MSW, and could 
no longer select for resistant strains. In the present study, the high level 
of antibiotic selection pressure might have reached/exceeded the MSW, 
and thus greatly reducing the emergence of FQ-R mutants in bovine 
fecal extract and MH broth (Figure 6). In line with this finding, a recent 
study conducted by our group in which calves were treated with a 
single dose s.c. enrofloxacin (7.5 and 12.5 mg/kg) found that the drug 
concentration in the rectal feces of calves had a median of 38–54 μg/g 
feces for enrofloxacin and 18–21 μg/g feces for ciprofloxacin within 12 h 
of the injection (73). Notably, in the same study, no FQ-R C. jejuni was 
detected in any of the calves that received enrofloxacin independent of 
the drug dose used (46). Similarly, we also showed that single dose s.c. 
danofloxacin treatment in calves colonized with both FQ-R and FQ-S 
C. jejuni resulted in high drug concentration in the rectal feces (median 
of 382–236 μg/g feces), but did not appear to lead to the development 
of de novo FQ resistance from susceptible strains (32). In contrast to 
cattle, in a study conducted with broiler chickens, the peak 
concentration of enrofloxacin was only around 2–4 μg/mL in the 
intestines of the birds during a standard multi-dose enrofloxacin water 
treatment, in which FQ-R C. jejuni developed soon after the treatment 
(72). Altogether, these results suggest that the low ciprofloxacin 
concentrations used in the current study and observed in the intestine 
of chickens (67, 68) may well have been within the MSW, while the high 
ciprofloxacin concentrations employed in this study and detected in 
calf feces (32, 46, 74) may have reached very close to or even exceeded 
the MPC.

The persistence of antibiotic-resistant Campylobacter is influenced 
by its ability to compete with antibiotic-susceptible strains; this 
competition dictates whether antibiotic-resistant Campylobacter 
prevails or declines in the absence of antibiotic selection pressure (38). 
In our study, FQ-R and FQ-S C. jejuni had comparable growth rates 
when individually cultured in either bovine fecal extract or MH broth 
(Figure 1). Next, we performed pairwise competition experiments to 
assess the fitness of FQ-R Campylobacter by co-culturing several FQ-R 
C. jejuni and FQ-S C. jejuni strains of cattle origin in either bovine 
fecal extract or MH broth containing no antibiotic. Interestingly, FQ-R 
strains did not have any fitness defect in mixed cultures in the absence 
of antibiotic selection pressure, but rather displayed a small, albeit 
significant, growth advantage over the FQ-S strains (Figures 2, 3). 
Importantly, similar observations were made in calves (from which 
the C. jejuni isolates used here were derived) in our recent study (32), 
where FQ-R resistant strains were found to coexist with FQ-S strains 

approximately in equal proportions in the intestinal tract with no 
antibiotic selection pressure present. Collectively, the findings from 
both in vivo and in vitro studies clearly indicate the overall fit nature 
of FQ-R C. jejuni of cattle origin and provide a plausible explanation, 
at least in part, for the rising trend seen in the prevalence of FQ-R 
Campylobacter in cattle over the past decade.

Our study has some limitations. For example, bovine fecal samples 
collected from calves in our previous study (46) were stored at −80°C 
for about 3 years before being used as a bovine fecal extract in the 
present study. Thus, the storage may have impacted the composition and 
microbiological properties of the fecal samples. Moreover, the freeze-
thawing process (fecal samples were thawed to prepare the fecal extract 
and then frozen back until further use) may have caused some degree of 
degradation of the bovine fecal extract. Finaly, even though the bovine 
fecal extract may be a relevant growth medium to be employed in the 
experiments performed in the current study, it is important to emphasize 
that the degree to which it actually mimicked the gastrointestinal tract 
of cattle is likely to be quite small. Use of digesta instead of fecal extract 
could have offered more relevant results as it would better mimic the 
anaerobic conditions in the intestinal lumen. It also should be underlined 
that caution must be used when extrapolating from in vitro results to in 
vivo results and attempting to explain the data with unproven scientific 
concepts (e.g., the MSW theory).

5. Conclusion

Findings from the current study indicate that FQ-R and FQ-S 
C. jejuni strains of cattle origin had comparable growth kinetics and 
fitness in mono- and co-cultures, respectively. Moreover, FQ-S 
C. jejuni were shown to develop resistance to FQs more readily when 
exposed to low levels of ciprofloxacin and at a high initial bacterial cell 
density compared with exposure to a high level of ciprofloxacin and 
at a low level of initial bacterial cell density. The latter finding suggests 
that emergence of FQ-R C. jejuni mutants from susceptible strains in 
cattle is likely hampered by both the relatively low level (CFU/g feces) 
of bacterial colonization and the high level of antibiotic selection 
pressure in the intestinal tract following the FQ treatment. Altogether, 
FQ-R C. jejuni derived from cattle is found to compete well with FQ-S 
C. jejuni and does not display any fitness defect in the absence of 
antibiotic selection pressure, providing a plausible explanation for the 
high prevalence of FQ-R Campylobacter in cattle production.
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Introduction: Antimicrobial resistance (AMR) is a global health concern, occurring 
when bacteria evolve to render antimicrobials no longer effective. Antimicrobials 
have important roles in beef production; however, the potential to introduce 
AMR to people through beef products is a concern. This scoping review identifies 
factors associated with changes in the prevalence of antimicrobial-resistant 
Enterococcus spp. applicable to the Canadian farm-to-fork beef continuum.

Methods: Five databases (MEDLINE, BIOSIS, Web of Science, Embase, and CAB 
Abstracts) were searched for articles published from January 1984 to March 
2022, using a priori inclusion criteria. Peer-reviewed articles were included if they 
met all the following criteria: written in English, applicable to the Canadian beef 
production context, primary research, in vivo research, describing an intervention 
or exposure, and specific to Enterococcus spp.

Results: Out of 804 screened articles, 26 were selected for inclusion. The included 
articles discussed 37 factors potentially associated with AMR in enterococci, with 
multiple articles discussing at least two of the same factors. Factors discussed 
included antimicrobial administration (n = 16), raised without antimicrobials (n = 6), 
metal supplementation (n = 4), probiotics supplementation (n = 3), pen environment 
(n = 2), essential oil supplementation (n = 1), grass feeding (n = 1), therapeutic versus 
subtherapeutic antimicrobial use (n = 1), feeding wet distiller grains with solubles 
(n = 1), nutritional supplementation (n = 1) and processing plant type (n = 1). Results 
were included irrespective of their quality of evidence.

Discussion: Comparability issues arising throughout the review process were 
related to data aggregation, hierarchical structures, study design, and inconsistent 
data reporting. Findings from articles were often temporally specific in that 
resistance was associated with AMR outcomes at sampling times closer to exposure 
compared to studies that sampled at longer intervals after exposure. Resistance 
was often nuanced to unique gene and phenotypic resistance patterns that varied 
with species of enterococci. Intrinsic resistance and interpretation of minimum 
inhibitory concentration varied greatly among enterococcal species, highlighting 
the importance of caution when comparing articles and generalizing findings.
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1. Introduction

In 2015, the World Health Organization stated there was a 
“global consensus that antimicrobial resistance poses a profound 
threat to human health” and released a call to action to address 
antimicrobial resistance (AMR) (1). Antimicrobial resistance is a 
quintessential One Health problem interwoven within and across 
human, animal, and environmental health. Antimicrobial resistance 
can spread within and between various interconnecting 
continuums; however, the means and extent of resistance 
transmission and maintenance are not fully elucidated. The 
epidemiology of AMR is complex. Antimicrobial resistant 
enterococci and genetic material coding for AMR can undergo 
multi-directional transmission among people, animals and the 
environment, related to numerous factors that influence 
development of resistance, likelihood of transmission, and/or 
likelihood of colonization in host and/or reservoir. The environment 
remains a largely unquantified reservoir of AMR. Antimicrobial-
resistant bacteria and genetic material coding for AMR could 
be transmitted to people in various ways along the beef production 
continuum, including: direct contact between livestock and 
humans; environmental contamination by sewage or waste 
contaminating water, food or other fomites; and contamination 
during slaughter, processing, food handling, or home preparation 
(2). In 2016, the Food and Agriculture Organization (FAO) released 
a call for further research to address knowledge gaps in livestock-
driven AMR (3) that was echoed in academic literature (4).

Canadian beef producers use antimicrobials to prevent and treat 
diseases. For example, tetracyclines and macrolides are commonly 
used in beef production in Canada (5). Studies examining tetracycline 
and macrolide resistance trends have reported varying extents of 
bacterial resistance in enteric bacteria (2, 6, 7). An Alberta enterococci 
study identified 59% of bovine fecal Enterococcus hirae resistant to 
tetracycline and 33% resistant to macrolides (2) based on Clinical and 
Laboratory Standards Institute (CLSI) interpretive criteria.

Antimicrobial resistance is a concern for the beef industry due 
to increasing AMR in common bacteria (e.g., Mannheimia 
haemolytica) coupled with infrequent commercialization of new 
antimicrobials. Consequently, available antimicrobial options may 
become limited, especially for metaphylaxis (8, 9). In response to 
these concerns, government and industry have launched surveillance 
programs across the production continuum to monitor resistance 
trends (10).

Enterococcus spp. are commensal bacteria present in the 
gastrointestinal flora of humans and livestock, comprising up to 1% 
of intestinal microbiota in adults (11). Enterococci are becoming an 
important multi-drug-resistant nosocomial pathogen associated 
with human infections, including endocarditis, bacteremia, and 
urinary tract infections (12, 13). Enterococcus spp. have intrinsic 

resistance to most cephalosporins and semi-synthetic penicillins and 
to low concentrations of penicillin and ampicillin (14). Enterococci 
are also intrinsically resistant (in vivo) to clindamycin, trimethoprim-
sulfamethoxazole and low concentrations of aminoglycosides (14, 
15). Aminoglycosides can be used for treatment when used with a 
combination of high concentrations of penicillin (14, 15). In 
addition, various species of enterococci have varying intrinsic 
resistance. For example, Enterococcus faecalis is naturally resistant to 
quinupristin-dalfopristin whereas Enterococcus faecium is not (14). 
Enterococcus gallinarum and Enterococcus casseliflavus are 
intrinsically resistant to low concentrations of vancomycin, although 
other species of Enterococcus are not (16).

Enterococci can also acquire resistance to most antimicrobial 
classes (including higher concentrations of penicillin and ampicillin) 
and can transfer mobile genetic elements to other bacteria. More than 
62 species of enterococci are associated with infections in numerous 
hosts, with variations of intrinsic resistance and likely differing niches 
within the microbiome (17, 18). The population structure of 
Enterococcus spp. within the mammalian gastrointestinal tract is 
influenced by host species, host age, diet and environmental stress, 
season, portion of the gastrointestinal tract, and isolates studied (19). 
Given their location in the mammalian gut, enterococci are exposed 
to numerous other bacteria. Consequently, enterococci can efficiently 
accumulate resistance genes from other bacterial species, making 
them useful for assessing AMR in the gastrointestinal microbiome. 
Therefore, they are often used as a Gram-positive indicator in AMR 
surveillance. Of specific concern are human hospital-acquired 
vancomycin-resistant enterococcal infections; they are associated with 
higher mortality, extended patient stays, increased risk of 
re-admission, and higher treatment costs (20).

A scoping review may be used to describe available literature 
(including the volume and complexion of publications), evaluate 
the feasibility of a meta-analysis, or identify knowledge gaps in 
available literature (21). No published scoping reviews were 
identified that addressed associations between antimicrobial 
resistant enterococci and factors along the beef production 
continuum. In this context, factors are defined as modifiable actions 
or interventions that could be  associated with an increase or 
decrease in antimicrobial-resistant enterococci or related resistance 
genes. A notable systematic review considered the effects of 
macrolide use on enteric bacteria and was scrutinized in the 
development of this scoping review (22).

The objectives of this scoping review were to: identify articles that 
investigate factors potentially associated with a change in the 
prevalence of AMR in Enterococcus spp. during various production 
stages applicable to the Canadian beef cattle industry; collate factors 
during beef cattle production (cow-calf and feedlot operations), 
processing, and retail markets; and identify the existing range of 
evidence and knowledge gaps in the literature.

64

https://doi.org/10.3389/fvets.2023.1155772
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
http://hdl.handle.net/1880/113592


Strong et al. 10.3389/fvets.2023.1155772

Frontiers in Veterinary Science 03 frontiersin.org

2. Methods

This scoping review followed Arksey and O’Malley’s framework 
(23) and is reported using the PRISMA-ScR (Preferred Reporting 
Items for Systematic reviews and Meta-Analyses extension for Scoping 
Reviews) checklist (24). The scoping review used a population, 
concept and context framework when developing the question (25). 
The population in question was beef cattle and beef products; the 
concept examined was antimicrobial-resistant Enterococcus spp.; and 
the context was from cow–calf operations to retail meats.

2.1. Scoping review protocol

A search strategy was developed a priori following consultation 
with a multidisciplinary team that included a health science 
librarian, biostatisticians, geographers, veterinarians, and 
epidemiologists. The protocol for this review was registered on 
PRISM: University of Calgary Digital Repository (26). To identify 
articles published from January 1984 to the search date of March 
2022, a search was done on the following databases: MEDLINE 
(Ovid platform), BIOSIS Previews (Web of Science platform), Web 
of Science Core Collection (Science Citation Index and Emerging 
Sources Citation Index), Embase (Ovid platform), and CAB 
Abstracts (EBSCO platform). The CAB Abstracts search is provided 
in Supplementary Figure S1; this search was translated to the syntax 
and vocabulary of the other databases. Covidence systematic review 
software (Veritas Health Innovation, Melbourne, Australia) was 
used to support abstract and full-text screening. The title and 
abstract screening and full-text screening were subjected to a 
double-blinded process. Each article was reviewed by a minimum 
of two reviewers (KS and JI), with a third reviewer (SC) introduced 
in instances of conflict. Articles were initially screened by title and 
abstract; those that appeared to meet inclusion criteria had full-text 
screening and were included or excluded, based on the following 
inclusion criteria:

 (1) Articles must be written in English and published after 1984, 
coinciding with formal acceptance of the genus 
Enterococcus (17).

 (2) Article factors must apply to the Canadian beef production 
context. Depending on the intervention described, the 
population of interest must have antimicrobial stewardship 
practices and animal production policies comparable to 
Canadian beef production. This would include similarities in 
legislation related to antimicrobial use and residues, plus 
similar production and management including cow-calf and 
feedlot production.

 (3) Articles must present peer-reviewed primary research; 
therefore, reviews, opinion articles, editorials, theses, and 
conference abstracts were not eligible. Consequently, research 
findings were evidence-based, peer-reviewed, and 
not replicated.

 (4) Articles must present in vivo studies. To ensure that the review 
was evidence-based and to improve generalizability in beef 
cattle production, only field trials were evaluated.

 (5) Articles must have a comparison of the effects of a factor that 
measured AMR in Enterococcus spp.

The decision guide used by the review team is provided 
(Supplementary S2). Cohen’s Kappa was used to assess the 
reproducibility of the screening process. Data extracted from articles 
were entered using an integrated Covidence extraction form. Detailed 
instructions were developed to guide the extraction process 
(Supplementary S3). Following extraction, data were exported and 
stored in a standardized Microsoft Excel spreadsheet.

3. Results

3.1. Screening process

Given the selection parameters, 1,313 studies were imported for 
screening and 509 duplicates were removed. A total of 804 articles 
were screened and 26 were selected, with characteristics summarized 
in Table 1. The article screening process is detailed in Figure 1. Cohen’s 
Kappa was 0.71 for the title and abstract and 0.66 for full-text 
screening, considered substantial agreement (53).

3.2. Study characteristics

Article attributes are summarized in Supplementary Tables S1, S2. 
No quality assessment was made regarding the results or interpretation 
of the articles. Articles published from 2019 to 2022 accounted for 
38% (10/26) of included studies. All studies included were conducted 
in North America, with 22 and four from the United  States and 
Canada, respectively. Geographic distribution is illustrated in Figure 2. 
International studies examined interventions considered applicable to 
the Canadian context, having antimicrobial stewardship practices and 
animal production policies comparable to the Canadian beef 
production system.

Most studies were done in a feedlot environment (n = 17), followed 
by retail (n = 6), abattoir (n = 1), and farm (n = 2). Enterococci samples 
came predominately from fecal samples or beef products. Fecal 
samples were collected either directly from the rectum (n = 13), from 
the pen-floor (n = 4), or from an unspecified site (n = 2). The remaining 
samples were collected post-evisceration (n = 1) or from retail beef 
(n = 6). Cattle represented in the articles were yearlings (n = 10), fall-
placed calves (n = 5), cows and pre-weaned calves at cow-calf 
operations (n = 2), and finished cattle preslaughter (n = 2). Five studies 
described cattle whose age or weight was not defined; however, these 
parameters were estimated based on the study context (36, 42–45). 
The remaining seven studies examined beef samples at retail.

The study design and associated sample collection varied widely 
across studies. Eight of 17 feedlot studies had cattle acclimatized to the 
feedlot prior to the study for variable intervals, ranging from 3 days 
(34, 35) to 3 months (39), whereas study design and trial duration 
ranged from cross-sectional to cohort studies with longitudinal 
sampling up to 225 days post-trial initiation (one-day preslaughter) 
(30). There was also variation in the timing of sample collection 
compared to the time of intervention. For example, in the 17 feedlot 
studies, samples were collected during or following the intervention, 
whereas other studies, at farm, abattoir and retail stages, compared 
interventions that may have occurred up to several years before 
sampling. There was also notable variation in the type of feedlot study 
environments, with five studies reporting on cattle housed in 
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TABLE 1 Summary of the attributes of 26 articles included in the scoping review of reported factors associated with antimicrobial resistant enterococci 
in Canadian beef cattle.

First author 
and year of 
publication

Study 
design

Location Beef 
production 
stage

Age of cattle 
(if 
applicable)

Exposure or 
intervention 
studied

Sample 
collection 
site

Compound 
administered 
(if applicable)

Agga (2016) (27) Cross-

sectional study

Nebraska, 

United States

Farm Cows Antimicrobial 

administration

Rectum Ceftiofur

Amachawadi 

(2013) (28)

Randomized 

controlled trial

Kansas, 

United States

Feedlot Yearlings Metal 

supplementation

Pen floor Copper

Amachawadi 

(2015) (29)

Randomized 

controlled trial

Kansas, 

United States

Feedlot Fat cattle 

preslaughter

Metal and 

antimicrobial 

administration

Pen floor Copper and Tylosin

Beukers (2015) 

(30)

Randomized 

controlled trial

Alberta, 

Canada

Feedlot Fall placed calves Antimicrobial 

administration

Rectum Tylosin

Chan (2008) (31) Cross-

sectional study

Rhode Island, 

United States

Retail Not applicable “All natural” 

labelling

Retail Not applicable

Davedow (2020) 

(32)

Randomized 

controlled trial

Alberta, 

Canada

Feedlot Yearlings Antimicrobial 

administration

Pen floor Tylosin

Edrington (2014) 

(33)

Randomized 

controlled trial

Texas, 

United States

Feedlot Fall-placed calves Antimicrobial 

administration

Rectum Virginiamycin

Halleran (2021) 

(34)

Non-

randomized 

trial

North Carolina, 

United States

Feedlot Fall placed calves Antimicrobial 

administration

Rectum Danofloxacin

Halleran (2021) 

(35)

Non-

randomized 

trial.

North Carolina, 

United States

Feedlot Fall placed calves Antimicrobial 

administration

Rectum Florfenicol

Hershberger (2005) 

(36)

Cross-

sectional study

United States, 

multiple states

Farm Cows and pre-

weaned calves at 

cow-calf 

operations

Antimicrobial 

administration

Rectum Not specified

Innes (2021) (37) Cross-

sectional study

United States, 

multiple states

Retail Not applicable USDA-Certified 

Organic labeling 

Processing plant 

type

Retail Not applicable

Jacob (2008) (38) Randomized 

controlled trial

Kansas, 

United States

Feedlot Yearling Wet distillers grains 

with solubles 

Antimicrobial 

administration

Rectum Monensin and 

Tylosin

Jacob (2010) (39) Randomized 

controlled trial

Kansas, 

United States

Feedlot Fat cattle 

preslaughter

Metal 

supplementation

Rectum Copper and Zinc

LeJeune (2004) 

(40)

Cross-

sectional study

United States, 

Multiple States

Retail Not applicable “Raised without 

Antibiotics”

Retail Not applicable

Muller (2018) (41) Randomized 

controlled trial

Kansas, 

United States

Feedlot Yearling Antimicrobial 

administration

Pen floor Tylosin

Murray (2020) (42) Randomized 

controlled trial

Texas, 

United States

Feedlot Yearling Antimicrobial 

administration 

Probiotic 

supplementation

Unspecified site Tylosin, 

Saccharomyces 

cerevisiae and E. 

faecium probiotic

Murray (2021) (43) Randomized 

controlled trial

Kansas, 

United States

Feedlot Yearling Metal 

supplementation 

Essential oil 

supplementation

Rectum Zinc

(Continued)
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individual pens at an experimental facility, whereas the remaining 12 
studies discussed cattle housed in pairs, small groups with 15 or fewer, 
or in commercial feedlots with more than 100 cattle per pen.

3.3. Antimicrobial susceptibility

Studies were screened based on the inclusion of Enterococcus 
species-specific findings. Of the 26 included articles, 12 Enterococcus 
species were reported, with Enterococcus faecium being the most 
common, followed by Enterococcus hirae and Enterococcus 
casseliflavus. Articles reported one to nine unique Enterococcus spp., 
with a median of four species, whereas 12 articles only reported results 
to the Enterococcus spp. level. The counts of Enterococcus species 
reported are in Figure 3.

Antimicrobial resistance was identified based on phenotypic 
susceptibility or the presence of AMR genes. AMR in Enterococcus 
spp. isolates were measured phenotypically for 26 studies; and 
phenotypically and genotypically for 14 studies. Five articles (42, 46, 
47, 49, 50) measured genotypic resistance, but outcomes were not 
reported specific to enterococci but rather the broader sample 
microbiome using quantitative polymerase chain reaction (PCR) and 
metagenomic sequencing. An additional three articles reported 
genotypic resistance specific to enterococci, but were not stratified or 
statistically evaluated in the comparison of intervention (exposure) or 
referent groups (30, 32, 51). Similarly, three articles reported 
phenotypic resistance; however, the resistance findings were not 

stratified or statistically evaluated in the comparison of intervention 
(exposure) or referent groups (28, 29, 42) (Supplementary Table S5).

There were diverse methods used to measure antimicrobial 
susceptibility of enterococci in these studies, including selective 
media, automated methods (i.e., broth microdilution), and manual 
methods (i.e., disc diffusion) for phenotypic patterns, whereas PCR 
and whole genome sequencing were used for genotypic resistance. 
One study used PCR and whole genome sequencing (49). Of the 26 
studies examining phenotypic resistance, 16 cited standardized 
guidelines for setting interpretive criteria, with multiple methods 
often described within a single study. If a study stated the use of a 
specific Sensititre™ (Thermofisher Scientific, United  States) 
antimicrobial susceptibility panel, the associated organization’s 
interpretive guidelines were assumed. Notably, 17 studies used 
selective, antimicrobial-impregnated media when identifying resistant 
bacteria. Seventeen studies stated the interpretive criteria or 
breakpoints used to classify isolates as susceptible, intermediate or 
resistant in the text, whereas 11 studies stated MICs in the text. The 
most common guidelines for interpretive breakpoints were referenced 
from the Clinical and Laboratory Standards Institute (CLSI; n = 15), 
followed by National Antimicrobial Resistance Monitoring System for 
Enteric Bacteria (NARMS; n = 4). In that regard, NARMS describes 
using CLSI breakpoints when available, and uses their own data to 
help infer breakpoints when not available (54). In addition, a single 
study described using a European Committee on Antimicrobial 
Susceptibility Testing (EUCAST) breakpoint when none was available 
through CLSI.

TABLE 1 (Continued)

First author 
and year of 
publication

Study 
design

Location Beef 
production 
stage

Age of cattle 
(if 
applicable)

Exposure or 
intervention 
studied

Sample 
collection 
site

Compound 
administered 
(if applicable)

Murray (2022) (44) Randomized 

controlled trial

Texas, 

United States

Feedlot Yearling Antimicrobial 

administration 

Probiotic 

supplementation

Rectum Tylosin and 

Enterococcus faecium 

probiotic

Platt (2008) (45) Randomized 

controlled trial

Texas, 

United States

Feedlot Yearling Antimicrobial 

administration

Rectum Chlortetracycline

Schmidt (2020) 

(46)

Randomized 

controlled trial

Nebraska, 

United States

Feedlot Fall-placed calves Antimicrobial 

administration

Rectum Tylosin

Schmidt (2021) 

(47)

Cross-

sectional study

United States, 

Multiple States

Retail Not applicable “Raised without 

Antibiotics”

Retail Not applicable

Shen (2019) (48) Randomized 

controlled trial

Alberta, 

Canada

Feedlot Yearling Antimicrobial 

administration 

Probiotic 

supplementation

Unspecified site Tylosin, Monensin, 

Saccharomyces 

cerevisiae

Vikram (2017) (49) Cross-

sectional study

United States, 

state not 

indicated

Abattoir Not applicable “Raised without 

Antibiotics”

Post-evisceration Not applicable

Vikram (2018) (50) Cross-

sectional study

United States, 

multiple states

Retail Not applicable “Raised without 

Antibiotics”

Retail Not applicable

Zaheer (2013) (51) Non-

randomized 

trial

Alberta, 

Canada

Feedlot Yearling Antimicrobial 

administration

Rectum Tilmicosin, 

Tulathromycin, 

Tylosin

Zhang (2010) (52) Cross-

sectional study

United States, 

multiple States

Retail Not applicable Grass fed Retail Not applicable
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3.4. Statistics

The hierarchical nature of the data (i.e., multiple isolates per 
sample, multiple samples per animal, and multiple cattle per pen) 
often required sophisticated modelling to properly account for 
potential clustering effects. There was much variation in the types of 
data analyses used, ranging from descriptive statistics (10) to mixed-
effects modelling (16). Sample sizes ranged from 12 (31, 34) to 7576 
(32) cattle; however, the studies’ experimental units included 
individual cattle, pens of cattle, or other aggregated features. Only 
three studies referenced a sample size calculation or justification for 
the sample size used (34, 35, 37).

3.5. Study findings

Studies often had multiple study questions and objectives, with a 
wide variety of key findings specific to phenotypic and genotypic 

resistance (Supplementary Table S3). Outcomes represented AMR in 
enterococci based on specific genes known to convey antimicrobial 
resistance or phenotypic antimicrobial susceptibility of isolates (55) at 
one or more time points. Many studies reported varying temporal 
associations between AMR outcomes and the timing of the 
intervention (30, 39, 41, 45, 46, 48).

3.5.1. Factors identified within study findings
Overall, 37 factors were reported from the 26 articles. Nine articles 

reported multiple factors, with five factors overlapping between 
studies (i.e., “Raised Without Antibiotics” labelling). Factors were 
compared between exposed and unexposed groups to assess if they 
were associated with specific AMR outcomes in Enterococcus spp. 
Factors were broadly summarized based on exposure class, exposure 
(factor), and whether the article reported a statistically significant 
association with AMR outcomes in enterococci 
(Supplementary Table S3). Studies reported associations derived from 
comparisons between factors and multiple outcomes, such as 

FIGURE 1

PRISMA-ScR flow diagram of the stages of article selection for inclusion in the Scoping review of reported factors associated with antimicrobial 
resistant enterococci in Canadian beef cattle.
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genotypic and/or phenotypic resistance. These comparisons 
sometimes resulted in significant associations for one resistance 
measurement but not another. In addition, some exposures/factors 
may include multiple exposure groups. For example, some 
antimicrobial administration studies examined more than one 
antimicrobial, enabling multiple comparisons to be made to the null 
when describing that factor.

3.5.1.1. Antimicrobial use
At the genus level, specific to antimicrobial use, studies reported 

that the use of injectable enrofloxacin (36) or in feed monensin (38) 
were associated with AMR in enterococci strains. However, other 
studies reported that injectable formulations of florfenicol (35), 

danofloxacin (34), or ceftiofur (27) were not associated with AMR 
in enterococci. One study reported that in-feed virginiamycin use 
(33) was not associated with phenotypic resistance but with a higher 
prevalence of identification of the ermB gene, associated with 
resistance to macrolides, lincosamides, and streptogramin 
B. Reported associations between in-feed macrolide use and 
resistance were mixed, with inconsistent results across studies and 
variation between phenotypic and genotypic resistance detection. 
One study reported an association between macrolide use (both 
in-feed and injectable) and increased erythromycin resistance in 
enterococci (51), whereas other studies reported no similar 
association, specific to in-feed supplementation (32, 41). An 
association between macrolide feed supplementation and detection 

FIGURE 2

Geographic distribution of articles included in the Scoping review of reported factors associated with antimicrobial resistant enterococci in Canadian 
beef cattle. Seven articles’ research locations in the United States were not state-specific and are thus not included in the map.
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of resistance genes tcr(B), associated with copper resistance and 
erm(B) were identified in fecal isolates (29).

3.5.1.2. Production factors
Two studies reported that conventionally raised cattle and beef 

products were associated with increased resistant enterococci in 
comparison to those labelled as “Raised Without Antibiotics,” when 
comparing phenotypic resistance (47, 49). A separate study 
concluded that these differences were modest and may be linked to 
product suppliers, based on a significant interaction with the 
production system (50). Given the time interval and production 
steps that occurred between factor occurrence (administration of 
antimicrobials) and time of measurement (retail beef products), 
several potential confounders may have influenced studies 
examining the impacts of “Raised Without Antibiotics.” Three 
studies compared the presence of vancomycin-resistant enterococci 
(VRE) isolates in conventionally raised beef and beef “Raised 
Without Antibiotics” or similar labelling, with no evidence of VRE 
detected in either sample set (31, 40, 47).

The type of processing facility (organic, conventional, or split) 
was also associated with resistance (37). In a single study that 
specifically compared grass-fed beef products to conventional beef 
product, isolates from conventional beef samples were more 
frequently resistant to daptomycin and linezolid (52). However, 
other resistance phenotypes assessed were relatively comparable. 
The study’s authors noted the possibility of the sample including 
enterococci with intrinsic resistance, given the low resistance to 
daptomycin and linezolid in most Enterococcus spp. (52). Perhaps 
other studies investigating antimicrobial use labelling of retail 
meats also involved grass-fed cattle, but this was not explicitly 
stated in the sample collection strategy, and therefore not 
considered a grass-fed factor.

3.5.1.3. Other supplements
Antimicrobial resistance was not associated with feeding wet 

distillers grains with solubles (WDGS), except for flavomycin, where 
WDGS was associated with decreased frequency of resistance in 
enterococci isolates (38). Probiotics were also examined, with one 
study reporting a non-significant trend of decreased antimicrobial 
resistance when probiotics were used compared to not used (44), 
whereas another reported no association (48). In one article, 
supplementing an Enterococcus faecium, and S. cerevisiae-based 
probiotic increased the probiotic enterococci sequence type (ST296), 
with a subsequent decrease in sequence type ST240 that tended to 
include erm(B) and tet(M) AMR genes (42). Notably, the probiotic 
Enterococcus faecium strain ST296 was isolated from the manure pack 
sample 112 days post-trial. The probiotic strain survived drying and 
milling, simulating the process of manure turning to dust and 
establishing cyclic transmission of a macrolide-susceptible ST296 
strain (slightly altered from the original) within a feedlot (42).

Reported associations related to metal supplementation were 
mixed and inconsistent across phenotypic and genotypic resistance 
outcomes for various antimicrobials. The resistance gene ermB was 
reported to be associated (29) or not associated (39) with copper 
supplementation. Similarly, tcrB was reported to be associated with 
(28, 29) or not identified in either the copper-supplemented or control 
sample set (39). The resistance gene tet(M) was not associated with 
copper supplementation (29, 39). Phenotypic resistance to 
chloramphenicol, ciprofloxacin, gentamicin, linezolid, penicillin, 
streptomycin, vancomycin, zinc, and copper were not associated with 
copper supplementation (39). Comparably, an association between 
zinc supplementation and tetracycline resistance was reported (43) 
but had no other resistance associations (39, 43).

Four articles reported that AMR varied across sampling periods 
of various study designs, with associations between AMR and AMU 

FIGURE 3

Types of enterococcal species reported within Scoping review of reported factors associated with antimicrobial resistant enterococci in Canadian beef 
cattle (n = 26). Graph reports the number of articles reporting each enterococcal species. Thirteen articles discussed more than one Enterococcus 
species, with a maximum of nine species discussed within one article.
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during the study but no significant association at the end of the study. 
These associations were related to the timing of sample collection and 
timing of antimicrobial treatment, more commonly described in 
feedlot trials due to study design. Temporary AMR associations were 
reported following the administration of either chlortetracycline (45), 
or tylosin (30, 48), but these did not persist and had disappeared by 
the end of the trials. These factors were all specific to in-feed 
treatments. Eleven trials included sampling over the entire feeding 
period or sampling pre-slaughter and were therefore comparable with 
preslaughter levels, whereas other trials were of shorter intervals, with 
final sampling dates not representative of the preslaughter period.

4. Discussion

This review examined factors associated with AMR in enterococci 
isolates at all time points along the beef production continuum, from 
the cow-calf operation to retail markets. Four broad stages of cow-calf, 
feedlot, abattoir, and retail were identified. Various sub-stages 
presented opportunities for further research on potential AMR 
factors. For example, within cow-calf production, there were unique 
risks associated with neonatal, pasture-grazed, and pre-weaned calves 
and cows.

Articles within this review addressed a broad range of research 
objectives and spanned One Health sectors by including articles across 
the human, animal, and environmental spectrums, with the analysis 
done by a cross-disciplinary team. A One Health approach supported 
a robust interpretation of the available information. There were 
notable variations in study design, antimicrobial susceptibility testing, 
data analyses and differences in species of enterococci assessed; thus, 
caution is required when attempting comparisons or summaries of 
literature. This scoping review described findings but did not try to 
compare them.

Findings were often temporally specific in that AMR outcomes 
were often associated with samples collected soon after antimicrobial 
exposure. This temporal nature of association was not addressed in the 
study design of many articles, making comparisons among studies 
difficult. Sampling plans, such as sampling frequency, also varied 
across the treatment timeline. Three studies reported temporal 
associations with antimicrobial use which returned to null by the end 
of the feeding period (30, 45, 48), whereas other studies did not have 
a study design appropriate to identify this phenomenon. Studies also 
varied regarding a period of acclimatization to the feedlot for calves 
before starting a trial; arguably extended acclimatization renders cattle 
not a “real” feedlot population and therefore less generalizable to 
feedlot practice. There are concerns that the microbiome may have 
differed after cattle commingled compared to cattle not given that 
opportunity, influencing generalizability to other populations. The size 
of pens which cattle were commingled may also influence the 
microbiome and reduce comparisons of differing study designs.

AMR detection and reporting varied by specific antimicrobial and 
Enterococcus spp. (33, 45), highlighting the importance of using 
caution when comparing study findings across all Entercocci. Various 
species of enterococci may differ in common acquired resistance 
patterns and intrinsic resistance. For example, Enterococcus faecalis is 
intrinsically resistant to quinupristin-dalfopristin, whereas 
Enterococcus faecium is not (56). Phenotypic erythromycin and 
tetracycline resistance, and resistance genes specific to tetracyclines 

(tet(M)) and macrolides (erm(B)) were the most common resistance 
trends identified in enterococci. These were consistent with a prior 
enterococci-specific review and a surveillance study of AMR in 
isolates from various stages of beef production (2, 22). Zaheer et al. (2) 
reported that various enterococci species were highly associated with 
their environment. Specifically, Enterococcus hirae was predominant 
within feedlot cattle settings yet accounted for < 15% of enterococci in 
beef processing systems, abattoirs, and retail spaces (2). Instead, 
Enterococcus faecalis was the most predominant enterococcus species 
in abattoirs and retail spaces, accounting for 74% of samples (2). The 
predominance of Enterococcus faecalis in abattoirs and retail spaces 
has been seen in additional studies (57–59). Human clinical isolates 
are primarily Enterococcus faecalis (2), the predominant concern in 
human medicine (12, 60). The relevance of Enterococcus hirae for 
humans is not fully understood as it is rarely recognized in humans, 
although it may not always be identified due to the limitations of some 
commercial diagnostic identification methods (61). The shift from 
Enterococcus hirae predominance in cattle to Enterococcus faecalis in 
the abattoir and retail beef did not provide evidence of transmission 
across the continuum. Furthermore, this observation highlighted the 
importance of speciating enterococci when evaluating factors that 
might be associated with AMR. Individual enterococci species were 
reported in 14 of 26 studies assessed within this review. Twelve studies 
just reported Enterococcus spp., which is also a concern considering 
intrinsic resistance differs among species.

Several studies investigated associations between a high level of 
copper supplemented in the feed and the presence of tcrB, a 
transmissible gene conferring resistance to copper, in enterococci 
isolated from the feces of those cattle compared to enterococci that 
were isolated from feces of cattle supplemented at a lower 
concentration covering dietary needs for cattle. The tcrB gene has been 
previously identified co-located on mobile genetic elements that also 
carry erm(B), a gene that encodes resistance to macrolides, 
lincosamides, and streptogramin B, and/or tet(M), a gene that encodes 
resistance to tetracyclines (62, 63).

4.1. Multicausal associations

Articles within this review discussed the long-term and multi-
factorial nature of AMR (27, 42, 44). The concept of a multicausal 
association was further illustrated when considering the number of 
studies that examined exposures that potentially occurred months or 
years before sampling, for example, beef products raised 
conventionally versus those “Raised Without Antibiotics” or similar 
labelling (31, 37, 40, 47, 50), grass-fed (52), or studies attempting to 
assess effects of antimicrobial supplementation that had occurred 
years earlier (27). In the example of “Raised Without Antibiotics” 
versus conventional beef production, it is difficult to conclude if the 
reported associations (or lack of) resulted from antimicrobial 
exposure or were related to other various production, transportation, 
abattoir, processing, or retail exposures. Differing constellations of 
factors and confounders in long-term studies may not be measured or 
adjusted for in statistical analyses.

Some feedlot studies reported a similar increase in the proportion 
of resistant isolates in both the control and intervention group earlier 
in the feeding period and a similar decrease in the proportion of 
resistant isolates over time. In addition to changes in diet and 
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microbiome mentioned above, perhaps there was an additional 
environmental transmission of bacteria and/or their resistance genes 
between the groups in the feedlot over time. For example, Beukers 
et  al. (30) followed the proportion of tylosin resistance fecal 
enterococci isolates in cattle receiving tylosin phosphate versus those 
in control cattle. Despite a difference in the frequency of resistance 
across isolates, there was a similar distribution within both treatment 
groups, with parallel timing of increases and decreases of the 
proportion of resistance (30).

4.2. Multilevel data and issues of clustering

Articles included within this scoping review varied widely in 
sample collection methodologies (i.e., individual versus composite 
samples) and the experimental unit studied. In many studies, the 
exposure unit was not the same as the unit of measurement. For 
example, individual cattle received antimicrobial treatment, but 
resistance was assessed in Enterococcus spp. isolated from pooled fecal 
samples. Many but not all studies accounted for this multilevel data 
structure in their statistical analysis using mixed-effects models. 
Articles that reported adjusted data accounting for its hierarchical 
structure when discussing significance rarely maintained the 
hierarchical structure of data within result summaries or supplemental 
material. Many studies did not reflect the results of these analyses with 
any level of detail. When data does not present the sampling structure, 
future use of raw data may introduce clustering biases and 
misrepresent the data. Going forward, publishers should encourage 
data to be  presented at all appropriate levels when presenting 
summaries of results and within their supplemental material. In 
addition, authors should provide details of the stochastic methods of 
analysis and subsequent interpretation of their findings to 
promote reproducibility.

4.3. Standardization

Increased standardization and reproducibility of existing research 
studies would be  extremely valuable for strengthening current 
knowledge in AMR. The earliest published articles included in the 
review were published in 2004 (40), and standardization of reporting 
has subsequently evolved. This was evidenced through updated 
reporting standards and guidelines that have been expanded to 
account for trial protocol accessibility in randomized trials (64), and 
developed to address the needs of observational epidemiological 
studies (65). Despite these advances, there remains wide variation in 
data presented in articles published in the past 5 years, indicating 
standardization has not been achieved. This might include further 
harmonization across national standards, more robust reporting 
guidelines by journals, or incentivization to provide anonymized 
hierarchical data and model parameters.

A recent systematic review with a narrower focus on macrolide 
supplementation in the feedlot setting concluded that long durations 
of tylosin supplementation are associated with increased proportions 
of macrolide-resistant gastrointestinal enterococci in feedlot cattle 
(22). The review encouraged researchers to follow reporting guidelines 
and publish comparison data for a meta-analysis (22), consistent with 
the challenges faced in this scoping review.

4.4. Knowledge gaps

This review examined factors occurring within four core stages in 
beef production: cow-calf operations, feedlot, abattoir, and retail. 
Within each stage, a series of substages or categorizations were 
attempted (i.e., neonatal, pasture-grazed, and pre-weaned calves). Of 
the 26 articles included, only two (27, 36) examined exposures at the 
cow-calf and “farm” space, making it difficult to differentiate risks 
across sub-stages.

The feedlot was the second identified stage, where cattle typically 
spend 90 to >300 days. Most studies identified within the scoping 
review occurred within the feedlot environment. However, there were 
knowledge gaps along the temporal timeline, with few studies 
examining cattle for the total duration at the feedlot. Reproducibility 
and replication of studies in a comparable environment with similar 
sampling timelines were limited, presenting an additional knowledge 
gap. Many feedlot studies occurred in an experimental pen setting, 
with individual animals or small groups from single sources, and may 
have included an acclimatization period. In contrast, commercial 
feedlot settings in North America are often much larger and introduce 
cattle from numerous sources. Therefore, findings from experimental 
pen settings may not be generalizable to the commercial environment 
given multiple potential confounders that may occur in commercial 
feedlots. This introduces a knowledge gap when interpreting these 
experimental pen studies.

After the feedlot phase, cattle are transported to the abattoir for 
slaughter and processing. Similar to the prior two stages, a series of 
sub-stages occur. These include transport to slaughter, lairage, 
slaughter, processing, and secondary processing as required. Within 
the articles identified, only one study applied to these stages, 
examining abattoir factors (37).

The final stage was the retail space, which includes packaging, 
storage, transport, potential repackaging, and purchasing conditions 
of the meat. Although multiple studies examined resistance at the 
retail stage, the exposure in question was the use of antimicrobials in 
raising cattle. However, there were no studies specifically examining 
retail interventions/exposures. Further research and discussion of 
potential AMR-related factors related to cow-calf operations, 
transportation, abattoirs, beef processing, and retail spaces 
are required.

Parallel to knowledge gaps in the scope of research, there are also 
potential gaps in the depth of information. A recent review discussed 
the benefits of whole genome sequencing in detecting AMR genes in 
enterococci and concluded that this approach is well-suited for 
identifying phenotypically sensitive bacteria that may carry resistance 
genes (66). Identification of genetic determinants allows for potential 
outbreak management and understanding of the potential for 
phylogeographic spread, enhancing understanding of AMR 
epidemiology (67). Genotypic data regarding potential factors 
associated with AMR are currently limited and represent a substantial 
data gap in the literature.

4.5. Limitations

Several limitations may have affected the type of articles retrieved 
and included in this scoping review. First, articles were not excluded 
based on the quality of the evidence. A minimal number of 
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publications met the search criteria, and we wanted to characterize all 
available information, make interpretations, and suggest future 
actions. The quality of evidence was assessed internally but was not 
reflected as a part of this scoping review. Secondly, environmental 
articles were not included. Environmental transmission is an essential 
component of AMR within beef production but was outside the 
context of this scoping review. Thirdly, grey literature (e.g., conference 
proceedings, dissertations, government publications) was not captured 
within the scoping review. This potentially excluded smaller studies 
and emerging, unpublished research. Additionally, only articles 
written in English were included, potentially excluding international 
findings applicable to the Canadian context. The requirement of there 
being a comparison group for inclusion of a factor excluded certain 
study designs, e.g., descriptive studies and case reports.

The extraction of factors associated with AMR in enterococcal 
isolates from articles included in the scoping review was unique to this 
review and identified challenges in data extraction for secondary 
purposes. Factors were drawn from reported associations and 
patterns; however, summarized statements were unique to the context 
of the study and often not comparable to other studies examining the 
same factor. This was due to differences in sampling timelines, 
antimicrobial susceptibility testing protocols, type of data presented, 
and confounding variables considered. In addition, methods of 
bacterial analysis, antimicrobial susceptibility testing, and even 
minimum inhibitory concentrations and breakpoint cut-offs have 
changed over time. Therefore, caution must be used when interpreting 
findings and drawing conclusions beyond the scope of the original 
article. The differences in articles examining similar factors limit 
opportunities for meta-analysis and other quantitative analyses.

Results from the data extraction were not presented specific to 
each enterococcal species, and instead discussed as a collective genus. 
The decision to report at the genus level was due to variations in detail 
provided by the articles, with 14 articles providing species of 
Enterococci and 12 not. Of those who did report the enterococci 
species, there were varying speciation methodologies and standards 
used. The decision not to report enterococci species was a limitation 
in this article given the intrinsic resistance trends that are unique to 
many Enterococci species, and differing environments in which 
species are detected.

The scoping review faced similar challenges as prior antimicrobial-
specific reviews in the area, with limited articles for inclusion, variable 
study designs, limited data available for extraction, inadequate 
adjustments for potential confounders, and reporting of 
non-significant results by omission, potentially furthering publication 
bias (22, 68, 69). A general limitation of scoping reviews is the 
possibility that the search strategy did not identify all published 
articles within the study scope; however, this risk was minimized by 
having a multidisciplinary team involved in syntax development and 
study design.

5. Conclusion

This scoping review identified factors that may be associated with 
increases or decreases in the prevalence of AMR in Enterococcus spp. 
isolated at various points along the beef production continuum, 
including cow-calf and feedlot operations, slaughter, and retail 

markets. A series of factors associated with antimicrobial 
administration, metal supplementation, probiotics supplementation, 
and meat processing were characterized. Resistance was associated 
with certain heavy metals and antimicrobial supplementation but was 
highly specific to the timing of sampling related to exposure, and 
specific phenotypic and/or genotypic resistance assessed. 
Inconsistencies in the amount of detail, availability of reported results, 
and interpretation of hierarchical data limited the interpretability and 
comparison of factors on a broader One-Health scope. Data gaps were 
identified in antimicrobial treatment and other management factors 
occurring during breeding, neonatal environment, and pasture 
grazing stages at cow-calf operations; transportation between 
production stages; abattoir lairage, slaughter, processing, and potential 
secondary processing; and packaging, storage and purchasing 
conditions in retail environments. Variations in sampling methods, 
sampling framework, intervention/exposure timeline and duration, 
data presentation, and resistance information collected were 
additional limitations. Future research should focus on filling 
identified research gaps that have limited or no published articles, 
along with standardization of laboratory, analytical and reporting 
methodologies. In addition, manuscripts should prioritize access to 
anonymized raw data with associated metadata for secondary analyses 
for future transdisciplinary projects and applications.
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Introduction: Denmark is one of the world’s largest exporters of pigs and pig meat, 
so the sector plays an important role in the national antimicrobial use (AMU). The 
Danish government has run antimicrobial stewardship programs in collaboration 
with the pig industry for more than 25 years. These have resulted in substantial 
overall reductions in total AMU and limiting the use of fluoroquinolones, the 3rd 
and 4th generation cephalosporines and the polymyxin colistin. To understand 
where further reductions in AMU could take place, it is necessary to investigate 
which antimicrobials are being used, how, and for which reasons.

Materials and methods: We characterized the AMU in the Danish pig sector in 2020, 
providing new analytical insights based on data retrieved from the VetStat database. 
The AMU data were segmented into classes, routes of administration, treatment 
indications and age groups, and interpreted as an outcome of the interventions 
taken. We  evaluated the current AMU regarding choice of antimicrobial class. 
Moreover, we discussed how to further improve the antimicrobial stewardship 
in Danish pig production to achieve additional reductions without jeopardizing 
animal welfare. Where relevant, two pig veterinary specialists were consulted.

Results: In 2020, 43.3 mg antimicrobials per population correction unit (PCU) were 
ascribed to the Danish pig sector. There was practically no use of fluoroquinolones, 
3rd and 4th generation cephalosporins and polymyxins. Weaners related to 45% 
of the total AMU in pigs when measured in tonnes and 81% when measured 
in defined animal daily doses, of these 76% were ascribed to gastrointestinal 
indications and overall, 83% were administered perorally.

Conclusion: To enable further reductions in AMU, it should be investigated how 
and when to replace group treatments (e.g., all animals in section or a pen) with 
individual treatments. Moreover, prevention of disease and promotion of animal 
health should be prioritized, e.g., through focus on feed, vaccination, biosecurity, 
and disease eradication.
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1. Introduction

In modern medicine, antimicrobials (AM) constitute fundamental 
instruments for the control of bacterial infectious diseases. However, 
when AM  are used, a natural evolutionary selection is triggered, 
selecting the most well-adapted bacteria that can obtain, express, and 
propagate genes more fitting to survival than other bacteria (1). 
Therefore, the use of AM should be prudent, especially of those that 
have been defined as critically important by the European Medicines 
Agency (EMA) (2), so the last line of defence against infections 
is maintained.

The World Health Organization (WHO) has recognized the fight 
against AM resistance (AMR) as one of the most important challenges 
that humanity will have to face in the present decade (3). Given that 
AMR genes can circulate in any direction within and between a global 
and complex system composed of the environment, humans and 
animals, a coordinated One Health (OH) approach is crucial to 
comprehend the problem (4). Prudent use of AM will ensure that 
humans and animals in need of AM treatment can be treated not just 
now but also in the future (5). However, animal welfare may 
be challenged, if animals with severe infections are not treated with 
AM. To take both these concerns into account, the Danish pig 
industry has developed the approach called “As little as possible, but 
as much as necessary” (6), where improving animal health and, 
consequently, reducing the need for AMU are central to 
antimicrobial stewardship.

Antimicrobial stewardship can be defined as “A coherent set of 
actions which promotes using antimicrobials responsibly” (7), with 
the primary goal being “to optimize clinical outcomes while 
minimizing unintended consequences of antimicrobial use” (8). 
Monitoring both AMU and the development of AMR allows the 
interpretation of patterns and trends of AMU, which can be related to 
the emergence of AMR, enabling risk evaluation and management, 
and therefore constituting the basis of AM stewardship programs (9). 
AMU data can, within a given time frame, also be used to evaluate the 
efficacy of control measures implemented, and when the same 
indicators are applied establish international comparisons (10).

AM stewardship programs across Europe have received 
international recognition. Examples of good practices can be made 
out of the Danish pig sector (11), along with the Dutch model where 
a combination of mandatory and voluntary actions (12) have resulted 
in a shift from 3rd and 2nd to 1st choice AM compounds in the dairy 
sector (13). Likewise, the multisectoral voluntary approach 
implemented in the United Kingdom has resulted in a 50% reduction 
in overall AMU in the livestock industry from 2014 and 2021, 
including a 79% reduction in the use of highest-priority critically 
important antibiotics during the same period (14).

To elucidate whether the AMU and AMR monitoring systems in 
place and actions taken to combat AMR are effective, it is necessary 
to evaluate them at regular intervals. Several tools have been developed 
to help in this (15). In an international network called Convergence 
in evaluation frameworks for integrated surveillance of AMU and 
AMR (CoEvalAMR), guidelines have been developed for evaluation 
along with assessment of different evaluation tools. One of these tools 
is the Integrated Surveillance System Evaluation (ISSE), which is a 
conceptual framework for evaluation of the performance and the 
value of OH integration in surveillance systems for AMU and 
AMR. According to ISSE, evaluations can be done at different levels 

such as production of information and expertise, generation of 
actionable knowledge, influence on decision-making and 
contributions to desirable outcomes. All this will enable an evaluation 
of the impact of the decisions made (16).

Denmark is a “pig country.” In 2020, there were 2,921 active and 
professional farms with pigs registered; the sector produced 32.6 million 
pigs, with 17.5 million of these being slaughtered in the country, and 
14.8 million were exported as weaners at 30kg of weight (17) as seen in 
Figure 1, in addition 0,3 million finishers and sows were exported for 
slaughter. Monitoring of AMU is at the age groups (1) sows and piglets 
and (2) weaners, and (3) finishers (18). In the Danish pig sector, AMR 
trends are monitored by indicator Escherichia coli isolates obtained from 
arbitrarily selected caecal samples collected at slaughter, and from fresh, 
chilled meat collected at retail points, tested in accordance with EU 
requirements (19). Denmark has been implementing AM stewardship 
measures for over 25 years as shown in the following:

A national ban on the use of AM as growth promoters came into 
force in finishers in 1998 and in weaners in 1999, whereas this came 
into force in the European Union (EU) in 2006 (20), Figure  1. 
Veterinary advisory service contracts are required for the large pig 
herds, i.e., with more than 300 sows (21), and there is a limitation of 
veterinarians’ profits from AM sales (11). Moreover, direct marketing 
of prescription-only drugs and vaccines to layman is prohibited (22). 
Since 2001, AMU is reported into the VetStat database, which has 
been the basis for implementing sector interventions and measuring 
their impact. Pharmacies are obliged to report the amount of AM that 
the veterinarians prescribe and specify the target age group and 
treatment indication. Feed mills similarly report AM-medicated feed 
sales at farm level, while veterinarians directly report the amounts of 
AM they prescribe and use in clinical practice (23).

The Danish Integrated Antimicrobial Resistance Monitoring and 
Research Program (DANMAP) provides a complete and transparent 
picture of AMU and the occurrence of AMR in bacteria from food 
animals, food and humans in Denmark. For that reason, DANMAP 
serves as the basis for implementing evidence-based policies (24), e.g., 
since 2002, the prescription of fluoroquinolones is antibiogram-
dependent (11), and in 2010 a voluntary industry ban on the use of 
3rd and 4th generation cephalosporins was introduced in Danish pig 
production (11).

The Yellow Card initiative, which was established in 2010, sets 
limits to the acceptable AMU at the individual herd level. 
Benchmarking figures are defined for the different animal age group, 
based on the average AMU over the last 9 months, calculated as 
defined animal daily dosages (DADD) per 100 animals per day. These 
figures for the individual herd are then compared with national permit 
limits (20). Originally, these permit limits were defined as twice the 
national average within the age group. These have been lowered over 
time. The current thresholds in DADDs are 3.2 for sows and piglets, 
4.4 for finishers and 17.2 for weaners (25). Some critically important 
AMs are weighted by a factor above 1 to reflect the AM’s perceived 
negative impact on AMR development, and this increases the 
registered DADD value: i.e. 3rd and 4th generation cephalosporins, 
colistin and fluoroquinolones have a weighting factor of 10, whereas 
tetracyclines have a weighting factor of 1.5, while unrestricted AMs, 
such as penicillins have a weight factor of 1 (20).

To understand the current AMU in the Danish pig sector, it is 
important to provide historical context to the figures regarding when 
the different risk mitigating measures were implemented and how 
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the sector developed. As can be seen in Figure 1, the overall AMU 
in tonnes was reduced by 52% from 1994 when consumption 
reached its maximum to 2020, despite concurrent growth of the pig 
sector. AMU per species only became available after the 
establishment of VetStat.

To combine an optimal clinical effect with the lowest possible 
adverse impact from the development of AMR, it is crucial to select 
the appropriate AM. The European Medicines Agency’s EMA’s 
Antimicrobial Advice Ad Hoc Expert Group (AMEG) classification is 
based on considering the probability and consequences associated 
with the use of a specific AM regarding the development of AMR, as 
well as its importance in human medicine, while considering the 
existence of alternative substances. In this classification: Category A 
“Avoid” consists of AM  that are not licensed for use in animals; 
Category B substances include 3rd and 4th generation cephalosporins, 
quinolones and polymyxins, which should be of “Restricted” use in 
veterinary medicine, as these are critically important substances in 
human medicine; Category C “Caution” includes AMs for which there 
are reliable alternatives in human medicine, but few veterinary 
alternatives; Category D “Prudence” covers AM for use as a first line 
of treatment, in a prudent way whenever possible 
(Supplementary Table S1) (2).

In Denmark, prescription guidelines have been released by the 
Danish Veterinary and Food Administration (DVFA), classifying 
certain AM  substances as first choice (Group  1), as alternatives 
(Group 2) or of restricted use (Group 3) (26), Supplementary Table S1. 
As part of that work, risk assessments have been undertaken for 
selected AMs in pigs, i.e., macrolides (27) and pleuromutilin (28). 
These guidelines are progressively updated according to new 
knowledge about AMR development. Preventing the occurrence of 
disease by investing in use of vaccination is also an important health 
promoting initiative, which ultimately comes down to each farmer’s 
decision (29). As can be seen, in Supplementary Figure S1, vaccination 
sales for some of the most common pathogens have gone up in 
recent years.

The overarching question is: What is the current state in Denmark 
with respect to AMU after more than 25 years of interventions to 
combat AMR development?

The detailed objectives of this paper are to:

 • Characterize Danish AMU in the three age groups: weaners; 
finishers; sows and piglets in 2020.

 • Based upon the figures produced, discuss the current AMU in 
Danish pig production with respect to risk of development of 
AMR, where AMU is seen as a driver for AMR. Discuss whether 
it would be  feasible to further improve the antimicrobial 
stewardship through reduction of AMU by moving usage from 
oral to parenteral treatment or alter use patterns, without 
jeopardizing animal welfare.

2. Materials and methods

2.1. Data

The data regarding AMU in the Danish pig sector in 2020 
originated from Vetstat and consisted of the data used in 2020 
DANMAP report. The same data, which also encompass the national 
antimicrobial sales figures, are reported annually to the European 
Surveillance of Veterinary Antimicrobial Consumption (ESVAC) 
report. This report contains the total sales of antimicrobial agents for 
veterinary use in livestock production from 31 European countries 
(30). ESVAC figures are published using a statistic called mg per 
population correction unit (PCU), hence the use in milligrams (mg) 
of active substance is normalized by a standardized estimate of the 
national animal biomass (30).

To calculate this statistic specifically for the Danish pig sector, the 
figure describing national AMU sales was taken from the 2020 
DANMAP Report: 7.59 × 1010 mg of AM active substance sold (20). 

FIGURE 1

Total amount of AMU in Danish livestock from 1990 to 2000 and in the pig sector from 2001, total number of pigs produced in Denmark since 2005, 
divided into weaners exported and pigs and sows slaughtered domestically, and risk mitigating initiatives. AGP, Antimicrobial growth promoters; DK, 
Denmark; DANMAP, Danish Integrated Antimicrobial Resistance Monitoring and Research Program.
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For PCU, a figure of 1.754 × 109 kg, calculated according to EMA’s 
directives and originating from the European database of sales of 
veterinary antimicrobial agents was used (31).

AMU measured in defined animal daily dosages (DADD) per 
licensed medicinal product had previously been calculated by the 
DANMAP team and these figures were made available for this 
analysis. DADD is the average maintenance dose per day for the main 
indication of a drug in the appropriate animal species. It is calculated 
using the following formula:

 

DADD mg of  active substance
DANMAP dosage per kg of  body 

weight

=

×× standard weight of  animal
age group

 (Formula 1)

In this formula, standardized weight categories for animal age 
groups are used, implying weaners: 15 kg, finishers: 50 kg and sows 
and piglets: 200 kg. In the last age group, the weight of the piglets is 
embedded in the weight of the sows (32). DADD usage constants are 
not defined per product, but for each AM agent, administration route, 
and animal species as mg active compound per kg live animal. These 
values are related to the standardized use as defined in DANMAP and 
can vary from the actual prescribed daily dose or from the 
recommended dosage in the summary of the product characteristics 
(SPC) or from the values used to calculate VetStat ADD’s (20).

To set the overall AMU into perspective, the proportion, in 
thousands, of the population under treatment per day was also 
calculated per each of the animal age groups using the DADD per 
1,000 animals per day (DAPD) indicator. As an example of the 
application of this indicator, 20 DAPDs stands for 2% of the population 
being treated with AM, on average, on any given day in 2020. It was 
calculated by dividing the total estimated number of kg doses 
(DADDs) used per year by the estimated live biomass in the age group 
(in tonnes, cumulated over 365 days) using the following formula:

 DAPD
number of kg doses DADDs

estimated live biomass
=
∑ ( )

 (Formula 2)

where the estimated live biomass figures given per animal age group, 
in million tonnes, represent the number of standard animals with an 
estimated average weight on any given day in Denmark in 2020. For 
2020, these were: sows and piglets: 9 million tonnes, weaners: 33 
million tonnes, and finishers: 107 million tonnes. These figures were 
taken from the DANMAP database and were based on the animal 
census from Statistics Denmark and from the export records curated 
by the Danish Agriculture & Food Council.

2.2. Evaluation of AMU

In line with the definition set up by Aenishaenslin et al. (16), the 
current state of AMU was seen as an outcome of the actions to combat 
AMR development taken so far in Denmark, implying the last 
25 years. We chose this approach because we see AMU as a driver for 
AMR. We  did not intend to assess the impact of the individual 
elements of the complete Danish OH stewardship program 
(DANMAP). To do this, detailed investigations should be undertaken, 
where inspiration for these can be found in Aenishaenslin et al. (2021) 

(16). The AMU in Danish pig production was evaluated with respect 
to the risk of AMR assessing the following:

2.2.1. Total AMU in the sector
The AMU for each of the three pig age groups segmented into 

classes, routes of administration, and treatment indications was 
calculated in tonnes as well as in DADD, as absolute values and as 
proportions of the total AMU in pigs, together with the proportion of 
pigs estimated as being treated on any given day in 2020. National and 
sectorial AMU figures, based on sales data, were also calculated in mg/
PCU and interpreted in the context of the ESVAC figures for the year 
2020 and compared with data from other selected countries.

2.2.2. Risk related to national choice of am class 
in comparison with EMA recommendations

The use of the different antimicrobial AM  classes, segmented 
according to EMA’s AMEG classification was summarized and the 
results interpreted according to the current risk management 
recommendations issued by the Danish Veterinary and Food 
Administration (DVFA).

2.2.3. Feasibility of improving the Danish pig 
sector’s antimicrobial stewardship

As suggested by (33) the approach to further reduce AMR caused 
by AMU in Danish pig production could focus on the selection of the 
administration route, choice of antibiotics, as well as management 
improvements to lower the incidence of diseases requiring 
antibiotic treatment.

A visual depiction of the AMU in the sector was made, dividing 
the AMU by indication for treatment and administration route for 
each of the three age groups. This enabled us to discuss the feasibility 
of moving some of the AMU from oral to parenteral treatment to 
make further reductions and hereby improving the antimicrobial 
stewardship further.

Estimating the prevalence of disease in the pig sector and 
connecting it to the consumption of AM  with precision is very 
difficult, hence, past works by (34) and (35) were used as to discuss 
this. Moreover, to get further insights and updates, we consulted two 
external pig veterinarians each with more than 25 years of clinical 
experience and associated with different major Danish veterinary 
advisory company.

The data analysis was performed, and the graphical outputs were 
produced using Microsoft Power BI® Version: 2.102.845.0.

3. Results and discussion

3.1. Total AMU in the sector

Segmenting AMU into the three different pig age groups clarified 
that the three age groups have different relevance for the total AMU 
(Table 1). Weaners registered the highest use, both in tonnes (34.4) 
and in DADD (201.5 million). Sows and piglets registered the second 
highest consumption in tonnes (22.7) but third when calculated as 
DADD (9.2 million). Finishers were associated with the second 
highest consumption when AMU was measured in DADD (37.9 
million) and the third when measured in tonnes (18.8). This difference 
can be  explained by the DADD formula, where a treatment is 
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attributed to 50 kg individuals in the case of finishers and to 200 kg 
individuals in the case of sows, as described in Formula 1. By 
examining the consumption in DAPD units, given that this indicator 
is a proportion per 1,000 individuals, on average and on any given day 
in 2020, 1.9% of the sows were being treated with AM, as were 1.8% 
of the finishers and 9.2% of the weaners.

According to the 2020 ESVAC report, a 43.2% reduction was 
observed in the 25 countries which provided AM sales data form 2011 
to 2020 (30). Even though the figures reported in ESVAC correspond 
to the yearly overall sales in food producing animals, given that pig 
production plays a major role in several European countries, it is safe 
to assume that the pig sector is responsible for some of these 
reductions (36). In the same report, Denmark’s livestock industry as a 
whole registered a total AMU of 37.2 mg/PCU, while the median of 
the 31 reporting countries was 51.9 mg/PCU (30). Our calculations 
show that the Danish pig sector registered an AMU of 43.3 mg/
PCU. Hence, a higher value than the one registered when evaluating 
the consumption by the entire Danish livestock industry. The higher 
use in pigs is in line with a global trend, where AMU measured in mg/
PCU is higher in pigs than the in other predominant livestock species 
which are cattle and chicken (37).

Direct international AMU comparisons based on sales data 
need to be  interpreted carefully, as they can lead to 
misinterpretations (38), especially because statistics to measure 
AMU and denominators to estimate the animal biomass are not 
harmonized and different methods of data collection are applied 
(39). National AMU figures should also be  interpreted in the 
context of the country’s production objectives, as these will shape 
the sector, by influencing the size and specialisation of the farms 
(40). As an example, the Danish pig sector has evolved to export 
weaners, which are raised in other countries, as seen in Figure 1. 
This means that almost half of the pigs are exported after going 
through the critical post weaning stage in Denmark (17). As seen 
in Table  1, weaners are the most treated age group, so the 
specialisation of the sector and consequent large proportion of very 
young individuals, naturally creates pressure in the overall 
consumption of the entire Danish sector, when measured in mg/
PCU. If the exported weaners would have reached slaughter weight 
in Denmark, the overall AMU of the country in mg/PCU would 
likely have been lower than observed.

In an intensive pig production context, Denmark is usually 
regarded as an international example of good AMU practice (11). In 
a previous work by (41), the number of treatments per animal per 
100 days (TI100) was estimated in a sample of heavy fattening farms, 

where finishers are slaughtered at 160 kg or more and destined for 
Parma ham production. Acknowledging the limitations of a direct 
comparison, the authors still highlighted a five-times higher use in 
Italy compared to Denmark (41). Good practices of the Danish pig 
sector regarding AM prescription were also underlined by Carmo 
et  al., in a study comparing Danish and Swiss prescription 
patterns (42).

In conclusion, the current AMU per pig in Denmark may 
be considered low for finishers and for sows, given that only a small 
percentage of individuals is being treated, on average, on any given day 
during the year. Due to the specialisation of the sector, the focus for 
optimisation should be on the weaners, as they are responsible for the 
largest part of the national consumption.

3.2. Risk related to national choice of 
am class in comparison with EMA 
recommendations

In 2020, there was no recorded use of category A “Avoid” 
compounds (25). This result was expected, given that the use of these 
compounds is illegal in farm animals (2). In addition, no residues of 
these substances were found by the Danish pig meat residue 
monitoring program (43). Moreover, only 90 g of category B “Restrict” 
AM were ascribed to the entire Danish pig sector, a figure too low to 
be actionable in DADD units. According to the last ESVAC report, 
Denmark‘s livestock industry has reported the use of less than 
0.01 mg/PCU each for fluoroquinolones, 3rd and 4th generation 
cephalosporins and polymyxins, while the median value registered by 
ESVAC for each of these groups was 1.1 mg/PCU, 0.2 mg/PCU and 
0.8 mg/PCU, respectively (30). However, it should be emphasized that 
given their low defined dosage per animal kg, the use of critically 
important AM  to human medicine tends to appear lower, when 
expressed in mass-based units of measure, such as the mg/PCU, when 
compared to dose-based units, such as the DADD (44).

Overall, there is a higher consumption of AM  category C 
“Caution” than that of category D” Prudence” compounds in Danish 
pig production, as can be seen in Figure 2. The high use of category C 
“Caution” AMs covers macrolides (81 million DADDs) and 
pleuromutilins (34 million DADDs). In contrast to the AMEG 
classification, these AMs are 1st choice AM  according to the 
DVFA. EMA is also more restrictive in its classification of 
aminoglycosides (neomycin and streptomycin) and lincosamides 
(lincomycin) than the DVFA (2, 26).

TABLE 1 Distribution of antimicrobial (AM) treatments, in tonnes and DADD units as well as the proportion of the population under treatment per day in 
the Danish pig sector in 2020, per pig age group category.

Pig age group

Sows and piglets Finishers Weaners Total

Total use

Measured in tonnes 22.7 18.8 34.4 75.9

Proportion of total AMU (tonnes) 29.9% 24.8% 45.3% 100.0%

Measured in million DADD 9.2 37.9 201.5 248.6

Proportion of total AMU (DADD) 3.7% 15.2% 81.1% 100.0%

Measured in DADD per 1,000 animals per day (DAPD) 19 (1.9%) 18 (1.8%) 92 (9.2%)
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Regarding category D “Prudence” AMs, tetracyclines are placed in 
the most acceptable category by EMA but are considered a 2nd choice by 
DVFA and therefore associated with a weighting multiplier of 1.5 (instead 
of 1) in the Danish Yellow Card initiative. The decision to attribute this 
weighting factor is connected with the perceived role of the pig 
production in the emergence of livestock-associated methicillin-resistant 
Staphylococcus aureus (11, 45). This weighting likely discourages pig 
producers from using tetracyclines as they will more easily reach the 
Yellow Card limits than they would by using a non-weighted AM.

Evaluating the effect of AM exposure in the development of AMR 
genes is complex and each individual gene has its own dynamics in 
terms of emergence and dispersion (46), also studies of a representative 
size are required to acquire enough strength to make conclusions. Still, 
AMU reductions are expected to have a positive effect in reducing 
AMR in finisher pig gut microbiome, providing that the affected 
AM  class is not replaced by another one (47). Risk mitigating 
initiatives such as the abolishment of growth promoters had a direct 

effect on the AMR levels detected in both pigs and broilers (48); the 
ban on using tylosine as a growth promoter resulted in a plummeting 
of the macrolide resistance in Campylobacter in pigs (49). Similarly, 
the voluntary industry ban on cephalosporin use in pig production 
had a significant impact in resistant E. coli detected at slaughter (50).

In the EU, Denmark is among those countries that report the 
lowest occurrence of chloramphenicol and ciprofloxacin resistance, 
while the occurrence of ampicillin, azithromycin, sulphonamide, 
trimethoprim and tetracycline resistance is comparable to the average 
reported by all EU Member States. Moreover, over the last 6 years, the 
percentage of fully sensitive E. coli isolates collected from caecal 
samples has remained approximately constant, around 46% (20).

Andersen et  al., 2023 (33) estimated the quantitative effect of 
AMU fluctuations in Danish pig farms on the abundance of AMR 
genes, demonstrating that an increase or decrease in AMU is expected 
to cause, respectively, and increase or decrease in the abundance of 
AMR genes, with the stronger effects being observed over longer 
periods of time. The causal association between the occurrence of 
antimicrobial resistant bacteria in both the animal and human 
populations is not always clear, as shown by (51). Also, only potential 
associations between AMU and the emergence of AMR in humans 
and food-producing animals have been demonstrated (52, 53). This is 
partially because not many studies of the same size, as (33) have been 
done. In summary, for Denmark, the fact that there is effectively no 
use of 3rd and 4th generation cephalosporins, colistin or 
fluoroquinolones likely lowers the risk related to AMR development 
related to these substances. Moreover, the Danish legislation has led 
to a decrease in the use of tetracyclines since 2016, but a rise in the use 
of aminoglycosides, macrolides and extended-spectrum penicillin 
(54) in line with the recommendations by the DVFA.

3.3. Feasibility of improving the Danish pig 
sector’s antimicrobial stewardship

As can be seen in Table 2 and in Figure 3, the contributions of 
the three animal age groups to the total AMU of the pig sector differ 

TABLE 2 AM treatments shown as % of DADD units used by the Danish pig sector in 2020, divided according to age category, treatment indication and 
administration route.

Relative distribution (in %) of DADD according to animal age group

Sows and piglets Finishers Weaners Total

Treatment indication

  Gastrointestinal 9% 62% 76% 71%

  Locomotor + CNS + skin* 47% 31% 15% 19%

  Reproduction, urogenital system 17% 0% 0% 1%

  Respiratory disorders 17% 7% 9% 9%

  Udder 10% 0% 0% 0%

Total 100% 100% 100% 100%

Administration route

  Parenteral 91% 34% 17% 23%

  Peroral 9% 66% 83% 77%

 Total 100% 100% 100% 100%

*: Treatment of joints, limbs, hooves, central nervous system and skin.

FIGURE 2

Total AM treatments in the Danish pig sector in 2020, measured as 
million DADD and divided according to AMEG classifications and 
AM class. The four AM classes of amphenicols, some penicillins (anti-
staphylococcal penicillins, ß-lactamase-resistant penicillins), 3rd and 
4th generation cephalosporins and polymyxins were excluded from 
the graph, as each class constituted less than 1% of the treatments.
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widely, as do the treatment indications as defined by VetStat, the 
AM classes used and the administration route. Overall, around 99% 
of the pig sector AMU can be connected to three indications, among 
the 11 treatment indications encompassed in VetStat: 
“Gastrointestinal”; “Locomotor + central nervous system 
(CNS) + skin,” grouped together due to the low overall figures per 
each of the solo indications (55) and “Respiratory disorders.” 
Therefore, our analysis focused on these three indications. A 
particular emphasis was given to peroral treatments, given their 
major proportion and perhaps less selective usage. In Denmark, 
metaphylactic treatment is allowed, as in other countries (56), 
however, only for herds with a veterinary advisory service contract 
and regular use of diagnostics to confirm the diagnosis and identify 
resistance patterns (57). Also, in past sector interventions, major 

AMU reductions were connected to declines in group treatments 
with oral medication (58).

According to the two external pig veterinarians consulted, the 
results presented are an accurate depiction of the Danish pig sector’s 
routinely prescribed AM  to treat the most frequent pathologies, 
overall speaking. Within the sows and piglets age group, most of the 
registered “gastrointestinal” and “respiratory” treatment indications 
can likely be attributed to use in piglets. Moreover, the treatment 
indications “locomotor + CNS + skin” and “reproduction, urogenital 
system and mammary gland” are mostly connected with treatment 
of sows.

To identify whether it would be possible to further reduce AMU 
in Danish pig production, the data were divided according to age 
group, indication, AM class and administration route. In the following, 

FIGURE 3

Distribution of AMU, in DADD units, in the Danish pig sector in 2020, per treatment indication, divided by AM classes, where each graph represents an 
age group. AM classes that constituted less than 5% of the treatments in all selected indications were excluded. Only the three most frequent treatment 
indications are shown. To facilitate the visualization of the antimicrobial classes consumed, 100% stacked column charts are provided in 
Supplementary Figure S2.
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the distribution of AMU into these subgroups is discussed in relation 
to the types of infection causing the symptoms observed. Moreover, 
the focus is on the administration route, which is believed to greatly 
impact the effectiveness of AM treatment, while having in mind that 
individual treatment will most likely lead to lower AMU than group 
treatment (47). However, it may not be  feasible to treat a higher 
number of pigs individually, given the logistical challenges connected 
to do so (56).

Table  2 shows that gastrointestinal diseases in weaners and 
finishers account for most of the AMU., and that the AM treatment of 
these infections are primarily macrolides, pleuromutilins and 
tetracyclines, all administered perorally. This is probably because the 
infections are often caused by Lawsonia intracellularis, Escherichia coli 
or Brachyspira pilosicoli (34). Macrolides and pleuromutilins can 
be  used to treat Lawsonia intracellularis, and tetracyclines can 
be effective against both Lawsonia intracellularis and E. coli (35). For 
gastrointestinal disease, peroral administration of AM is commonly 
the preferable administration route, as the AM will work immediately 
in the organ of interest. As an example, it has been assessed that to 
threat diarrhea related Lawsonia intracellularis with oxytetracycline, 
batch treatment with oral medication is more effective than individual 
parental treatment (59). According to the pig veterinary specialists 
consulted, parenteral use of AM for gastrointestinal indications is 
mostly prescribed for animals that are too weak to eat or drink. 
Individual treatment of gastrointestinal disease is not feasible in large 
pig herds, where hundreds of weaners may need treatment over a 
short period of time. Still, the focus should be in placing ill pigs that 
may not be able to drink in quarantine pens and ensure individual 
treatments, e.g., by using injectables.

The AMEG expert advisory group also stated that to minimize 
AMR, individual treatments given parenteral or oral, in this order, 
should be preferred to oral group medication via drinking water and 
feed, given that the individual treatments are thought to have a lower 
general effect on AMR selection (2).

As shown by Andersen et al., (2020) parenteral AMU appear to 
have a high effect on resistance genes for the specific AM classes used, 
whereas peroral AMU tended to have a lower effect on resistance 
genes but for a broader range of AM  classes (47). Compared to 
parenteral AMU, the broader impact of peroral AMU can be due to 
their widespread irregular during the weaner and finisher rearing 
periods (60, 61). Given that in Denmark, most peroral AM treatments 
are commonly administered in the drinking water, and weaners are 
routinely sorted in pens by their weight, peroral use of AM could 
be considerably reduced if it is targeted to as few pens or sections as 
necessary. This is already in practice, where a double pipe drinking 
water system is installed.

To treat respiratory infections in the Danish pig sector, the most 
used AM classes are perorally administered macrolides in weaners; 
penicillins are given parenterally and pleuromutilins perorally to 
finishers, and macrolides are given parenterally to piglets. The most 
common respiratory pathogens in Danish pigs are, in order of 
frequency according to the veterinary pig specialists consulted: 
Mycoplasma hyopneumoniae, Mycoplasma hyorhinis, Glaesserella 
parasuis followed by Pasteurella multocida, Streptococcus suis and 
Actinobacillus pleuropneumoniae. The last three are usually susceptible 
to penicillin (35), whereas M. hyopneumoniae is most often treated 
using either parenteral or peroral macrolides or peroral tetracyclines 
(62). Moreover, Bordetella bronchoseptica and M. hyorhinis infections 

are treated with either parenteral or peroral macrolides, usually soon 
after weaning. Because of the low weight of piglets and the way 
DADDs are calculated (Formula 1), with sows and piglets being in the 
same group, relatively few DADDs can be  used to treat several 
animals, considering the DANMAP dosage per kg of body weight. 
Peroral administration of AM for respiratory indications is mostly 
used for metaphylactic treatments.

For locomotor, CNS and skin indications, the most prescribed 
AM  classes were parenterally administered penicillins and 
aminopenicillins, in all three age groups. Infections related to these 
indications are mostly due to Streptococcus suis and Erysipelothrix 
rhusiopathiae, which tend to be  susceptible to ß-lactams, and 
Mycoplasma hyosynoviae that can be  successfully treated with 
macrolides or tetracyclines (35, 63). Peroral administration of AM for 
locomotor, CNS and skin indications is most likely used 
for metaphylaxis.

In a cross-sectional study conducted in four European 
countries, 227 farrow-to-finish pig farms were comparing 
regarding AMU by age category, antimicrobial class and 
administration route (64). According to this study, Sweden stood 
out with a comparatively low AMU in weaners, and an overall 
predominance of parenteral treatments (87%). These figures, along 
with the Swedish livestock sector registering an AMU of 11.1 mg/
PCU (30) in 2020, and a pig sector internationally praised for its 
actions on herd treatments (65), where individual treatments 
accounted for 80% of the AMU (66) suggest that Sweden can 
be mentioned as an example of a country that has managed to 
reduce AMU to a larger extent than many other countries. The 
Swedish legislation specifies that group treatment can only 
be prescribed on a case-by-case basis, after the implementation of 
a written and compulsory disease control program based upon a 
systematic analysis of the disease issue (67). Likewise, the national 
guidelines state that group treatment of post-weaning diarrhea 
should only be considered if more than 25% of the pigs in a litter 
are affected (50). However, Swedish pig herds are smaller than 
Danish pig herds, in general, which makes it easier to treat animals 
individually than in Denmark. The mean Swedish sow and 
fattening farms have 185 sows and 945 pigs, respectively (68); in 
contrast, the median Danish sow and fattening farms have around 
500 to 599 sows and 2,000 to 2,999 pigs, respectively (17). Since 
2014, in Denmark, group treatment prescriptions require 
laboratory diagnosis and the elaboration of an action plan aiming 
to reduce the need for group treatments. Furthermore, the 
prescription’s effect on the herd health must be followed up in the 
farm’s trimestral veterinary advisory report together with an 
evaluation conducted by the farm veterinarian justifying the need 
to continue the treatments, 3 months after the first assessment (69).

In conclusion, the extended use of the peroral AM administration 
route in Danish pigs is mostly related to treatment of gastrointestinal 
disease in weaners. This makes sense from the veterinary and 
economic points of view, due to feasibility when treating numerous 
animals simultaneously. Peroral AMU is higher than parenteral AMU 
for gastrointestinal indications for weaners and finishers. For all the 
other indications, most of the use is parenteral, implying individual 
treatment that should result in less AMU than in the case of 
peroral treatment.

The last 10 years’ reductions and shifts achieved in the use of 
AMs of critical importance in European pig production suggest 
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that further reductions in AMU in the pig sector are possible (36). 
The question is which initiatives will achieve this. According to the 
two external pig field veterinarians consulted, to further decrease 
AMU in the Danish pig sector, the focus should be  on disease 
prevention and animal health promotion. This could be achieved 
by providing better quality feed, increasing group vaccination, and 
improving external and internal biosecurity. This is in line with 
international pig specialists, who ranked these measures among 
the most promising to promote responsible AMU, taking into 
consideration the measures’ combined effectiveness, feasibility and 
return on investment (70). Numerous studies have shown that 
targeted use of vaccines in animal populations can lead to a 
significant decrease in the consumption of AMs (71). Moreover, 
the two veterinary pig specialists recommended that the need of 
vaccines should be  considered individually for each farm, 
especially vaccines against the bacteria E. coli, Mycoplasma spp., 
Lawsonia intracellularis and Actinobacillus pleuropneumoniae and 
the viruses PCV2, influenza and PRRS. Improvement of the overall 
animal health combined with prevention of the outset of primary 
or secondary infections can act as effective measure. This is despite 
the study by Kruse et al. (72) showing that vaccine use was not 
related to lower AMU, because vaccines may have been used to 
handle existing disease problems, and hence, reverse causality was 
observed (72). Moreover, new and possibly more effective vaccines 
have been developed since the study by Kruse et  al. (72) was 
published. Vaccination cannot be  considered a stand-alone 
measure but should be part of a multi-action plan also involving 
external and internal biosecurity. Danish farmers often state the 
cost of vaccination as a major limitation; despite this, vaccines sales 
have been increasing in Denmark, as can be  seen in 
Supplementary Figure S1.

Denmark’s specific pathogen free (SPF) system aims to avoid the 
introduction of specific pathogens into pig herds, and has led to 
eradication of swine dysentery, an infection for which high AMU is 
ascribed (11). Other national eradication programs are being 
considered in Denmark, with that against PRRS virus being recently 
initiated (73). An initiative that could result in significant reduction 
of AMU at the national level.

To further promote responsible AMU, the Danish Agriculture & 
Food Council has released a manual on good antibiotic practices, with 
simple and easy to follow guidelines on the prevention and diagnosis 
of diarrhea in weaners and finishers and the handling of antibiotic 
treatments (6). The manual is promoted among farmers and updated 
when necessary or as new relevant knowledge arises.

The Yellow Card permit limits were originally defined as twice 
the average use among the country’s pig farms. Further AMU 
reduction targets should be accompanied by careful animal health 
and welfare assessments (57) to ensure that animals are being 
treated “As little as possible, but as often as necessary.” Finally, it was 
found that the VetStat monitoring system is working effectively, as 
it is set up to present AMU in detail, which includes age group, 
indication, AM  and administration route. This allows the 
identification of high use segments, which potentially could lead to 
implementation of targeted interventions. Still, one issue to 
consider when operating a Yellow Card-like system is that permitted 
limits could be interpreted as acceptable limits, which is not the 
intention of the system.

Sanders et al. (2020) analysed the multiple strategies followed 
concerning the essential system design elements and management 
processes of AM stewardship initiatives, based on farm-level AMU, 
demonstrating that there is no widely accepted approach to implement 
such initiatives (44). The decisions made in Denmark should 
be considered in the context of the country and may not be universally 
applicable. As an example, in Italy the ClassyFarm system benchmarks 
farms by comparing their usage either at age group or herd level to 
median of all farms and classifies them according to quartiles. 
However, a similar approach to the Danish yellow card has been 
followed by a private system in the Czech Republic (Q VET pigs) and 
two quality assurance system in Switzerland (SuisSano and Safety+) 
also define a multiplication factor for the use of high priority critically 
important AM (74).

4. Conclusion

After more than 25 years of AMU stewardship-related 
interventions in the Danish pig sector, the sector’s AMU can 
be considered responsible in an intensive livestock production context. 
There is no use of AM in the category A “Avoid” and a minuscule use 
of category B” Restrict.” Most peroral use is related to weaners 
suffering from gastrointestinal infections. To further reduce the pig 
sector’s AMU, a further shift from section to pen or individual 
treatments should be  considered. To ensure prudent use of AM, 
enhanced focus should be  on the prevention of disease and the 
promotion of animal health through the rearing of more robust pigs, 
use of better feed, more vaccines and increased biosecurity.
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In dairy herds managements, mastitis is the leading cause of economic losses.

One of the most important pathogens responsible for intra-mammary infections

is Staphylococcus aureus. The genetic properties of S. aureus have a strong

influence on its pathogenicity and contagiousness. In this study, we aimed to

obtain a comprehensive overview of the key bovine S. aureus clinical properties,

such as contagiousness and antimicrobial resistance, present in European strains.

For this, 211 bovine S. aureus strains from ten European countries that were

used in a previous study were used in this study. Contagiousness was assessed

using qPCR for the detection of the marker gene adlb. Antimicrobial resistance

was evaluated using a broth microdilution assay and mPCR for the detection

of genes involved in penicillin resistance (blaI, blaR1, and blaZ). It was found

that adlb was present in CC8/CLB strains; however, in Germany, it was found

in CC97/CLI and in an unknown CC/CLR strains. CC705/CLC strains from all

countries were found to be susceptible to all tested antibiotics. Major resistance to

penicillin/ampicillin, chloramphenicol, clindamycin and tetracyclinewas detected.

Resistance to oxacillin, trimethoprim/sulfamethoxazole and cephalosporins was

rarely observed. In addition, contagiousness and antibiotic resistance seem to

correlatewith di�erent CCs and genotypic clusters. Hence, it is recommended that

multilocus sequence typing or genotyping be utilized as a clinical instrument to

identify the most appropriate antibiotic to use in mastitis treatment. Actualization

of the breakpoints of veterinary strains is necessary to address the existing

antibiotic resistance of the bacteria involved in veterinary mastitis.

KEYWORDS

Staphylococcus aureus, adlb, antimicrobial resistance, minimum inhibitory

concentration, multidrug resistant

1. Introduction

In veterinary medicine, mastitis is the leading cause of economic losses in dairy herds

management. It contributes to reductions in milk quality and production, there are costs

associated with its treatment, and animal culling can be a consequence of treatment failures

(1, 2). In Switzerland, the total cost of mastitis is ∼$131 million annually, according to

Heiniger et al. (3). One of the most important pathogens responsible for intramammary

infections (IMIs) is Staphylococcus aureus (4). S. aureus may infect only some individual

animals or may be contagious and infect the entire herd; infections usually resulting in

subclinical chronic mastitis (5, 6). As shown previously (5, 7–12), the genetic properties of
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S. aureus have a strong influence on its pathogenicity and

contagiousness, making subtyping necessary to improve treatment

success and dairy herd management. Using ribosomal spacer PCR

(RS-PCR), it has been shown that the rate of infected cows in

a herd is highly dependent on the bacterial genotype (GT) (7–

10), and, S. aureus genotype B (GTB) and its variants may infect

up to 100% of cows in the same herd (7–9, 11) due to its high

contagiousness (13, 14). In contrast, other genotypes and their

variants (e.g., GTC, GTF, GTS) are restricted to one or a few

cows in a herd (7–10, 15, 16). In the electrophoresis of the RS-

PCR product, variants differ in 1 electrophoretic band and as

consequence, are named by superscripted roman numerals (e.g.,

GTRI). For further simplification, genotypes and their variants are

combined into genotypic clusters (CL). For example, GTB and its

variants form a cluster named CLB. Multilocus sequence typing

(MLST) (17) results have shown that CLB is almost exclusively

associated with clonal complex 8 (CC8), whereas CLC corresponds

largely to CC705, and CLR to CC97 and CC133 (9, 18). In Europe,

CLB, CLC, CLF, CLI, and CLR account for 76.6% of all S. aureus

isolates obtained from clinical milk samples (19).

RS-PCR is particularly suitable for clinical applications as it

is a low-cost, high-throughput method that provides analytical

resolution at least as good as spa typing in bovine strains (9, 18).

However, it is more appropriate to use MLST for subtyping at

the biological level because a S. aureus clone can be used (17)

and, consequently, evolutionary identity established (20, 21). To

sanitize Swiss dairy herds infected with the contagious S. aureus

CLB, Sartori et al., developed a real-time quantitative PCR (qPCR)

assay to identify this pathogen in milk samples and achieved

diagnostic sensitivity and specificity at the cow level of 99 and 100%,

respectively (22). This new assay has been used to detect, with

high specificity, the gene adlb which encodes the bovine adhesion-

like protein located in the GTB-specific staphylococcal cassette

chromosome SCCgtb (16, 22). It is a marker for contagiousness and

high prevalence of intra-mammary infection (IMI) in dairy herds

(11, 16).

Antibiotic (AB) treatment is still one of the most important

measures for controlling bovine mastitis (23). However, the

frequently unsatisfactory cure rates remain a serious concern,

particularly for IMI caused by S. aureus (6, 24–27). One major

reason for this drawback is the improper use of ABs (28, 29).

Additionally, AB treatments applied at the herd level are usually

not reported, even though various mastitis control plans strongly

recommend performing these analyses and collecting the resultant

data (30). Since 2019, it has been required for Swiss’s farms to

declare the AB treatments used at the herd level (31). In terms

of the ABs used to treatment bovine IMIs caused by S. aureus,

various classes of AB are used: typically, ß-lactams (penicillins and

cephalosporins), aminoglycosides, lincosamides, and macrolides

(32, 33). Penicillin G is the most commonly used AB for treating

IMI in cows caused by S. aureus and other Gram-positive mastitis

pathogens. In S. aureus, the bla operon mediates AB resistance

against penicillin G and other β-lactamase-sensitive penicillins. The

bla operon can be located on plasmids (as transposon) or on the

chromosome (34, 35) and contains three genes: (1) blaZ, which

encodes the βlactamase that hydrolyzes the β-lactam ring of AB,

rending them inactive; (2) blaI, which encodes the repressor; (3)

blaR1which encodes the sensor and antirepressor (35, 36). Ivanovic

et al., recently showed that the bla operon plays a key role in

phenotypic resistance to penicillin. Furthermore, for S. aureus,

they highlighted the importance of using the minimum inhibitory

concentration (MIC) value as the gold standard when assessing

resistance to penicillin and probably other ABs (33).

As contagiousness and antimicrobial resistance (AMR) are

critical pathogenic factors of the S. aureus strains responsible for

bovine mastitis, a comprehensive study was performed to assess

the distribution of these key clinical properties in strains from

across Europe. Contagiousness was assessed using qPCR to detect

the adlb gene, which is a staphylococcal marker for contagiousness

and for high prevalence of intra-mammary infection in dairy herds.

Furthermore, AMR was evaluated using an MIC assay and melting

curve PCR (mPCR) to detect genes involved in penicillin resistance

(blaI, blaR1, and blaZ).

2. Materials and methods

2.1. Strain collection

A total of 211 bovine strains of S. aureus were used in this

study that had been collected from 10 European countries; Austria,

Belgium, France, Germany, Ireland, Italy, Macedonia, Norway,

Slovenia, and Switzerland. These strains were originally collected

during two previous studies by Boss et al. (18) and Cosandey et al.

(19). As described by Cosandey et al., the strains were aseptically

collected from milk samples from individual quarters (19). The

strains had been stored in skim milk at −20◦C. They were plated

onto Columbia agar plates containing 5% sheep blood (Biomérieux

Suisse s.a., Geneva, Switzerland) and incubated at 37◦C for 24 h

(18, 19). The genotypes (GT) and the clonal complexes (CCs)

information was obtained from previous studies. The distribution

of the different CCs and the GT across the 10 European countries

is shown in Table 1 (19).

2.2. DNA extraction

DNA was extracted from single S. aureus colonies. One colony

was picked and resuspended in 100 µL of 10mM Tris-HCl and

10mM EDTA (pH = 8.5), incubated at 95◦C for 10min, and

immediately placed on ice. The lysates were diluted 1:100 in

qPCR H2O (SINTETICA S.A, Mendrisio, Switzerland) for use as

templates. The samples were stored at −20◦C and were analyzed

within 2 weeks of extraction (18).

2.3. Quantitative PCR (qPCR) with adlb and
internal control gene

Real-time qPCR was performed with adlb and the internal

control gene (N gene of canine distemper virus [CDVN]) according

to the protocol of Sartori et al. (22). The characteristics of

the utilized primers are listed in Supplementary Table S1. DNA

amplification was performed using a Magnetic Induction Cycler
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TABLE 1 Distribution of Staphylococcus aureus genotypes and clonal

complexes across 10 European countries.

Clonal complex (CC) Genotype (GT)

Austria CC8 (9) GTB (5), GTAM (2), GTIIV

(1), GTBE (1)

CC97 (10) GTR (2), GTRI (1), GTRVI

(3), GTBC (1), GTBL (2),

GTE (1)

CC705 (10) GTC (7), GTCI (1), GTRVI

(1), GTZ (1)

CC20 (1) GTF (1)

CC9 (5) GTFIII (4), GTRVI (1)

Other CC (13)

CC5 (1) GTE (1)

CC25 (1) GTAK (1)

CC30 (1) GTB (1)

CC71 (3) GTR (2), GTRX (1)

CC101 (3) GTAH (2), GTRVII (1)

CC133 (2) GTRI (1), GTRVI (1)

CC479 (1) GTC (1)

Unknown (1) GTAH (1)

Belgium CC8 (1) GTBII (1)

CC97 (4) GTII (4)

CC705 (7) GTC (4), GTCI (2), GTCII (1)

CC20 (1) GTF (1)

Other CC (5)

CC70 (1) GTCI (1)

CC71 (1) GTI (1)

CC133 (2) GTR (1), GTZ (1)

CC479 (1) GTBG (1)

France CC8 (2) GTB (2)

CC705 (3) GTC (1), GTCI (2)

CC20 (4) GTF (4)

Other CC (2)

CC15 (1) GTJI (1)

CC133 (1) GTRI (1)

Germany CC8 (11) GTB (8), GTBI (3)

CC97 (5) GTII (3), GTRVI (2)

CC705 (3) GTC (1), GTCII (2)

CC9 (2) GTFIII (2)

Other CC (18)

CC1 (3) GTAN (1), GTBA (1), GTBJ

(1)

CC7 (2) GTL (1), GTM (1)

CC15 (1) GTJ (1)

CC50 (1) GTAU (1)

CC71 (1) GTI (1)

(Continued)

TABLE 1 (Continued)

Clonal complex (CC) Genotype (GT)

CC133 (2) GTRI (1), GTRII (1)

CC398 (3) GTS (3)

CC479 (4) GTP (1), GTZ (3)

Unknown (1) GTRI (1)

Ireland CC97 (2) GTR (1), GTRVI (1)

CC705 (2) GTCI (1), GTOI (1)

Other CC (7)

CC5 (1) GTE (1)

CC71 (6) GTAN (1), GTR (2), GTRVI

(3)

Italy CC8 (9) GTB (9)

CC97 (3) GTBEI (1), GTF (1), GTII (1)

CC20 (1) GTF (1)

CC9 (1) GTFIII (1)

Other CC (6)

CC22 (1) GTP (1)

CC30 (1) GTBEI (1)

CC71 (1) GTII (1)

CC126 (2) GTSI (2)

CC398 (1) GTS (1)

Macedonia CC97 (1) GTRVI (1)

Other CC (2)

CC7 (1) GTM (1)

Unknown (1) GTRVI (1)

Norway CC97 (2) GTR (2)

Other CC (4)

CC133 (2) GTZ (2)

CC479 (1) GTZ (1)

Unknown (1) GTC (1)

Slovenia CC97 (6) GTR (1), GTRII (2), GTAA

(1), GTO (1), GTZ (1)

CC20(1) GTAT (1)

CC9 (1) GTBB (1)

Other CC (5)

CC22 (1) GTIII (1)

CC49 (2) GTAA (1), GTRI (1)

CC101 (1) GTAA (1)

CC71 (1) GTR (1)

Switzerland CC8 (18) GTB (18)

CC97 (1) GTR (1)

CC705 (19) GTC (16), GTCI (1), GTA (1),

GTH (1)

Other CC (4)

CC5 (1) GTE (1)

(Continued)
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TABLE 1 (Continued)

Clonal complex (CC) Genotype (GT)

CC59 (1) GTD (1)

CC70 (1) GTC (1)

Unknown (1) GTC (1)

qPCR real-time thermal cycler (Bio Molecular Systems, Australia)

and the following cycling conditions: initial denaturation at 95◦C

for 3min followed by 45 running cycles of denaturation at 95◦C

for 3 s and annealing/elongation at 60◦C for 20 s. Two reference

strains that were positive for both targets were included as

positive controls.

2.4. PCR analysis of the bla operon genes

The mPCR was performed according to the protocol of

Ivanovic et al. (33). Each of the 211 strains was analyzed for the

presence of blaI, blaR1, and blaZ; each gene was detected separately.

As per Ivanovic et al., amplicons with a singlemelting peak identical

to the positive control for blaI, blaR1, or blaZ were considered

positive. The characteristics of the utilized primers are listed in

Supplementary Table S2.

2.5. Assessment of antimicrobial sensitivity

The sensitivity of each strain to 30 antimicrobial agents was

tested by minimum inhibitory concentration (MIC) using a

PM32 panel (Beckman Coulter, Inc., Brea, CA, USA) following

the manufacturer’s instructions. The tested ABs concentrations

(µg/mL) were as follows: amoxicillin/K clavulanate (0.5/0.25–8/4),

ampicillin (0.5–8), azithromycin (1–2), cefepime (4–8), cefotaxime

(1–2), cefuroxime (4–8), chloramphenicol (8), ciprofloxacin

(0.5–1), clindamycin (0.25–0.5, 2), daptomycin (0.5–4), ertapenem

(0.5–1), erythromycin (1–2), fosfomycin (32), fusic acid (2),

gentamycin (1–4), imipenem (2–8), levofloxacin (1–2), linezolid

(0.5–4), meropenem (2–8), moxifloxacin (0.5–1), nitrofurantoin

(64), oxacillin (0.25–2), penicillin (0.03–0.25, 2), rifampin

(0.5–2), synercid (1–4), teicoplanin (1–8), tetracycline (1–2),

tobramycin (1–4), trimethoprim/sulfamethoxazole (1/19–4/76),

and vancomycin (0.25–8). Additionally, cefoxitin (4µg/mL)

screening was performed to determine the presence of methicillin

resistant Staphylococcus aureus (MRSA) strains. When possible, the

current clinical breakpoint of the EUCASTwas used (37), otherwise

the range specified by the CLSI was applied (38). All the ABs tested

and their breakpoints are listed in Supplementary Table S3.

2.6. Statistical analysis

Data are expressed as absolute numbers or percentage. To

assess the associations among different AB, the corresponding phi

coefficients were computed and plotted using R 4.0.5 (39) together

TABLE 2 Detailed distribution of adlb across di�erent genotypes and

clonal complexes, listed by country.

Genotype Clonal complexes

Austria GTB (6) CC8 (5)

Other CC (1)

Belgium ND ND

France GTB (2) CC8 (2)

Germany GTB (10) CC8 (10)

GTI (1) CC97 (1)

Other GT (1) Other CC (1)

Ireland ND ND

Italy GTB (8) CC8 (8)

Macedonia ND ND

Norway ND ND

Slovenia ND ND

Switzerland GTB (18) CC8 (18)

ND, Not detected.

with the corrplot package v. 0.84. Phi values range from −1 to 1

(40). Negative phi values indicate a negative, inverse association

among both variables, whereas positive phi values indicate a

positive association. The Kappa test was performed using R 4.0.5

(39) to evaluate the agreement between the MIC and the blamPCR

results. Kappa values range from 0 to 1, with values of 0 and 1

indicating no and perfect agreement, respectively (41). To assess

penicillin resistance, a loglinear model was computed to analyze the

relationships among the factors penicillin, CC, country, and their

interactions. The analysis was performed using Systat 13 (Systat

Software Inc., Richmond, CA).

3. Results

3.1. Presence of adlb in European S. aureus

strains

The 211 S. aureus strains collected from 10 European countries

were assessed using qPCR for the presence of adlb and its

association with GTs and CCs. Among the 211 strains, 46 were

positive for adlb. The distribution of adlb among the different

GTs and CCs and among the 10 European countries is shown

in Table 2.

An analysis of the GTs found to contain adlb, showed that 44

of 47 (94%) CLB strains were positive for adlb and that only two

strains were positive for adlb in the remaining 164 strains (1.2%).

Furthermore, the gene was also observed in a German GTII and a

GTRI strain. GTBwas not detected in Ireland,Macedonia, Slovenia,

or Norway. In Italy, Germany, and Belgium, three GTB strains were

found that did not contain adlb.
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3.2. AMR overview in European S. aureus

strains

An analysis of the MIC data showed that 65% of the strains

(n = 137) were inhibited by all the tested ABs. Table 3 shows the

strains that demonstrated AMR, sorted by CC. Only the ABs to

which resistance was exhibited are included.

Among all the ABs, the greatest number of AMR strains were

found to be resistant to penicillin/ampicillin, chloramphenicol,

clindamycin and tetracycline. There was no AMR observed

against most of the tested antibiotics, including vancomycin,

trimethoprim/sulfamethoxazole, rifampin, synercid, meropenem,

linezolid, imipenem, daptomycin, and ertapenem. Interestingly, no

MRSA strains were found.

A total of nine strains (4.3%) were multidrug resistant

(MDR). The MDR strains were detected in only four countries:

Belgium (n = 4, 1.8%), Austria (n = 1, 0.5%), Italy (n = 3,

1.4%) and Germany (n = 1, 0.5%). It is worth noting that

the four Belgian strains showed the same pattern of resistance

to β-lactams (ampicillin and penicillin), chloramphenicol, and

clindamycin. The most resistant strain originated in Italy

and showed resistance to β-lactams (ampicillin and penicillin),

chloramphenicol, quinolones (ciprofloxacin, levofloxacin, and

moxifloxacin), tetracycline, and trimethoprim/sulfamethoxazole.

Supplementary Figure S1 shows the AMR associations found

among different ABs (ampicillin, chloramphenicol, clindamycin,

penicillin and tetracycline). A strong association was found

between the β-lactam ABs (ampicillin and penicillin, phi = 1.0; P

< 0.001). Additionally, a strong association (phi= 0.79; P < 0.001)

was found between clindamycin and chloramphenicol.

To analyze the observed penicillin resistance in more detail, a

statistical model was computed to analyze the relationships among

the following factors: resistance to penicillin, the most abundant

CCs (CC8, CC97, and CC705), countries, and their interactions.

For penicillin (n = 54), significant interactions (P < 0.001 in each

case) were observed between penicillin resistance and CCs and

between penicillin resistance and countries. Significant values (P <

0.001 in each case) were also obtained for the interaction between

the CCs and countries, and for individual factors except the CCs (P

= 0.055). Regarding the CCs, 50% and 14% of the CC97 and CC8

strains, respectively, showed resistance to penicillin. In contrast,

CC705 was always sensitive to penicillin. Resistance to penicillin

was particularly prominent in Austria, Belgium, Germany, and

Ireland, and was absent in Slovenia and Switzerland. An identical

loglinear model was also calculated for the genotypic clusters; the

most observed CCs were replaced by the three most common

CLs (CLB, CLC, and CLR). Significant interactions were found

between penicillin resistance and CLs (P = 0.014) and between

the penicillin resistance and countries (P < 0.001). CLC strains

were always sensitive to penicillin, whereas 13% of CLB strains and

37% of CLR strains were resistant to penicillin. The distribution

of penicillin resistance among the countries was identical to the

found in the CCs model. Similar analyses for ABs other than

penicillin were not performed due to a lack of sufficient data. In

fact, for chloramphenicol and tetracycline, the next most common

resistance targets after penicillin, only 20 (9.5%) and 12 (5.7%) of

strains demonstrated resistance to these ABs, respectively.

CC705 was not only susceptible to penicillin but also to all other

ABs except for one strain that was resistant to azithromycin and

erythromycin (both macrolides) and another one that was resistant

to chloramphenicol (Table 3). CC97 showed resistance to penicillin,

chloramphenicol, and clindamycin. Increased AMR rates, in

particular to penicillin/ampicillin and chloramphenicol, were also

detected in CC9, CC20, and CC133 (Supplementary Table S4).

3.3. Association between MIC and bla

operon genes

All 54 strains that exhibited phenotypic resistance to penicillin

(26% of all strains) showed the simultaneous presence of all

bla operon genes. In contrast, in 34 strains that were positive

for all bla genes, the corresponding MIC value was always

< 0.12µg/mL. Interestingly, this discrepancy was observed

exclusively in CC8/CLB strains with the exception of one strain

CC20/GTAT. For 123 trains, the MIC assay and mPCR for bla

operon genes gave negative results.

4. Discussion

4.1. Prevalence of adlb in European S.

aureus strains

Previous studies demonstrated that S. aureus CC8/CLB is

highly contagious (13, 14) and can be detected very specifically by

the qPCR assay for adlb (22) as also used in the present study.

Indeed, with an inclusivity of 97% and exclusivity of 98%, the

specificity of this test is very high (22), a fact that was recently

confirmed by Gazzola et al. (42). Because of the tight association

between CC8/CLB (contagious) and adlb, the gene turned out to

be a marker for contagiousness and for high prevalence of IMI in

dairy herds as shown by Sartori et al. in Swiss and by Maisano

et al. in Italian dairy herds (11, 16). Based on the present results

we further suggest that high staphylococcal IMI prevalence is also

present in Austrian, French, and German dairy herds as adlb was

regularly observed in the corresponding strains. Indeed, a recent

examination of an Austrian and German dairy herd with high IMI

prevalence caused by S. aureus revealed again the presence of the

adlb gene. Whether adlb is the only staphylococcal marker for

contagiousness and high IMI prevalence remains to be elucidated.

In fact, the study by Maisano et al. demonstrated that in a small

percentage of herds adlb was not linked to high staphylococcal IMI

prevalence (16).

Interestingly, we detected the adlb gene in a German GTII

and a GTRI strain, genotypes that are not part of CLB/CC8.

From ongoing studies, we know that the adlb gene is located on

the staphylococcal cassette chromosome (SCC). As reviewed by

Malachowa et al., SCCs may be transmitted among S. aureus strains

by horizontal gene transfer; hence, the presence of adlb gene in

GTII and GTRI strains may be the result of this mechanism, with

an S. aureus CC8/CLB most likely being the SCC donor (43).
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TABLE 3 Detailed description of the isolates (n = 211), their genotypes, and their phenotypic (and mPCR) resistance to the tested antibiotics.

Phenotypic results (MIC) mPCR

CCs Country Genotype cluster (CL) G
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h
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IT

h

T
/S

h

b
la

CC8 (50) Austria CLB (5) Pos (4)

CLI (1) 1 Pos (1)

CLOG (3) 2 2 1 1 Pos (2)

Belgium CLB (1) 1 1 Pos (1)

France CLB (2) 2 2 Pos (2)

Germany CLB (11) 1 Pos (8)

Italy CLB (9) 1 2 2 1 2 Pos (6)

Switzerland CLB (18) Pos (17)

CC97 (34) Austria CLR (6) 3 3 Pos (3)

CLOG (4) 3 3 Pos (3)

Belgium CLI (4) 4 4 4 4 Pos (4)

Germany CLI (3) 2 2 Pos (2)

CLR (2) 1 1 Pos (1)

Ireland CLR (2) 2 2 Pos (2)

Italy CLF (1) Neg

CLI (1) 1 1 Pos (1)

CLOG (1) 1 1 1 1 Pos (1)

Macedonia CLR (1) Neg

Norway CLR (2) Neg

Slovenia CLR (3) 1 Neg

CLOG (3) 1 1 Neg

Switzeland CLR (1) Neg

CC705 (44) Austria CLC (8) Neg

CLR (1) 1 1 Pos (1)

CLOG (1) Neg

Belgium CLC (7) Neg
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TABLE 3 (Continued)

Phenotypic results (MIC) mPCR

CCs Country Genotype cluster (CL) G
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N
a

T
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B
a

C
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b
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h

T
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h

b
la

France CLC (3) Neg

Germany CLC (3) Neg

Ireland CLC (1) Neg

CLOG (1) Neg

Switzerland CLC (17) 1 1 1 Neg

CLOG (2) Neg

CC20 (8) Austria CLF (1) 1 1 1 Pos (1)

Belgium CLF (1) Neg

France CLF (4) 1 Neg

Italy CLF (1) 1 Pos (1)

Slovenia CLOG (1) Pos (1)

CC9 (9) Austria CLF (4) 2 2 2 Pos (2)

CLR (1) 1 1 Pos (1)

Germany CLF (2) 1 1 1 Pos (1)

Italy CLF (1) Neg

Slovenia CLOG (1) 1 Neg

Other CC (66) Austria CLB (1) Pos (1)

CLC (1) Neg

CLR (6) 1 1 1 1 1 1 1 Pos (1)

CLOG (5) 1 1 1 2 Pos (1)

Belgium CLC (1) Neg

CLI (1) 1 1 Pos (1)

CLR (1) 1 Neg

CLOG (2) Neg

France CLR (1) Neg

CLOG (1) 1 1 Pos (1)

Germany CLI (1) 1 1 Pos (1)
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TABLE 3 (Continued)

Phenotypic results (MIC) mPCR

CCs Country Genotype cluster (CL) G
E
N
a
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B
a
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b
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C
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CLR (3) Neg

CLOG (14) 1 1 1 5 1 5 2 1 1 1 Pos (5)

Ireland CLR (5) 5 5 1 3 Pos (5)

CLOG (2) 1 1 1 Pos (1)

Italy CLI (1) 1 Neg

CLOG (5) 1 1 1 1 4 4 2 1 1 1 Pos (4)

Macedonia CLR (1) Neg

CLOG (1) 1 1 Pos (1)

Norway CLC (1) Neg

CLOG (3) 1 Neg

Slovenia CLI (1) Neg

CLR (2) Neg

CLOG (2) 1 Neg

Switzerland CLC (2) Neg

CLOG (2) 1 Neg

Total No. 1 1 2 2 2 1 10 2 2 51 1 53 12 20 1 1 2 3 2 88

The abbreviation used in the table for the antibiotics are listed below, and the antibiotics are categorized according to class:
aAminoglycosides: GEN, gentamycin; TOB, tobramycin.
bFluoroquinolones: CIP, ciprofloxacin; LEV, levofloxacin; MOX, moxifloxacin.
cGlycopeptides: TEI, teicoplanin.
dLincosamides: CLI, clindamycin.
eMacrolides: AZI, azithromycin; ERY, erythromycin.
fPenicillins: AMP, ampicillin; OXA, oxacillin; PEN, penicillin.
gTetracyclines: TET, tetracycline.
hCH, chloramphenicol; FOS, fosfomycin; FUA, fusic acid; NIT, nitrofurantoin; T/S, trimethoprim/sulfamethoxazole.

The different color gradient is based on the number of positive samples. One is the lowest number of positive samples (light yellow) and the highest number of positive samples is in red.
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4.2. Prevalence of AMR in 10 European
countries

In recent years, a general increase in AMR has been reported,

and this increase is thought to mainly be due to AB misuse

and abuse in agriculture (44, 45). In the worst-case scenario, this

AMR could be transmitted to humans, which would aggravate

the existing AMR situation faced in human medicine (29).

Nevertheless, ABs continue to be a key factor in the treatment of

bovine mastitis caused by S. aureus (11, 23, 46). Hence, it is vital

to use the AB to which an isolate is fully susceptible to guarantee

the successful of the therapy. According to our research, despite

the large amounts of ABs that have been used to treat bovine IMIs

in the past, the AMR status of S. aureus isolates from European

mastitis cases is promising (47). In fact, all strains were susceptible

to most of the 31 ABs tested. AMR was only observed for penicillin

(25.6%) ampicillin (24.2%), chloramphenicol (9.5%), clindamycin

(4.7%), and tetracyclines (5.7%). Penicillin, chloramphenicol, and

tetracycline are ABs that have been widely used in cattle medicine

over the past 50 years (48–50). These findings demonstrate and

confirm previous observations that the regular use of ABs against S.

aureus increases the possibility of the emergence of AMR (51, 52).

This is in line with our observations that AMR was absent for

all ABs whose application, at least in Switzerland, has not been

approved for treatment of cattle (50); this is true for all the ABs

on the World Health Organization (WHO) reserve list (53, 54),

such as daptomycin, linezolid, and fifth-generation cephalosporins.

This also holds true for most of the ABs on the WHO watch list

(54) including quinolones, carbapenems, fusidic acid (one strain

resistant), rifampin, teicoplanin, tobramycin (one strain resistant),

and vancomycin; the exceptions were the very limited macrolide

(0.9%) and tetracycline (5.7%) resistance. Interestingly, all strains

were susceptible to oxacillin and all (except two strains) were

susceptible to gentamicin and to trimethoprim/sulfamethoxazole.

Obviously, these ABs are still efficient despite their extensive use

in cattle medicine. In Switzerland, trimethoprim/sulfamethoxazole

is exclusively used as a systemic treatment and is not applied

intramammarily (55), so IMI-associated S. aureus strains are not in

direct contact with this AB, which explain their susceptibility. This

contrasts with oxacillin and gentamicin, which have been widely

used for the treatment of IMIs in the past 40 years. The minimal

AMR prevalence for these AB in bovine S. aureus demonstrates

that the occurrence of AMRs is not only a matter of frequent

use (penicillin and tetracycline). But that it considerably depends

on the AB class (aminoglycosides) and even on the properties of

the individual compound (oxacillin and penicillin). Considering

MRSA, the present study and the one by El Garch co-authors (47)

show that MRSA are of no to little concern in the field of bovine

mastitis. These observations are in clear contrast to the situation in

Swiss human isolates, where the prevalence of MRSA is 6.6% (56).

These findings largely suggest that bovine mastitis isolates are not

the source of MRSA at the human level.

With a prevalence of 25.6%, penicillin resistance was the most

frequently observed type of AMR in our study. This finding aligns

with the results of another European study (25.5%) (47) and of

an international study (19.4%) that included strains from South

America (Argentina, Brazil, and Colombia), South Africa, and the

USA (57). Penicillin was introduced for the treatment of bovine

mastitis as early as 1945 (58) and is still considered the AB of choice

to treat Gram-positive mastitis pathogens (29), which demonstrates

its importance in modern medicine.

It is worth noting that resistance to penicillin in bovine S.

aureus strains can be misreported, as recently shown by Ivanovic

et al. (33). Using whole genome sequencing and bioinformatics,

the authors showed that the MIC assay, which was also used

in the present study, provided the correct results, while analyses

conducted using disk diffusion and PCR methods were remarkably

flawed (33). Depending on the protocol applied, either too many

false negative or false positive results were generated, and false

positive results were also generated when the mPCR method was

used to assed the bla operon genes (blaI, blaR1, blaZ). In the

case of mPCR, it turned out that the discrepant results were

always associated with S. aureusCC8/CLB strains. Further genomic

analyses of these strains showed that the promoter of the bla

operon present in the plasmid of the S. aureus CC8/CLB strains

was inactivated by a 31-bp deletion (33); consequently, the bla

operon genes that mediate penicillin resistance, were no longer

expressed but could be detected by mPCR. The same association,

which was explicit for the CC8/CLB strain, between negative MIC

values and positive mPCR results was confirmed in the present

study. Compared to the previous study (33), however, considerably

more strains were evaluated here.

The present study further revealed two more very relevant

findings. First, for the three major CCs (CC8, CC97, and CC705)

and CLs (CLB, CLC, and CLR), penicillin resistance was highly

dependent on the CC and CL. In fact, the CC705 and CLC strains

were always susceptible to penicillin whereas penicillin resistance

in the CC97 and CLR strains was high, at 50 and 37%, respectively.

Penicillin resistance in the CC8 and CLB strains was intermediate,

at 14 and 13%, respectively. Importantly, the CC705 and CLC

strains were not only susceptible to penicillin but, with two

exceptions, also to all other ABs, a property that was not observed

for strains in the other CCs and CLs. Second, the prevalence

of penicillin resistance is country dependent. Indeed, resistance

to penicillin was particularly observed in strains from Austria,

Belgium, Germany, and Ireland; however, it was completely absent

in strains from Slovenia and Switzerland. It is likely that resistance

to other ABs (i.e., chloramphenicol and tetracycline) is also country

dependent, although this could not be assessed in the present study

because the rate of resistance of other ABs were low and the

data set was too small for statistical analyses. Unfortunately, the

reason for the difference in penicillin resistance among countries

remains unknown and requires further clinical and epidemiological

investigations. Nevertheless, our findings demonstrate at least for

penicillin, that the prevalence of AMR is country dependent and

that caution is required when interpreting results. However, from

a statistical and interpretative perspective there are no concerns

about analyzing data from multiple-countries as a single entity.

In our case, this means that, except for penicillin resistance, the

observed prevalence of AMR reflects that at the European level.
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Carbapenem resistance (CR) is a major global health concern. CR is a growing

challenge in clinical settings due to its rapid dissemination and low treatment

options. The characterization of its molecular mechanisms and epidemiology

are highly studied. Nevertheless, little is known about the spread of CR in

food-producing animals, seafood, aquaculture, wildlife, their environment, or

the health risks associated with CR in humans. In this review, we discuss the

detection of carbapenem-resistant organisms and their mechanisms of action in

pigs, cattle, poultry, seafood products, companion animals, and wildlife. We also

pointed out the One Health approach as a strategy to attempt the emergency

and dispersion of carbapenem-resistance in this sector and to determine the

role of carbapenem-producing bacteria in animals among human public health

risk. A higher occurrence of carbapenem enzymes in poultry and swine has

been previously reported. Studies related to poultry have highlighted P. mirabilis,

E. coli, and K. pneumoniae as NDM-5- and NDM-1-producing bacteria, which

lead to carbapenem resistance. OXA-181, IMP-27, and VIM-1 have also been

detected in pigs. Carbapenem resistance is rare in cattle. However, OXA- and

NDM-producing bacteria, mainly E. coli and A. baumannii, are cattle’s leading

causes of carbapenem resistance. A high prevalence of carbapenem enzymes

has been reported in wildlife and companion animals, suggesting their role in the

cross-species transmission of carbapenem-resistant genes. Antibiotic-resistant

organisms in aquatic environments should be considered because they may act

as reservoirs for carbapenem-resistant genes. It is urgent to implement the One

Health approach worldwide to make an e�ort to contain the dissemination of

carbapenem resistance.

KEYWORDS

carbapenem resistance, One Health approach, food-producing animals, carbapenemase

producers, transmission

1. Introduction

Carbapenems are broad-spectrum beta (β)-lactam antimicrobials primarily used to treat

severe human infections. These antibiotics are considered one of the most reliable drugs

and the last line of therapy for infections caused by multidrug-resistant Gram-negative and

Gram-positive bacteria. Carbapenems possess a broad-spectrum antibacterial activity and
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have a structure defined by a carbapenem coupled with a β-lactam

ring. In addition, these antibiotics contain a carbon instead of a

sulfone in the fourth position of the thiazolidine moiety β-lactam

ring, which confers protection against most β-lactamases (1).

The widespread use of these antibiotics has increased to a

worldwide emergence of carbapenem-resistant organisms (CROs),

which constitute a critical growing public health threat, mainly in

hospital settings, as their prescription has escalated in recent years

and used for treating life-threatening infections. Carbapenem-

resistant Enterobacteriaceae (CRE) [i.e., Carbapenem-resistant

Klebsiella pneumoniae (CR-Kp), Carbapenem-resistant Escherichia

coli (CREc), Enterobacter spp., Serratia spp., and Proteus spp.]

are some of the most critical CROs because they are associated

with infections that lead to high mortality and have the potential

to spread carbapenem resistance via mobile genetic elements

(2). In addition, non-fermenting bacteria such as carbapenem-

resistant Acinetobacter baumannii (CRAB) and carbapenem-

resistant Pseudomonas aeruginosa (CRPA) have also emerged as

critical CROs (3–5).

The four significant carbapenem mechanisms of

resistance include the presence of β-lactamase enzymes called

carbapenemases, which hydrolyze carbapenem antibiotics encoded

on chromosomal or plasmid genes, the synergistic effect of other

β-lactamases with bacterial cell membrane permeability due to

alterations or mutations in porins, the low affinity of penicillin-

binding proteins (PBPs) in different species, and the increased

efflux pumps (6, 7).

Among carbapenem-producing (CP) microorganisms,

different classes of carbapenemases are found under the Ambler

classification (Table 1). Class A or serine carbapenemases can

hydrolyze all β-lactams, carbapenems, cephalosporins, penicillins,

and aztreonam but are inhibited by clavulanate and tazobactam.

Additionally, a combination of the newly cephalosporin antibiotic,

ceftaroline, and avibactam (ceftaroline/avibactam) has been shown

to produce activity against Enterobacteriaceae KPC producers (19).

Klebsiella pneumoniae carbapenemase (KPC), not metalloenzyme

carbapenemase (NMC-A), imipenem-hydrolyzing beta-lactamase

(IMI), and Serratia marcescens enzyme (SME) are representative of

this class. KPC enzymes confer resistance to all β-lactamases and

other types of antibiotics, such as quinolones and aminoglycosides.

They are only partially inhibited by β-lactamase inhibitors such as

clavulanic acid, tazobactam, and boronic acid (1–7).

Class B or metallo-β-lactamases (MBLs) use a zinc ion (Zn2+)

to hydrolyze the β-lactam ring. They confer resistance to all β-

lactam antibiotics but are susceptible to aztreonam and β-lactam

inhibitors such as ethylenediaminetetraacetic acid (EDTA). Most

clinically important MBLs belong to the six different families

[imipenem (IMP), Verona integron-encoded metallo-β-lactamase

(VIM), NewDelhimetallo-β-lactamase (NDM), São Paulometallo-

β-lactamases (SPM), German imipenemase (GIM), and Seoul

imipenemase (SIM)]. This type of enzyme has been identified in

clinically relevant species such as Enterobacterales, Acinetobacter,

and P. aeruginosa. It is commonly expressed from mobile elements

such as integrons, plasmids, and transposons (1–7).

Class D serine oxacillinases (OXAs) have been commonly

detected worldwide. They have hydrolytic activity against β-

lactams, high activity against penicillin, and weak activity against

extended-spectrum cephalosporins and carbapenems. OXA-23 and

OXA-48 are variants widely dispersed globally. OXA-23 is almost

strictly restricted to Acinetobacter spp., wily OXA-48 was found

among K. pneumoniae and Enterobacterales (20).

CROs are usually only susceptible to polymyxins (e.g.,

colistin), fosfomycin, and tigecycline, while colistin resistance in

carbapenem-resistance K. pneumoniae (CR-Kp) isolates has been

recently reported (21–24). Thus, colistin combination therapy

is more frequently used to treat drug-resistant bacteria with

significantly lower treatment failure rates (24).

Carbapenems such as imipenem, meropenem, ertapenem,

doripenem, biapenem, faropenem, and panipenem have been

approved for use in human clinical settings (6). However,

carbapenems are not licensed in livestock or veterinary fields;

therefore, carbapenem resistance is not commonly tested in

animals. However, extended-spectrum beta-lactamases (ESBL),

including ceftiofur, cefquinome, cefpodoxime, cefoperazone, and

cefovecin, are commonly found in this sector. Additionally,

ceftiofur, a third-generation cephalosporin, is the main

cephalosporin used in veterinary fields and has been approved

for treating bacterial infections in food-producing animals

(i.e., pneumonia, arthritis, septicemia, meningitis, metritis,

and polyserositis) (25). For this reason, these antibiotics

could provide selection pressure that favors the expression of

carbapenem-resistant (CR) strains.

Indeed, the author’s statement in the Scientific Opinion on

carbapenem resistance in food-animal ecosystems that “diagnostic

isolates of veterinary origin classified as microbiologically

resistant to third- and fourth-generation cephalosporins based on

epidemiological cutoff values, should be subjected to phenotypic

testing for carbapenem resistance and carbapenemase production

and subsequent molecular identification and characterization of

carbapenemase production genes because they favor the emergence

of carbapenem-resistant isolates” (26).

Many studies have reported CROs in livestock, seafood,

companion animals, wildlife, and their environments (7, 27–

30). As animals have been identified as a relevant source of

multidrug-resistant (MDR) bacteria, they can serve as reservoirs

for carbapenem-resistant bacteria, and foodborne routes and

emission in the environment through the excreta and the

subsequent exposure of humans via the environment serve as

transmission pathways for carbapenem-resistance genes from

animals to humans and vice versa. Furthermore, their incidence

may be underestimated because there is usually no surveillance,

which dismisses the potential risks to human health. This review

aimed to summarize the occurrence and molecular mechanisms of

resistance in carbapenem-resistant organisms in food-producing

animals, seafood, companion animals, and wildlife to address the

importance of antimicrobial resistance surveillance in these sectors,

resistance dissemination to the environment and humans, and

potential public health risks.

2. Carbapenem-resistant from seafood
and aquaculture

Carbapenem-resistance genes have been identified in isolates

from aquatic environments. Generally, resistance to carbapenems

in bacteria from aquatic systems such asVibrio and Shewanella spp.,
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TABLE 1 Carbapenem-enzymes among carbapenem-resistance organisms on Ambler classification.

Ambler class Class Encoded References
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A NmcA (Non-metallo carbapenemase A) KPC (K. pneumoniae carbapenemases), 23 variants (8–13)

SME (Serratia marcescens enzyme) GES (Guiana extended spectrum β-lactamase), 26

variants

IMI (Imipenem-hydrolyzig β-lactamase) IMI 1–6

SFC-1 (Serratia fonticola carbapenemase) VCC-1 (from Vibrio cholerae)

BIC-1 (Bicêtre Carbapenemae) FRI-1 (from Enterobacter cloacae)

PenA (penicilinase from Pseudomonas cepacia)

FPH-1 (from Francisella philomiragia)

SHV (natural class A β-lactamase of K.

pneumoniae)

KPC (K. pneumoniae carbapenemase) 1–3

GES (Guiana extended spectrum β-lactamase) 20 variants

D OXA 400 enzymes classified in 12 subgroups: (a) OXA-23,

(b) OXA-24/40, (c) OXA-48, (d) OXA-51, (e) OXA-58,

(f) OXA-134a, (g) OXA-143, (h) OXA-211, (i)

OXA-213, (j) OXA-214, (k) OXA-229, and (l)

OXA-235, OXA-181 and OXA-497

(9)
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s B NDMs (New Delhi metallo-beta-lactamases) NDMs (New Delhi metallo-β-lactamases), 17 variants (14)

VIM (Verona integron-encoded metallo-β-lactamase),

14 variants

IMP-type (Imipenem resistant Pseudomonas), 55

variants

VMB-1, VMB-2 (VibrioMBL) (15)

GIM (German imipenemase) (13, 14)

SIM (Seoul imipenase) (16)

VAM-1 (V. alginolyticusmetallo-β-lactamase) (17)

SPM (São Paulo MBL) (14)

DIM-1 (Dutch imipenemase-1) (18)

KHM-1 (Kyorin University Hospital MBL-1) (13)

TMB (Tripoli MBL-1) (13)

FIM (Florence imipenemase) (18)

AIM (Adelaide imipenemase) (18)

SFH-1 (Serratia fonticola carbapenem hydrolase) (13)

LMB-1 (Linz metallo-β-lactamase) (13)

as well as Enterobacterales, is mainly mediated by the production

of carbapenemases encoded by chromosomal genes or by plasmids.

However, carbapenemases are variable, with Class B enzymes and

the enzymes described only on aquatic species such as VMB-1 from

Vibrio alginolyticus (17, 31) and VMB-2 (32) from Vibrio diabolicus

on shrimps; as well as the Class A, VCC-1 from non-toxigenic

Vibrio cholerae on shrimp (8).

In 2017, in Canada, Brouwer et al. isolated the E. cloacae

complex from shrimp (Litopenaeus vannamei) originating in India.

The isolated had a ST previously described in companion animals

in Japan, ST813, and was positive for the blaIMI−2 gene, which

is located in a plasmid p3443-IMI2, which is closely related

to IncFII plasmids and pIMI-6, which was described in an E.

cloacae complex clinical isolate from Canada and carries the

carbapenemase blaIMI−6 (33). The same strain displayed the

plasmid p3442-FLC-1 that carries the gene encoding a novel

class A carbapenemase FLC-1 with close sequence similarity to

blaFRI−1, previously described in imipenem-resistant E. cloacae

recovered from a clinical patient in France (33). In 2013, OXA-23-

producing A. baumannii, on fish Pagellus acarne harvested in the

Mediterranean Sea in Algeria, was reported. The isolate belonged

to the widespread sequence type 2 (ST2)/international clone

II and harbored aminoglycoside-modifying enzymes [aac(6′)-

Ib and aac(3′)-I genes] as well as the naturally occurring
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blaOXA−51−like gene. However, the isolates differed from human

clinical strains previously isolated from France and Algeria

(34). In 2010, in Brazil, a high percentage of resistance to

imipenem (71.43%) in E. coli isolated from aquaculture was

detected, including isolates from pond water, shrimp tissues,

and pond sediment (35). In 2014 and 2015, the occurrence of

VIM-2-producing Pseudomonas fluorescens isolated from squid

in Canada (imported from South Korea) and OXA-48-producing

bacteria in seafood from China and Korea were described on

the bacterial species Stenotrophomonas maltophilia, Myroides

odoratimimus, Stenotrophomonas spp., and Pseudomonas putida

(36, 37). In 2015, carbapenem-resistant Enterobacter spp., derived

from imported retail seafood in Canada were detected, including

two Enterobacter cloacae isolated from shrimp imported from

Vietnam harboring blaIMI−1; one Enterobacter aerogenes harboring

blaIMI−2 isolated from shrimp imported from Bangladesh, three

E. cloacae harboring blaIMI−1 isolated from clam imported from

Vietnam, and two E. cloacae harboring blaNDM−1, blaTEM, and

blaOXA−1 from clam samples from Vietnam (38). blaIMI−2 gene

was plasmid-mediated; the plasmid contained the IncFII (Yp)

replicon, while blaNDM−1 plasmid contained IncHI2, IncFIb,

and IncFII replicons. Six different sequence types of E. cloacae

were assigned (ST479, ST373, ST477, ST478, ST411, and ST412).

The authors showed that the human-source E. cloacae ST373

isolate harboring blaIMI−1 shared >75% similarity with the E.

cloacae IMI-1 positive isolated from clam. In 2016, VCC-1-

producing Vibrio cholerae isolated from retail shrimp imported

from Canada was also identified (8). In 2016, in Italy, one

VIM-1 carbapenemase-producing E. coli (ST10) was isolated

from a Venus’s clam (Ruditapes philippinarum) harvested in the

Mediterranean Sea with blaVIM−1 as part of the variable region

of a class I integron embedded in a Tn3-like transposon that also

contained the fluoroquinolone resistance gene qnrS1. Interestingly,

E. coli ST10 is widespread among clinical and animal samples

(39). In 2018, six blaNDM-harboring Enterobacteriaceae (four K.

pneumoniae strains and two E. coli strains) from the retail fish

market were detected in India, including the variants blaNDM−5,

blaNDM−2, and blaNDM−1. The blaNDM-positive E. coli isolates

belonged to the multidrug-resistant widespread ST131 clone,

representing extra-intestinal pathogenic E. coli. ST131 clone is

widely distributed among human clinical isolates from urinary tract

infections (UTIs). Moreover, they found that all the isolates were

resistant to all β-lactam antibiotics, quinolones, trimethoprim-

sulfamethoxazole, chloramphenicol, and tetracycline (40). In

China, several isolates of Vibrio spp. were found to be resistant

to imipenem and meropenem. Isolates from shrimps of seafood

carried the genes blaNDM−1, blaVIM−1 (31), and blaVMB−2

identified on a plasmid-borne composite transposon ISShfr9-

ISCR1-blaVMB−2-blaCARB−12-aadA1-ISShfr9, where ISShfr9 was

found to be disseminated in multidrug-resistant (MDR) pathogens

(32); as well as producing the enzymes VMB-1 encoded by a

gene blaVMB−1 located in an integron bearing, highly transmissible

IncC type plasmid, namely pVB1796 (15), and VAM-1 located

in a conjugative plasmid, namely, pC1579 (17). Other studies in

Korea have reported carbapenem-resistant Vibrio spp., isolates

from shrimp (41), cockles (42), or hard-shell mussels harboring

blaOXA genes (43). In Europe, in 2018 and 2017, Italy reported

V. cholerae resistant to meropenem (44) and V. vulnificus isolated

from shellfish resistant to imipenem and meropenem (45). KPC-

3-producing E. coli in mussels (Mytilus galloprovincialis) and

OXA-23-producing A. baumannii ST2 isolates from mussels and

oysters (Crassostrea gigas) were also reported in Tunisia in 2016

(46, 47). The blaKPC−3 gene was identified on an ∼180 kb IncFII

plasmid carrying Tn4401d transposon and belonged to the ST167

phylogroup A of the ST10 complex. Interestingly, the authors

mention that the predominance of blaKPC−3 in Portugal was also

associated with the spread of an IncF plasmid carrying Tn4401d.

The ST10 complex was reported previously in a hospital from

the US to spread blaKPC genes. In 2018, France reported the

isolation of NDM-1-producing V. parahaemolyticus ST864 from a

shelled shrimp tail imported from Vietnam, which harbored the

epidemic plasmid IncA/C (48). In South America and Ecuador in

2015, Vibrio spp., resistant to imipenem, was isolated from shrimp

from seawater (49). In 2020, E. coli, Enterobacter cloacae complex,

and K. pneumoniae were found in tilapia fish from Egyptian fish

farms carrying blaKPC, blaOXA−48, and blaNDM (50). In 2018,

in Taiwan, carbapenem-resistant Shewanella algae were isolated

from small abalone (Haliotis diversicolor) harboring genes encoding

OXA-55 and multiple antibiotic-resistance genes including dfrA3

(trimethoprim resistance), tet (35) (tetracycline resistance), and

qnrA3 (quinolone resistance); and the pmrCAB operon, which

has been shown to mediate resistance to colistin (51). In Taiwan

in 2019, carbapenem-resistant S. algae carrying blaOXA−55 with

multiple genes encoding efflux pumps was detected in Asian

hard clam (Meretrix lusoria) (52). In 2020 in Italy, OXA-55-like

producing S. algae was found (53).

All the previous information demonstrated the presence

of CROs in seafood and aquaculture. Even when bacteria in

aquatic environments are mainly non-pathogenic, their occurrence

highlights the relevance of the food production chain in the

global spread of antibiotic-resistance genes. Moreover, it is crucial

to consider the seafood market, where countries can consume

a specific product imported from a separate region by another

country, which could have different regulations for antimicrobial

resistance surveillance in food. Canada is one example of this

since shrimp consumed by Canadians are imported from Asian

countries. However, carbapenemase genes have been detected in

these products. Examples include the isolation of Enterobacter

cloacae or Enterobacter aerogenes harboring blaIMI−1, blaIMI−2, or

blaNDM−1 genes in retail seafood (39, 54).

In addition, it is remarkably the high amount of antibiotics

used and their multiple classes in aquaculture for prophylactic

purposes or metaphylactic treatment. Quinolones, tetracyclines,

amphenicols, and sulfonamides are the most commonly used

classes (55); however, they also include aminoglycosides,

antimycobacterial (rifampin), beta-lactams (aminopenicillins

and cephalosporins), and polymyxins. This factor could promote

selective pressure for the emergence of antimicrobial resistance

and the selection of multidrug-resistant organisms among seafood

animals. Indeed, global antimicrobial consumption is estimated to

reach 13,600 tons by 2030 (55). Additionally, antibiotic residues

are difficult to eliminate by water treatment plants and can be

discharged into water flows, thus being a source of antimicrobial

resistance genes.

Frontiers in Veterinary Science 04 frontiersin.org101

https://doi.org/10.3389/fvets.2023.1158588
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Ramírez-Castillo et al. 10.3389/fvets.2023.1158588

Moreover, fish do not effectively metabolize antibiotics; thus,

the active substance passes into the environment in the feces.

Indeed, it has been suggested that ∼70–80% of the antibiotics

applied in aquaculture are dispersed into water systems (37),

which might provide a selection and enrichment mechanism

for resistant bacteria (22). Studies reporting the occurrence of

carbapenem-resistant genes worldwide in seafood and aquaculture

are summarized in Table 2.

3. Occurrence of
carbapenem-producing bacteria in
terrestrial food-producing animals

Intensive farming has frequently been associated with the

excessive use of antimicrobials and drug-resistant microorganisms

isolated from food-producing animals that can be transmitted to

humans via direct contact with animals or ingestion of derived

food products (9). By 2030, global antimicrobial use from human,

terrestrial, and aquatic food-producing animal sectors will reach

236,757 tons annually, with an estimated proportion of terrestrial

food-producing animal use of 174,549 tons, representing 73.7%

of the global consumption of antimicrobials (55). This intensive

use of antibiotics creates selective pressure for the emergence of

antimicrobial resistance among farmers and the environment. In

addition, antibiotics continue to be used in livestock production as

prophylaxis and animal growth support (9), which may lead to the

emergence of antimicrobial resistance.

The transmission of antimicrobial resistance between food-

producing animals and humans can occur via the food chain,

by consuming food products contaminated with antimicrobial

resistance genes or antimicrobial-resistant bacteria, through

direct contact between humans and animals, or through shared

environmental sources such as contaminated water (56, 57).

In addition, resistance can be transmitted to livestock from

environmental sources (i.e., hospital sewage, wastewater treatment

plants contaminating water and soil, surface water flow, and

wildlife) and biological vectors, such as flies and wild birds

(21, 58). Moreover, livestock growth promotion antibiotics may

interact with the animal gut microbiota and introduce increased

variation in antimicrobial resistance genes (ARGs) in the gut (59),

thus increasing their dispersion. Studies reporting the occurrence

of carbapenem-resistant genes worldwide in terrestrial food-

producing animals are summarized in Table 3.

3.1. Carbapenem resistance in swine

In pigs, carbapenem resistance has been observed in

microorganisms from different bacterial species, including E.

coli, Salmonella, P. aeruginosa, and A. baumannii. In 2011,

VIM-1-producing E. coli ST88 and Salmonella Infantis harboring

blaVIM−1IncHI2 plasmids were reported in Germany (60, 61).

ST88 was also previously identified among chickens, cattle, and

humans in Germany. Moreover, class 1 integron harbored by an

IncH12 plasmid was found in human strains (60). In addition,

during the sampling period in the same year (2011), 35 isolates

were positive for blaVIM−1, indicating that carbapenemase-

producing bacteria may persist in livestock farms. Another study

reported VIM-1-producing Salmonella Infantis in Germany in

2017 (59). The encoded genes blaVIM−1 and blaNDM−5 have

reported resistance to third-generation cephalosporins used in

animal husbandry. Moreover, Salmonella Infantis is one of the

leading causes of human salmonellosis in Europe and a zoonotic

pathogen commonly transferred via contaminated food products

(59). In 2017, Pulss et al. (30) reported a porcine E. coli isolated

carrying OXA-181 carbapenemase and the coexistence of mcr-1

(mobilized colistin resistance gene) and acquired carbapenemase

gene blaOXA−48−like on isolates originated from Italy farms.

blaOXA−181 gene was located on al IncX3 plasmid (pEcIHIT31346-

OXA-181), which presented high nucleotide similarity >99%

to previously published plasmids from human sources (plasmid

pOXA181_14828 of an E. coli isolated from a human patient

in China) and also carried qnrS1 (plasmid-media quinolone

resistance gene), thus providing evidence of the possible link

between human- and animal-derived carbapenem resistance. In

2015, blaIMP−27 was detected in Proteus mirabilis, Morganella

morganii, Providencia rettgeri, Proteus vulgaris, Enterobacter

cancerogenus, Citrobacter braakii, Enterobacter cloacae, Citrobacter

spp., Citrobacter farmeri, Citrobacter koseri, and Klebsiella oxytoca

in the United States, within an IncQ1 plasmid recovered from

the nursery and farrowing barns of a swine production system

(57). In 2013 in China, A. baumannii harboring blaNDM−1 genes

isolated from lung samples of pigs with pneumonia and sepsis

were identified (62). Meropenem-resistant P. aeruginosa strains

carrying blaOXA−486, blaOXA−396, blaOXA−50, and blaPAO were

also found in Italy in 2018, as were meropenem-resistant isolates

of Pseudomonas oryzihabitans and P. aeruginosa (9). Three other

isolates of P. aeruginosa carrying blaPAO, blaOXA−50, blaOXA−486,

and blaOXA−488 were detected in animals reared on different farms

(85). Interestingly, two isolates of P. aeruginosa ST938 carrying

blaPAO and blaOXA−396 and the resistance genes to aminoglycosides

[aph(3′)-IIb], fosfomycin (fosA4), and chloramphenicol (catB7)

were detected, one in a pig and another one in 83-year-old patients.

However, no epidemiological links were demonstrable between the

animal and the patient. Other sequence types found were ST274,

ST782, and ST885. The presence of blaOXA−50 is concerning

because this variant confers a decreased susceptibility to ampicillin,

ticarcillin, and meropenem. In addition, the OXA-50 family also

comprises blaOXA−396, blaOXA−486, and blaOXA−488 genes (9).

blaOXA48-like contained no plasmid, and blaOXA−181-carrying

IncX plasmid has also been reported in E. coli isolated from Italian

fattening pigs (64). In the study, the authors recovered samples

from fattening pigs, cattle, and workers from slaughterhouses.

Twenty-four isolates were positive for blaOXA−181 and one for

blaOXA−48. The isolates presented high ST diversity within ST5229

with higher prevalence. Different plasmid replicons were present

in the isolates, with IncX1 and IncX3, and IncF types being the

most represented. OXA-48-producing isolates did not contain

any plasmid replicon. Furthermore, the authors detected an

OXA-181-producing E. coli belonging to ST410 isolated in two

fecal samples from fattening pigs, described as a high-risk clone

associated with blaOXA−181 in human patients. Moreover, in China
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TABLE 2 Occurrence of carbapenemase-encoding genes in seafood and aquaculture.

Year Animal origen Country Bacteria Carbapenemase-encoding
genes

References

2013 Fish Algeria A. baumannii blaOXA−23 (34)

2014 Squid Canada Pseudomonas fluorescens-like blaVIM−2 (37)

2015 Squid, sea squirt, seafood

medley, clam

Canada Stenotrophomonas maltophilia,

Myroides odoratimimus,

Stenotrophomonas spp., and P.

putida

blaOXA−48 (36)

Retail seafood Originated from

Korea and China

2015 Shrimp Canada E. cloacae blaIMI−1 (38)

Retail seafood blaNDM−1

blaOXA−1

2015 Shrimp Canada E. aerogenes blaIMI−2 (38)

Retail seafood

2016 Shrimp Canada V. cholerae blaVCC−1 (39)

Retail seafood

2016 Venus clam Italy E. coli ST10 blaVIM−1 (40)

2016 Oyster Tunisia A. baumannii blaOXA−23 (47)

2016 Fish Algeria A. baumannii blaOXA−23 (34)

2016 Bivalves (oyster) Tunisia A. baumannii blaOXA−23 (46)

2018 Fish India Enterobacteriaceae (K.

pneumoniae, E. coli)

blaNDM−1 (40)

Retail seafood blaNDM−2

blaNDM−5

2018 Shirmp France V. parahaemolyticus blaNDM−1 (48)

2018 Abalone Taiwan S. algae blaOXA−55 (51)

2019 Hard clam Taiwan S. algae blaOXA−55 (52)

2019 White shrimp The Netherlands E. cloacae complex blaIMI−2 (33)

Retail seafood Originated in

India

blaFLC−2

2019 Shrimp China V. alginolyticus blaVIM−1 (31)

Retail seafood V. parahaemolyticus blaNDM−1

V. vulnificus blaNDM−1

2019 Hard-shelled mussel Korea Vibrio spp. blaOXA (43)

Retail seafood

2020 Tilapia fish Egypt E. coli blaOXA−48 (50)

Fish farm E. cloacae complex blaNDM

K. pneumoniae blaKPC

2020 Fish Italy S. algae blaOXA−55 (53)

Aquaculture farms

2020 Shrimp China V. alginolyticus blaVMB−1 (15)

Retail seafood

2021 Shrimp China V. diabolicus blaVMB−2 (32)

Retail seafood

2021 Shrimp China V. alginolyticus blaVAM−1 (17)
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TABLE 3 Occurrence of carbapenemase-encoding genes in terrestrial food-producing animals.

Year Country Carbapenemase-encoding
genes

Bacteria Source References

2011 Germany blaVIM−1 E. coli Pig Pig farm (60)

2011 Germany blaVIM−1 S. enterica subsp. enterica

serovar Infantis

Pig Pig farm (61)

2013 China blaNDM A. baumannii Pig Lung sample (62)

2015 China blaNDM−5 E. coli Pig Commercial pig

farm

(63)

2016 US blaIMP−27 E. coli, P. mirabilis,Morganella

morganii, Providencia rettgeri,

Proteus vulgaris, Enterobacter

cancerogenus, Citrobacter

braakii, E. cloacae, Citrobacter

spp., Citrobacter farmeri,

Citrobacter koseri, and Klebsiella

oxytoca

Environmental

and fecal

samples on pig

farms

Pig farm (nursery

rooms)

(57)

2016 Germany blaVIM−1 Salmonella Infantis Pig Sick piglet (61)

2017 Germany

and Italy

blaOXA−181 , blaOXA−48−like E. coli Pig Fecal samples (30)

2018 Italy blaOXA−486 , blaOXA−396 , blaOXA−50 P. oryzihabitans, P. aeruginosa Pig Slaughter (9)

2022 Italy blaOXA−181 E. coli Pig Fattening (64)

2012 China blaNDM−1 Acinetobacter lwoffii Broiler Poultry (65)

2016 Egypt blaOXA−48 , blaKPC , blaNDM K. pneumoniae Chicken Broiler-poultry

farming

(60)

2017 Egypt blaNDM−1 , blaNDM−2 E. coli Retail chicken

carcasses

Supermarkets,

poultry

slaughterhouses,

and butcher shops

(66)

2020 China blaNDM−5 , blaNDM−1 , blaNDM−9 , blaNLM Enterobacteriaceae (K.

pneumoniae, E. coli),

Morganellaceae, Alcaligenes

faecalis, P. putida

Poultry farm Chicken (21)

2021 China blaNDM , blaOXA−1 , blaOXA−10 P. mirabilis Chicken Slaughterhouses/

chicken farm

(67)

2021 China blaNDM−1 P. mirabilis Broiler Chicken (68)

2015–

2021

China blaNDM E. coli Broiler farm Chicken feces (58)

2021 Egypt blaOXA−1 , blaKPC, blaNDM P. mirabilis Ducks Farm (69)

2021 China blaNDM , blaVIM , blaKPC , blaOXA−like Broiler Cooperative

broiler feedlot

(70)

2023 China blaNDM , blaOXA P. mirabilis, E. coli, K.

pneumoniae

Broiler Fattening farm (71)

2010 France blaOXA−23 A. baumannii Cattle Dairy farm (72)

2016 US blaOXA−497 A. baumannii Cattle Dairy cattle (73)

2016 Egypt blaOXA−48 , blaOXA−181 , blaOXA−7 ,

blaOXA−10

ESBL-producing E. coli Cattle Dairy cattle farms (29)

2016 India blaNDM−5 E. coli Cattle Bovine (74)

2016 Algeria blaNDM−5 E. coli Cattle Raw milk (75)

2017 China blaNDM−5 K. pneumoniae Cattle Dairy cows (76)

2017 Germany blaOXA−23 Acinetobacter indicus-like Cattle Calves (77)

2018 US blaKPC−2 K. pneumoniae Cattle Beef cattle (78)

2019 India blaVIM E. coli Cattle Calves (79)

(Continued)
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TABLE 3 (Continued)

Year Country Carbapenemase-encoding
genes

Bacteria Source References

2019 Egypt blaKPC , blaOXA−48 , blaNDM P. aeruginosa Buffaloes and

cattle

Farm (80)

2020 South Africa blaKPC , blaNDM , blaGES , blaOXA−48 ,

blaVIM , blaOXA−23

E.coli, K. pneumoniae, P.

mirabilis, Salmonella

Cattle Beef cattle (81)

2022 Spain blaNDM−1 E. coli Cattle Dairy calves (82)

2022 Italy blaOXA−181 , blaOXA−48 E. coli Cattle Bovine beef (64)

2022 Pakistan blaOXA−23 , blaOXA−51 , blaNDM−1 , blaIMP A. baumannii Cattle Dairy cattle and

beef cattle

(83)

2023 Tunisia blaOXA−48 , blaIMP ESBL-producing E. coli Cattle Diarrheic calves (84)

in 2017, E. coli harboring a carbapenem-resistance gene blaNDM−5

and mcr-1 were detected on IncX3 plasmid with a high degree of

diversity of ST. ST156 was also previously reported in a Chinese

hospital (63).

3.2. Carbapenem resistance in poultry

Among broiler farms, an increased prevalence of CRE has

been shown, mainly in E. coli, K. pneumoniae, and P. mirabilis,

harboring blaNDM genes, with blaNDM−1 and blaNDM−5 being the

most predominant in chicken farm environments. Specifically,

farming presented a higher prevalence of CRO among the studies,

mainly attributed to the heavy use of antimicrobials on farms,

transportation activities, and inadequate farm disinfection and

management. Similarly, blaNDM genes are usually carried by the

IncX3 plasmid, which is clinically significant because it contributes

to disseminating various blaNDM variant genes (86).

In 2010, carbapenem-resistant isolates were detected in eight

chicken farms, six duck farms, and one pig slaughterhouse in

China. One of these isolates, Acinetobacter lwoffii, was identified

as positive for blaNDM−1, particularly on a 270 kb plasmid (65).

In 2021, NDM-producing P. mirabilis was reported in broiler

chickens (68). The isolate harbors a plasmid named pSNYG35, a

pPrY2001-like plasmid that shares high nucleotide identity with

pHFK418-NDM and an NDM-1-encoding plasmid from clinical P.

mirabilis. Recently, Su et al. (87) reported isolation rates of 3.57%

for carbapenem-resistant E. coli, 10% for carbapenem-resistant P.

mirabilis, and 3.03% for carbapenem-resistant K. pneumoniae in

six broiler fattening farms in China. Among carbapenem-resistant

isolates, six E. coli carried class I integron, one carried class II

integron, four P. mirabilis carried class I or II integrons, and

one K. pneumoniae carried class 1 integron. All of these isolates

harbor blaNDM and blaOXA genes. In 2016 in Egypt, carbapenem-

producing K. pneumoniae (CR-Kp) in broiler poultry farming was

reported. The authors found that 42% of the isolates from poultry

samples carried blaNDM (11 isolates carried blaKPC, blaOXA−48,

and blaNDM; four isolates carried blaKPC, blaNDM or blaOXA−48

and one isolate carried blaNDM alone) (70). Interestingly, the

authors collected 49 fecal samples from workers and veterinarians

working in the poultry farm; 56% of the samples were CR-Kp-

positive, with all strains carrying the three carbapenemase genes

blaKPC, blaOXA−48, and blaNDM, and 5% of them displayed all the

carbapenemase-encoding genes at the same time. Furthermore,

the prevalence was higher in farm workers (67%) compared

to veterinarians (33%), indicating that transmission could be

facilitated by close contact between broilers and humans since

the workers are in continuous contact with the animals and lived

on the farm during the fattening program. However, the study

did not compare clones or plasmids; non-genetic relationships

between humans and chickens were found (70). Lately, in China

in 2023, He et al. (58) observed the transmission of blaNDM-

bearing plasmids of E. coli isolated from chickens between different

farms and detected carbapenem-resistant isolates in farmlands,

vegetable fields, and the environment of chicken farms. The

authors performed a longitudinal study from 2015 to 2021 that

demonstrated that the prevalence of blaNDM-positive clones and

plasmids varied in different years, which suggested that new strains

and plasmids are constantly being introduced into the farms. In

2020 in China, Zhai et al. (21) reported 279 NDM-producing

bacteria, including Enterobacteriaceae (K. pneumoniae, E. coli),

Morganellaceae, Alcaligenes faecalis, and Pseudomonas putida, with

the variants NDM-5, NDM-1, and NDM-9 as well as a novel

NDM-like-metallo-β-lactamase (NLM) within IncX3, IncA/C2,

and IncFII as major blaNDM-carrying plasmid types among isolates.

Moreover, they found the coexistence of mcr-1 or mcr-8 on K.

pneumoniae positive for blaNDM−1. The authors identified 14

sequence types among the E. coli isolates, with ST6751 being the

most prevalent. ST6716, ST156, ST69, ST48, and ST10 were also

found. STs 6751, 10, 125, and 746 were recovered from chicken and

environmental samples (sewage trenches, corridor floors, drooping

boards, nipple drinkers, and air). Most of the K. pneumoniae

isolates were ST37, followed by ST3410 and ST726. Additionally,

in China, Shi et al. (71) reported the presence of the resistance

genes blaNDM, blaVIM, blaKPC, and blaOXA−like on broiler, layer,

and pig farms with a significative higher relative abundance on

blaOXA−like genes from 2016 to 2019. The authors detected a

prevalence of 20–30% for blaKPC and blaVIM genes, respectively,

and a prevalence of 75% for blaNDM, reflecting the great incidence

of carbapenemase-producing genes in farming. Moreover, the

study also found the coexistence of colistin resistance gene mcr-1

and blaNDM with pig and chicken farms displaying high prevalence.

In 2020 in Egypt, 155 meropenem-resistant isolates were obtained

from retail chicken meat, indicating that carbapenem-producing
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bacteria may enter the food chain. The study reported a single K.

pneumoniae ST147 and a single E. coli ST648 producing NDM-1

and NDM-5. This last isolated carried also blaOXA−1, blaTEM−1,

blaCTX−M−3, and aac(6′)-Ib-cr, while the K. pneumoniae harbored

the blaSHV−1, blaCTX−M−15, and aac(6′)-Ib-cr genes (71). NDM-

producing ST648 E. coli has been reported in clinical isolates

in India, the United Kingdom, and Australia. NDM-1-producing

ST147 K. pneumoniae clone has been reported previously in Iraq,

Oman, Tunisia, and Egypt from hospitalized patients (66). A

study conducted in China in 2019 reported NDM-1-producing P.

mirabilis recovered from commercial broilers in slaughterhouses

(67). In 2021 in Egypt, P. mirabilis harbored blaNDM−1, blaOXA−1,

and blaKPC was isolated from ducks on a duck farm (69).

3.3. Carbapenem resistance in cattle

Carbapenem-resistant bacteria are rare in cattle. However, since

2012, more studies have reported CROs in cattle with OXA-

and NDM-producing bacteria leading to carbapenem resistance.

In 2010, nine OXA-23-producing Acinetobacter genomospecies

15TU were reported in France, with a Tn2008 as a vehicle for

the spread (72). In 2016 in the United States, a novel blaOXA−497

gene was detected in A. baumannii, which is part of the OXA-51-

like enzyme group and displays resistance to ertapenem; however,

these enzymes are naturally occurring in A. baumannii (73, 88). In

2017, blaOXA−23 harboring Acinetobacter indicus-like strains that

displayed imipenem, meropenem, and doripenem resistance were

isolated from nasal swabs of two calves in Germany. blaOXA−23

was localized on the chromosome and surrounded by interrupted

Tn2008 transposon structures. In addition, genetic relatedness

between bovine isolates and Acinetobacter indicus type strains

A648T and human clinical A. indicus isolates were found (77).

In 2022, 27.7% of CRAB bacteria in Pakistan were reported to

harbor blaOXA−23 and blaOXA−51 within 17 isolates carrying blaIMP

and one isolate carrying blaNDM−1. The typical sequence types

found were ST642 and the international clone ST2 (83). In Egypt

in 2019, carbapenem-resistant P. aeruginosa (CRPA) was reported

in buffaloes and cattle with a prevalence of 60 and 59% (50 total

samples) within isolates harboring blaKPC, blaOXA−48, and blaNDM.

The authors also found carbapenem-resistance genes fromdrinking

water within 67% of prevalence and from stool human samples

within 80% of prevalence. Additionally, phylogenetic analysis

showed that cattle and water sequences were in one cluster and

more related to each other than to human isolates (80). Similarly,

in Egypt in 2014, five E. coli carrying blaOXA−48, and one E. coli

carrying blaOXA−181 were reported in dairy cattle (29). In South

Africa, 28–42% of carbapenem resistance was found in isolates

such as E. coli, K. pneumoniae, P. mirabilis, and Salmonella spp.,

carrying blaKPC, blaNDM, blaOXA−23, blaVIM, blaOXA−48 and blaGES
with different prevalence (81). In Italy, in 2021, the EU harmonized

antimicrobial resistance (AMR) monitoring program reported that

units of fattening pigs (21/301) and bovines (4/310) were positive

for OXA-48-like E. coli (n = 24 OXA-181, n = OXA-48) (64).

Most recently, in Tunisia, one isolate of ESBL-producing E. coli

from calves with diarrhea carrying blaOXA−48 and blaIMP were

reported (84).

Antimicrobial resistance mediated through NDM enzymes is

present in cattle. In 2013 in India, E. coli harboring the blaNDM−5

gene was detected in milk samples of dairy cattle suffering mastitis

(74). NDM-5-producing E. coli isolates from raw milk collected

in a dairy farm in Algeria and India in 2016 were again found

(75, 89). blaNDM−1 gene in E. coli isolated from cattle, carried

in an IncC plasmid, was reported in 2022 in Spain. The IncC

plasmid also carried genes for aminoglycoside, sulphonamide, and

trimethoprim resistance (82). K. pneumoniae carrying blaNDM−5

located on IncX3 plasmid was isolated from dairy cows in China in

2017 (76). The presence of IncX3 plasmid is highly relevant since

it mediates the spread of genes encoding resistance to clinically

relevant antibiotics. It has been reported to encode qnrB7, qnrS,

blaCTX−M−3, blaSHV−12, blaKPC−2, blaKPC−3, blaNDM−1, blaNDM−4,

blaNDM−5, blaNDM−7, blaNDM−13, blaNDM−17, and blaOXA−181 (86).

The authors found that the K. pneumoniae blaNDM−5 positive

belonged to five STs, within ST1661 and ST2108, which were the

most prevalent. The blaNDM−5 gene was located on the ∼46 kb

IncX3 plasmid. The plasmid shared a similar genetic context and

was nearly identical to the human K. pneumoniae plasmid (pNDM-

MGR194) previously reported in India. Among beef cattle in the

United States in 2018, isolates of K. pneumoniae carrying blaKPC−2

from feces were detected in 72 samples (78). blaVIM gene located on

an Incl1 plasmid of a novel sequence type (ST 297) from E. coli was

well-detected among calves from India in 2019 (79).

4. Occurrence of carbapenem
resistance in wildlife

Antimicrobial resistance genes can colonize wild animals

following contact with sewage, human waste, or animal manure

(90). Human feces and manure runoff are the primary sources

of AMR in wild animals, as intake water polluted with feces

could directly or indirectly contaminate other animals and

the surrounding environment. Moreover, AMR genes, such

as carbapenemase genes, could originate from environmental

bacteria, such as the OXA-48 family of enzymes, which occurs

naturally in Shewanella spp., a genus that inhabits lake sediments

(91, 92), and OXA-23 enzymes, which are almost entirely restricted

to A. baumannii and originate from the environmental species

Acinetobacter radioresistens (93). Chickens have been proposed

as a source of carbapenemase-producing Salmonella enterica in

livestock (85).

Several carbapenemase-producing bacteria have been reported

worldwide in wildlife including the NDM, IMP, VIM, and OXA

enzymes. In Germany, Salmonella corvallis carried blaNDM−1

belonging to ST1541 isolated from black kites (Milvus migrans)

were detected in 2013 (94). blaNDM−1 gene was located in

the IncA/C conjugative plasmid pRH-1738 and contained

a fosfomycin-resistance gene (fosA3 gen) (95). In 2016 in

Australia, a high prevalence of Salmonella and IMP-4-producing

Enterobacteriaceae was reported in silver gulls (96). The authors

detected 120 carbapenem-resistant Enterobacteriaceae strains of

10 species, mainly E. coli carrying the blaIMP−4, blaIMP−38, and

blaIMP−26 genes, with a prevalence of 40% in the gulls. blaIMP

gene was carried by conjugative plasmids of variable sizes and

diverse replicons, including HI2-N, HI2, A/C, A/C-Y, L/M, I1,
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and non-typeable plasmids. The authors showed that isolates

from gulls have significant similarities with clinical isolates from

Australia, suggesting the human origin of the isolates. In 2017,

France reported 22 carbapenem-resistant VIM-1-producing E.

coli in yellow-legged gull (Larus michahellis) isolated in 2012

(97). Interestingly, gulls live in close contact with humans; thus,

wildlife may be an important transmission route of AMR. In

2018, carbapenem-producing Enterobacteriaceae isolates (two E.

coli ST635 and one K. pneumoniae ST13) were reported in fecal

samples from wild boars in Algeria, Africa. OXA-48-producing

isolates were also resistant to amoxicillin, amoxicillin-clavulanate,

tobramycin, ertapenem, and meropenem (98). In 2019, China

reported a high frequency of carbapenemase producer isolates

(350 isolates) in migratory birds (Anser indicus, Phalacrocorax,

and Larus ichthyaetus), while 233 Klebsiella spp. and 2 E. coli

isolates were NDM-5-carriers (99). In 2019 in Korea, zoonotic

Aeromonas spp., resistant to imipenem and meropenem, were

isolated from the nutria (Myocastor coypus). These isolates also

carried the cphA gene (Aeromonas hydrophila gene) coding for

a carbapenem-hydrolyzing metallo-β-lactamase (100). In the

same year, in Algeria, carbapenemase-producing K. pneumoniae

was reported in bat guano with OXA-48 and KPC-3 enzymes

present in the isolates, as well as the resistance genes blaTEM−1

(ampicillin resistance) and aac(6′)-lb (aminoglycoside resistance)

(101). In 2019, 13 carbapenem-resistant K. pneumoniae were

isolated from Barbary deer (Cervus elaphus barbarus) in Akfadou

Forest in Algeria. The resistome of these isolates revealed the

presence of blaNDM−1, blaCTX−M−15, blaSHV−182, blaDHA−1,

blaOXA−1, aac(3)-IIa, aac(3)-IId (aminoglycoside resistance),

aac(6′)-Ib-cr (aminoglycoside-fluoroquinolone resistance),

rmtC (rRNA methyltransferase with high-level resistance to

aminoglycosides), sul1 (sulfonamides resistance), qnrB9 (plasmid-

mediated quinolone resistance), fosA (fosfomycin resistance),

tetA (tetracycline resistance), dfrA14 (trimethoprim resistance),

catA2, catB3 (chloramphenicol resistance), and mphA (macrolide-

resistant phosphotransferase) genes. Five different plasmids,

IncA/C2, IncFIA/(HI1), IncFIB(K), IncFII(K), and ColRNAI,

were also found (102). Similarly, in 2020, carbapenem-resistant

K. pneumoniae carried blaOXA−48 on an incompatible group

L/M plasmid found in seals (Phoca vitulina) (103), reflecting

anthropogenic pollution as a source of AMR genes. In 2021, a

genomic comparison was performed between E. coli carrying

KPC-2 and K. pneumoniae containing KPC-3 isolated from

gulls and humans in Alaska. The authors found varying levels

of genetic similarity at discrete genetic loci with no evidence

of direct transmission of blaKPC between people and gulls;

however, the conserved genetic elements surrounding blaKPC
suggest a possible exchange between species (104). In 2021 in

India, five carbapenem-resistant E. coli were reported isolated

from rescued sloth bear (Melursus ursinus). The isolates were

positive for blaNDM (60%, 3/5) carbapenemase gene and efflux

pump-mediated carbapenem resistance (40%, 2/5), and co-

harbor AMR genes blaTEM−1, blaAmpC, qnrA, qnrB, qnrS,

tetA, tetB, and sulI (105). In 2022, carbapenem-resistant P.

aeruginosa strains were recovered from the feces of a red deer

(Cervus elaphus) from Portugal, which resulted in a high-risk

clone belonging to ST274 and co-harboring the genes blaPAO,

blaPDC−24, blaOXA−486, aph(3′)-lb (aminoglycoside resistance),

fosA (fosfomycin resistance), and catB7 (chloramphenicol

resistance), which are phenotypically resistant to imipenem and

intermediate resistance to meropenem and doripenem (106). In

2022, a high diversity of carbapenem-resistance genes was found

in wild birds sampled from Alaska, Chile, Spain, Ukraine, Turkey,

and Pakistan. The authors found carbapenemase genes in diverse

isolates, including K. pneumoniae carrying KPC, NDM, OXA, and

VIM, as well as in hypervirulent CR-Kp isolates from gulls in Spain

and Ukraine. Some isolates harbored antimicrobial resistance to

up to 10 antibiotic classes, including colistin. OXA-48-producing

E. coli in gulls in Alaska and Turkey and CRE from Chile and

Spain also harbored colistin-resistance genes. Similarly, the authors

found evidence of global temporal and spatial dissemination

(107). In 2022 in Brazil, NDM-1-producing E. coli ST162 infecting

a pygmy sperm whale (Kogia breviceps) was reported (108).

Moreover, the resistome of the isolate carried genes conferring

resistance to β-lactams (blaNDM−1, blaTEM−1, and blaOXA−1),

aminoglycosides [aph(3′)-lb, aph(3′)-VI], macrolide (ermB, mdfA,

andmphA), rifamycin (arr-3), [aac(6′)-Ib-cr, and qnrB6], phenicols

(catB3 and floR), sulfonamide (sul1 and sul2), and tetracycline

(tetA), and plasmid replicons IncFIB and IncA/C2 were also

detected. All the previous studies shown here demonstrate that

wild animals are reservoirs of carbapenem-resistant bacteria. They

provide a biological mechanism for spreading antibiotic-resistance

genes and can facilitate their transmission to humans and livestock.

On the other hand, rivers and water flow are also an

environment from the emergence of CROs. For example,

Pseudomonas fluorescenswas recovered from the Seine River (Paris,

France) in 2010, which expressed PF-1, a novel Ambler class A

carbapenemase (109). In 2022 in Poland, 301 carbapenem-resistant

Acinetobacter strains were isolated from municipal wastewater and

river water (110). In 2005, carbapenem-resistant bacteria were

reported on water bodies in the United States (111, 112). In

2019, carbapenem-resistant bacteria on water bodies were isolated,

including Enterobacter asburiae, Aeromonas veronii, Cupriavidus

gilardii, Pseudomonas, and Stenotrophomonas spp. This study

found that most strains were carbapenemase producers, and all the

isolates of Enterobacter asburiae carried the blaIMP−2 gene (111).

Other studies have also reported the presence of carbapenem-

resistant strains in seawater, stormwater, and surface runoff water

at Costa locations in Sydney, Australia, in 2020 (113). Therefore,

water environments are an important reservoir of bacteria resistant

to carbapenems and other antibiotics, including bacteria carrying

intrinsic and acquired carbapenemase genes.

5. Occurrence of carbapenem
resistance in companion animals

Carpabenemase-producing Enterobacterales (CPE) and non-

fermenting bacteria have also been reported in companion

animals. As we pointed out before, carbapenems are not approved

for veterinary use. The prescription is restricted to treating

urinary tract infections and respiratory tract infections in dogs

and cats originating from multidrug-resistant (MDR) E. coli,

K. pneumoniae, and P. aeruginosa bacteria. Additionally, the

treatment must be supported by a veterinarian specializing in

infectious disease, and by a pharmacologist (114), even though
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the continuous evidence of carbapenem-producing bacteria in

companion animals has been increasing.

Companion animals can acquire carbapenemase-producing

bacteria through direct contact with colonized hosts and the

through contaminated environments such as veterinary hospitals

(115, 116). In this regard, the human-pet bond has favored the silent

transmission of carbapenem-producing bacteria to companion

animals by a reverse zoonotic route called zooanthroponosis (115–

117). Indeed, in Finland in 2015, identically isolates from dogs

(with a long history of recurrent otitis externa without carbapenem

prescription) and human family members with NDM-5-producing

multidrug-resistant ST167 E. coli were reported. In addition, the

same family carried an identical extended-spectrum beta-lactamase

(ESBL) CTX-M-group 9 E. coli ST69, indicating interspecies

transmission (118). In 2018 in Brazil, six VIM-2 carbapenemase-

producing P. aeruginosa ST233 isolates were recovered from

an infected dog, its owner (with a history of hospitalization),

and its domestic environment (sofa, balcony, and water cooler)

(116). ST233 has been reported as an international high-risk

clone associated with carbapenemase production with resistance

to all antimicrobial drugs. It has generally been restricted to

human hospital settings (119–121), suggesting a zooanthroponotic

transmission of this clone after the patient’s hospital discharge.

More recently, in 2022 in Guangzhou, China, a large-scale

investigation on the prevalence of blaNDM-positive E. coli isolates

from companion animals and their healthcare providers in clinical

veterinary settings revealed the clonal spread blaNDM-positive

ST453 E. coli isolates between both species (122). In France in 2022,

OXA-48-producing K. pneumoniae were isolated from companion

animals (dogs, cats, horses, cattle, and birds) with 56.2% (59/105

isolates) of the isolates belonging to the human-associated MDR

ST11, ST15, and ST307 lineages, suggesting that numerous human-

associated clones could infect the animal host (123).

Among carbapenemases on companion animals, NDM-5 and

OXA-48-like carbapenemases are the most frequently described

enzymes, with E. coli and K. pneumoniae being the main

carbapenem-producing Enterobacterales, along with the non-

fermenting bacteria A. baumannii (124). OXA-48 has been

identified in Enterobacteriaceae from dogs and cats in different

countries, such as Germany (2013) and the United States (2009–

2013) (27, 125), as well as in an ST38 E. coli isolated from

fowl (Gallus domesticus) in 2015 in Lebanon (28). In 2012, in

Belgium, two OXA-23-producing Acinetobacter spp. were detected

in fecal samples from 20 hospitalized horses, both resistant to

imipenem and presented resistance to tetracyclines, sulfonamides,

trimethoprim, and gentamicin but were still susceptible to

colistin (126).

On the other hand, the KPC enzyme has also been reported.

In 2018 in Brazil, in K. pneumoniae and E. coli from dogs,

the blaKPC−2 gene was found in Tn4401 transposons contained

in IncN plasmids, which also carried blaCTX−M−15, and other

clinically significant resistance determinants conferring resistance

to aminoglycosides (aadA5), quinolines (qnrS1), macrolides

[mph(A) and erm(B)], sulfonamides (sul1), tetracycline [tet(B)],

and trimethoprim (dfrA17), and point of mutation conferring

quinolone resistance (127). In Brazil 2021, the KPC-2-producing

K. pneumoniae belonging to the high-risk international clone

ST11/CG258 in a dog with urinary tract infection carrying the IncN

plasmid assigned to ST15 was reported (128). The blaKPC−4 gene

was detected in 2016 in Ohio, US, in an IncHI2 plasmid in the

context of the Tn4401b transposon in Enterobacter xiangfangensis

isolated from a clinical dog sample with ST171, which has been

responsible for major clusters of human CRE infections in the

northeastern and upper-midwestern of the United States (129,

130). IMP-4 has been reported in Salmonella enterica serovar

Typhimurium isolated from cats in Australia in 2016 (131). NDM-

1 was isolated in 2013 in the United States from dogs and cats from

E. coli that also carried blaCTX−M−15 and belonged to ST167 (132),

as well as in China, with Acinetobacter species carrying blaNDM−1

and blaOXA−23 (133), and in Italy from A. radioresistens (134).

Recently, in 2022 in China, five blaNDM−5 harboring E. coli were

reported in dogs and cats, all of them multidrogo resistant. The

blaNDM−5 gene was located on 46 kb IncX3 plasmids in the five

strains. Additionally, one strais coharbored blaNDM−5-encoding-

IncX3 plasmid along with an mcr-1-IncX4 hybrid plasmid (135).

OXA-48 has mainly been described in dogs, cats, and horses and

mostly from infections such as urinary tract infections (UTIs)

isolates from E. coli, K. pneumoniae, E. cloacae, and K. oxytoca

(136, 137). VIM-1 and VIM-2 were also reported in dogs infected

with K. pneumoniae and P. aeruginosa in Spain and Korea in

2016 and 2018, respectively (138, 139), as well as OXA-181-

producing extra-intestinal pathogenic E. coli ST410 from a dog in

Portugal in 2020 (140), OXA-23-mediated carbapenem-resistance

A. baumannii ST2 from a cat (141), and OXA-66-producing A.

baumannii isolated from cats (124, 142).

6. Transmission between animals and
humans

Among transmission between animals and humans, few studies

have investigated the evidence for established links between

human- and animal-derived carbapenem resistance. In 2022, Shen

et al. (143) reported 29,799 E. coli isolates recovered from patients

at 30 hospitals in China, as well as 61 pig farms and 45 chicken

farms in 2017. From human clinical isolates, 631 were defined as

carbapenem-resistant E. coli (CREc, 2.1%) with 195 NDM-positive.

For livestock production, blaNDM was detected in 73.8% (n =

45) and 62.2% (n = 28) of pig and chicken farms, respectively.

Furthermore, they found that human NDM-positive E. coli isolates

shared 15 (n = 111), 11 (n = 90), and 10 (n = 96) STs with those

from chickens, pigs, and flies, respectively. NDM-positive isolates

belonging to ST167, ST206, ST10, and ST48 were recovered from all

four origins. Furthermore, the authors found that large proportions

of blaNDM genes (>70%) were associated with IncX3 plasmid in

both animals (pig, chicken, and fly isolates) and humans. The

authors also predicted the origins of 463 NDM-positive isolates.

They found that 19% (n = 24), 8.1% (n = 10), and 1.6% (n = 2)

of chicken NDM-positive E. coli isolates (n = 123) were predicted

to originate from humans, pigs, and flies, respectively. In contrast,

27.3% (27/99) of pig NDM-positive E. coli isolates were predicted

to originate from humans. Similarly, 53.8% (n = 105) and 14.9%

(n = 29) of human isolates were predicted to have originated from

chickens and pigs. All fly-derived isolates (n = 46) were predicted

to have originated from humans (n = 5, 10.9%), chickens (n =

22, 47.8%), and pigs (n = 19, 41.3%). These results indicated
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positive associations and transmission of CREc between animals

and humans. Indeed, the authors hypothesize that “CREc first arose

in clinical settings and was then introduced into livestock animals,

which are favorable hosts for the persistence of CREc. This led to

the circulation of CREc between humans and animals, either via

the food chain or through environmental vectors”.

In 2019, Li et al. (144) sampled 12 villages in China used as

pig production farms [using the household as a single surveillance

unit (resident and their backyard animals, including farm and

companion animals)] and two commercial pig farms near the

villages. The authors collected flies, fecal samples from humans,

pigs, chickens, cattle, goats, ducks, one donkey, dogs, and cats

across the villages, and additional fecal samples from pigs and farm

workers at the two commercial farms. They obtained 88 CREC

isolates that contained the blaNDM carbapenemase gene, 17 from

humans, 44 from pigs, 12 from chickens, 12 from flies, two from

dogs, and one from cattle. No CREC isolates were recovered from

workers of pigs at the two nearest commercial pig farms. The

authors detected blaNDM−5, blaNDM−1, and blaNDM−9, withmost of

these blaNDM-genes likely located on IncX3-type plasmids. Indeed,

the blaNDM-carrying regions/plasmid (IncX3) in CRE isolates from

humans exhibited >99% nucleotide sequence identity to those in

isolates from backyard animals and flies. MLST showed that six

human CRE-NDM-positive isolates displayed ST48, ST10, ST1114,

or ST6910 shared by animal isolates. ST48 was the most prevalent

and was associated with isolates from pigs, humans, chickens, and

flies. Furthermore, they found that two human isolates displayed

only three single-nucleotide polymorphisms (SNPs) with two pig

isolates from the same village. They also reported that CREC

isolates from flies have human and dog origins, while chicken

isolates had a predominant origin from pigs and dogs. In addition,

the single cattle-derived isolate was clustered with the chicken

isolates. Therefore, many CRE isolates from humans, backyard

animals, and flies originated from hosts other than those included

in the study.

In 2017, Wang et al. (145) recovered 245 CRE from poultry

(chicken farms, slaughterhouses, and supermarkets), dogs, sewage,

wild birds, flies, and farmers. The authors identified blaNDM in

21.8% (n = 161) of the E. coli isolates, 7.4% on K. pneumoniae,

and 3.9% in E. cloacae, with blaNDM−5, blaNDM−9, blaNDM−1,

and blaNDM−7 variants. Importantly, 23% of CREC isolates were

also positive for mcr-1. High rates of CREC were found in dogs’

feces (82.4%), flies (25.8%), wild birds’ nests (40%), and anal

swabs of farmers (50%). The most prevalent STs among blaNDM-

positive isolates were ST101, ST156, and ST746. Moreover, MLST

analysis showed commonality between strains from chicken farms,

slaughterhouses, supermarkets, and humans, typified by genotypes

ST10 and ST156. The authors confirm the commonality of ST156

isolates among disparate samples by core-genome single-nucleotide

polymorphism (SNP)-based phylogenetic analysis. Additionally,

blaNDM-carrying contigs gave three main genomic backbone

profiles. The type II backbone included the contigs from 84 isolates

derived from chicken cloacae (n = 37), flies (n = 21), dog feces

(n = 12), chicken meat from supermarkets (n = 5), sewage from

the farm (n = 1), chicken caeca from a slaughterhouse (n = 1),

feces from farmers (n = 3), swallows (n = 3), and sewage from a

slaughterhouse (n= 1). Type II genomic backbone was found in 26

E. coli isolates and shares>99.9% nucleotide sequence identity with

the corresponding region of a 46,253bp IncX3 plasmid pJEG027

from K. pneumoniae isolated from an Australian traveler who was

repatriated to Sydney fromMyanmar.

The studies above showed a positive association between

livestock production and human CREC infections since they

identified a close relationship between the genomic profile of

carbapenem-resistant isolates from humans and animals. High

similarities between isolates from different sources were found.

However, the studies only focused on NDM-positive isolates and

not on other carbapenemases-encoding genes. Further studies are

needed to elucidate the link between humans and animals.

7. One health approach for
antimicrobial resistance

Different strategies to combat antimicrobial resistance have

been developed, including the One Health approach, the EU

Harmonized AMR Monitoring Program conducted in Italy in

2021, the National Action Plan for Combating Antibiotic-Resistant

Bacteria (CARB) by the US (2020–2025), and the implementation

of antimicrobial risk assessment.

One Health approach is a term recognized in the EU in

2016 by the United Nations Political Declaration on Antimicrobial

Resistance (AMR), which states that human health, animal health,

and the environment are interconnected and that disease is

transmitted from humans to animals and vice versa. Furthermore,

the environment could be a potential source of new resistant

microorganisms; therefore, AMR should be addressed in all

scenarios (25, 146, 147).

Strictly, One Health is defined as “a collaborative, multisectoral,

and trans-disciplinary approach—working at local, regional,

national, and global levels—to achieve optimal health (and

wellbeing) outcomes recognizing the interconnections between

people, animals, plants and their shared environment” (146).

Therefore, a multidisciplinary approach is required to prevent the

spread and emergence of antimicrobial resistance. Antimicrobial

resistance (AMR) surveillance using the One Health approach has

been implemented in Europe, the UK, and the US to mitigate the

crisis. However, the lack of implementation in most developing

countries resulted in the underestimation of the burden of AMR

on terrestrial and aquatic animals and the environment (147).

Improper management of antimicrobials, such as inadequate

control of infection, use of antimicrobials as growth promoters

(long-term, low-dose mass medication), prophylaxis in

livestock, farmed fish in aquaculture systems, agricultural

debris, environmental pollutants from sewage, pharmaceutical

industry waste, manure runoff from farms, use of heavy metals,

use of disinfectants, and migration of people and animals infected

with resistant bacteria, facilitate the spread of resistance between

humans and animals (25, 148). Consequently, the One Health

approach is fundamental since it is a multidisciplinary approach

that tries to prevent, predict, detect, and respond to AMR (25, 148).

Critical strategies for addressing AMR from the One

Health perspective includes: (1) conduct a global campaign to raise

awareness of antimicrobial resistance and the damage caused by the

overuse and misuse of antibiotics, (2) improve hygiene measures

and prevent the spread of infections (i.e., decrease missing of
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animals from different sources, stress of transport, unsanitary

or crowded conditions), (3) reduce the use of antimicrobials

in agriculture and their dissemination to the environment

(including third-generation cephalosporins, fluoroquinolones,

colistin, tetracyclines, and macrolides; i.e., growth promoters

such as colistin has been banned in Europe, Canada, Denmark,

United States, and other countries) (24), (4) improve global

surveillance of drug resistance in order to understand and clarify

the new mechanisms of resistance acquisition and predict future

threats, (5) promote new and rapid clinical diagnoses, (6) promote

the development and use of vaccines and alternatives to antibiotics

(i.e., phage therapy, probiotics, antibodies, lysins, among others),

(7) improve the number of studies in the field, (8) generated a

global innovation fund for early-stage research on new treatments,

(9) promote investment in new drugs and in the improvement of

existing drugs, and finally, (10) build a global coalition for real

action against AMR (25, 148, 149).

All previous studies have highlighted the urgent need to

establish a One Health AMR surveillance system to understand

the magnitude of the AMR problem, specifically the carbapenem-

resistance problem, identify trends, and determine how all

scenarios are linked and establish settings to content the widespread

carbapenem-resistant organisms and genes. This approach requires

the integration of human healthcare, livestock, aquaculture, and

the environment, as well as other variety of disciplines and fields

(149). Furthermore, the role of infections caused by antimicrobial-

resistant organisms in wildlife may also have to be addressed, along

with resistant organisms from aquatic environments, as they could

possess intrinsic resistance and the possibility of being transmitted

horizontally. In addition, carbapenem-resistant in companion

animals has to take seriously since the human-pet bondmight favor

the silent transmission of clinically significant multidrug-resistant

bacteria through zooanthroponosis (148).

Moreover, antimicrobial residues in fish products can persist

in aquatic environments through excreta. For example, testing

foodstuffs for carbapenem-resistant bacteria is not a legal

requirement in any country; however, even a low prevalence of

carbapenem-resistant genes has been detected in imported shrimp

and salmon. In addition, studies have shown that aquaculture

and terrestrial farms exhibit significant differences in drug

consumption, with the aquaculture sector exhibiting the lowest.

However, commensal bacterial flora can act as reservoirs of AMR

genes, which may be transferred to microorganisms capable of

causing human and animal diseases. Furthermore, it has been

documented that animals excrete a significant percentage (75–90%)

of antimicrobials without being metabolized and dispersed into the

environment (145), which could be taken up by wild animals and

function as a reservoir for antimicrobial resistance genes (149).

8. Discussion

The reports on carbapenem-resistant organisms published

from seafood and aquaculture are still low. Most of these reports

must include information on potential sources or transmission

between humans, animals, and their environment. Similarly, some

of the microorganisms found are of clinical importance. Some

examples are carbapenem-producing Vibrio alginolyticus, which

causes vibriosis, wound infection, and ear infection;Vibrio cholerae,

which causes cholera; Vibrio parahaemolyticus, that cause acute,

self-limiting gastroenteritis (150); Shewanella algae, a potential

foodborne zoonotic agent in humans that causes necrotizing

fasciitis, discitis, meningitis, biliary infection, pneumonia, and

endocarditis (151); and Enterobacter cloacae complex that is

common in nosocomial settings and capable of producing several

infections such as pneumonia, urinary tract infections, and

septicemia (152).

On livestock, carbapenem resistance has been observed in

microorganisms from different bacterial species, critical in human

settings, and associated with significant public health concerns

worldwide, including E. coli, Salmonella, P. mirabilis, P. aeruginosa,

andA. baumannii. In swine and poultry settings, VIM-1-producing

Salmonella Infantis was found. This bacterium is a zoonotic

pathogen commonly transferred via contaminated food products

that have been implicated in human salmonellosis and foodborne

outbreaks associated with egg and chicken meat (153). For

instance, A. baumannii is an important opportunistic pathogen

for hospital-acquired infections commonly associated with multi-

drug resistance. The mortality rate of A. baumannii infection has

been estimated to be over 50% (154). In livestock such as cattle

and pigs, A. baumannii causes mastitis, pneumonia, and sepsis.

In companion, animals cause urinary tract infections (155–157).

Whether the presence of OXA-23-producing A. baumannii poses

a substantial public health threat is unclear, but the presence of

NDM-1 producers in A. lwoffii and A. baumannii isolated from

poultry, swine, and cattle, which are clinically relevant to humans,

is worrying. Similarly, NDM-producing E. coli and K. pneumoniae,

isolated from poultry and cattle, are worrisome since they have been

reported in clinical isolates worldwide.

The carbapenem-resistance determinants in wild animals need

to be better understood. Wild animals may act as potential

environmental reservoirs for bacterial resistance. VIM, NDM,

OXA-48, and KPC-producing K. pneumoniae are the more

frequent carbapenemases reported, followed by IMP, and NDM-

producing E. coli. Contaminated food and water are the main

routes of transmission of carbapenem-resistance bacteria to wild

animals (158). However, anthropogenic pressure plays an essential

role in the emergence of resistance, particularly in this setting.

Interestingly, migrating birds (i.e., gulls) have been proposed

to serve as a vehicle for disseminating carbapenem-resistance

genes (159).

Among food-producing animals, the link between farming

practices, animal health, carbapenem-resistant organisms’

development and spread to farmers, and the presence of

carbapenem-resistant organisms in foodstuffs requires much

more investigation. Three studies positively associated livestock

production with human CREC infections (143–145). These

associations are mainly based on the observation that blaNDM-

carrying IncX3 plasmid isolated from humans exhibited between

75 and 99% nucleotide sequence identity to those in isolates from

other sources, including chicken, pigs, and fly isolates. Moreover,

one article identified a close relationship between the core-genome

sequences of NDM-positive E. coli from humans and animals. The

source-tracing analysis revealed indistinct boundaries between
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human- and animal-derived NDM-positive E. coli (143). Several

studies have found genetic similarities between carbapenem-

producing bacteria from animal and human sources, including

the detection of a porcine E. coli isolated carrying OXA-181

carbapenemase located on al IncX3 plasmid with high nucleotide

similarity (99%) to previously published plasmid from human

sources (30); E. cloacae IMI-1 positive isolated from clam and

human-source E. cloacae ST373 isolate harboring blaIMI−1 sharing

>75% similarity (8), and the detection of varying levels of genetic

similarity at discrete genetic loci between E. coli carrying KPC-2

and K. pneumoniae containing KPC-3 isolated from gulls and

humans in Alaska (104).

In companion animals, carbapenem resistance has been

reported. The enzymes NDM-5, VIM, KPC, OXA-48-like, and

OXA-23 were detected in E. coli, K. pneumoniae, P. aeruginosa,

and A. baumannii (124–142). In this setting, the evidence suggests

that zooanthroponosis is the main route of transmission of

carbapenem-producing bacteria from humans to companion

animals, indicating a cross-species transmission (115–123).

Remarkably, in carbapenem-resistant organisms isolated from

all the sources presented here (food-producing animals, seafood,

aquaculture, wildlife, and companion animals), NDM-1 enzymes

are occurring. These enzymes can hydrolyze all β-lactam

antibiotics and have a high potential for rapid dissemination, thus,

may constitute a public health risk (159).

These examples demonstrated that direct anthropozoonotic

or zooanthroponotic transmission might be possible for CRE.

However, to estimate the public health relevance of this

transmission, more studies are needed to elucidate the problem.

The addition of high-throughput technology, such as whole-

genome sequencing and next-generation sequencing (NGS), has

been permitted to determine the genetic relationship among

CRO from different species at gene, plasmid, and strain

levels. Similarly, introducing discriminant analysis of principal

components (DAPCs) is helpful for tracing carbapenem-producing

strains’ potential origins.

9. Conclusion

The data presented in this review confirm the widespread of

carbapenemase-producing bacteria and encoding genes in food-

producing animals, seafood, aquaculture, companion animals, and

wildlife as a cause of representing a severe problem for human and

animal health.

Several studies have shown genetic similarities between human

and animal carbapenem-resistance isolates, thus, demonstrating

the possible cross-species transmission. Nonetheless, epidemiologic

and genotypic analysis studies are needed to understand better the

dynamics of antimicrobial drug resistance transmission between

humans, animals, and the environment. In addition, the presence of

CROs in the food chain compromises food safety and security and

increases the chance of cross-border transmission of these bacteria.

One Health approach can help to implement global monitoring

programs and establish antimicrobial risk assessments for the

zoonotic and environmental sectors to address AMR emergencies.

It is essential to identify and share best practices and policies

globally. Collaboration between governments is needed to address

cross-border health threats of AMR.
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The association between 
farm-level antimicrobial usage 
and resistance of Staphylococcus 
spp., as the major genus isolated 
from aerosol samples, in Japanese 
piggeries
Sota Kobayashi 1, Yukino Tamamura-Andoh 1, Itsuro Yamane 1, 
Masahiro Kusumoto 1 and Ken Katsuda 2*
1 Enteric Pathogen Group, Division of Zoonosis Research, National Institute of Animal Health, NARO, 
Tsukuba, Ibaraki, Japan, 2 Division of Hygiene Management Research, National Institute of Animal 
Health, NARO, Tsukuba, Ibaraki, Japan

Bacteria are the dominant particulate matter in livestock houses and can threaten 
animal and public health. Antimicrobial resistance (AMR) is a crucial concern 
worldwide, and nationwide measures established based on the One Health 
approach are being implemented in many countries. This requires multidisciplinary 
perspectives and collaboration among the human, animal, and environmental 
sectors. However, information on the AMR risk in livestock house aerosol is 
limited, especially its association with antimicrobial usage (AMU). Therefore, 
this study was conducted to reveal the AMR profile of Staphylococcus, the 
major bacterial genus in the aerosol of the piggeries of Japanese farms, and the 
association between farm-level AMU and AMR. The investigation at 10 farrow-to-
finish pig farms revealed that regardless of the sampling season and the piggery 
group, the resistance rate of isolated staphylococci for oxacillin, erythromycin, 
and lincomycin was more than 40% of the median and tended to be  higher 
than that for other antimicrobials. The AMU adjusted by the defined daily dose 
(DDD-adjusted AMU) in the fattening piggery group was significantly higher than 
that in the sow piggery group (p  <  0.05). Finally, for the fattening piggery group, 
the generalized linear mixed model revealed that the AMR rate for oxacillin, 
erythromycin, tetracycline, and chloramphenicol was positively associated with 
the corresponding class-based DDD-adjusted AMU of penicillins (odds ratio 
(OR)  =  2.63, p  =  0.03), macrolides (OR  =  6.89, p  =  0.0001), tetracyclines (OR  =  2.48, 
p  =  0.04), and amphenicols (OR  =  3.22, p  =  0.03), respectively. These significant 
positive associations observed in this study imply that the resistance rate for 
these antimicrobials may decrease by reducing the corresponding antimicrobials’ 
use. In addition, the resistance rates for erythromycin and chloramphenicol also 
displayed a positive association with the AMU of antimicrobial classes other 
than macrolides and amphenicols, respectively. The mechanism underlying 
these phenomena is unclear; therefore, further evaluation will be  needed. As 
limited studies have reported staphylococci in piggery aerosol and its AMR with 
quantitative AMU, these results based on on-farm investigations are expected to 
aid in establishing countermeasures for AMR of aerosol bacteria in pig farms.
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1. Introduction

Particulate matter in aerosol is an essential indicator of air 
pollution (1). Toxic and harmful substances, including microorganisms 
and bacteria, constitute air pollution (2, 3), dominating livestock farm 
aerosols (4). Therefore, it is rational that bacteria from the environment 
and animals threaten both animal and public health. For instance, the 
increased density of animals in piggeries under an intensive 
production system often results in poor air quality (5). This 
phenomenon increases the risk of various opportunistic infections, 
unless ventilation is appropriately managed. Moreover, pig house 
farmers are at higher risk of respiratory diseases than chicken, cattle, 
or sheep farmers (6, 7).

Moreover, as the world faces multiple health challenges, 
antimicrobial resistance (AMR) is a crucial concern listed among the 
top 10 global health threats (8, 9). A recent worldwide estimation 
revealed approximately 4.95 million deaths associated with AMR in 
2019 (10). Excessive and inappropriate antimicrobial usage (AMU) 
has been primary reason; therefore, nationwide measures based on the 
action plan of each country, established based on the Global Action 
Plan with the One Health approach, are being taken (11). Thus, the 
human, animal, and environmental sectors need to have 
multidisciplinary perspectives and collaborate by sharing the insights 
obtained from each sector.

In Japan, the total quantity of antimicrobials based on the weight 
of active substances was 1,761.4 tons in 2018. Among those, 36.7 and 
12.3% accounted for the livestock sector and feed additives, 
respectively. Moreover, 74.5% of those for the livestock sector were 
used in pig production, with tetracyclines, penicillins, sulfonamides, 
and macrolides as the major classes (12).

Although information on bacterial AMR in the piggery aerosol is 
available (13), that on its association with AMU is limited. Therefore, 
this study revealed the AMR characteristics of staphylococci, including 
animal and human pathogens. We  also aimed to evaluate the 
association between farm-level AMU and AMR of staphylococci. This 
study’s findings would aid in establishing better countermeasures for 
AMR in piggeries for animal and public health.

2. Materials and methods

2.1. Farm recruitment and sampling frame

With the cooperation of the field veterinarians from The Japanese 
Association of Swine Veterinarians,1 consent for participation in this 
observational study was obtained from ten farrow-to-finish pig farms 
on a convenient basis. Between November 2017 and July 2020, each 
farm was visited twice in the warm (spring and summer) and cold 
(autumn and winter) seasons, respectively, except for farm E (visited 
only once in the cold season). Brief descriptions of these farms are 
presented in Table 1 with the varied farm size of 70–1,790, based on 
sow number. At each visit, aerosol samples were collected from five 
pig houses of different life stages, including sow stall and farrowing 
houses as the sow piggery group and the weaners, growers, and 

1 http://www.e-jasv.com/

finishers houses as the fattening piggery group. Using a commercial 
air sampler (CORIOLIS MICRO, Bertin Technologies SAS, France) 
placed at the center of each piggery, 3,000 L of air was passed into 
10 mL of sterilized phosphate-buffered saline (PBS, Dulbecco’s PBS 
(−) “Nissui” Nissui Pharmaceutical Co., Ltd., Tokyo, Japan) for 10 min. 
These PBS samples were brought to the National Institute of Animal 
Health for laboratory investigations.

In total, 19 sampling visits were made in ten cold and nine warm 
seasons. Samples were obtained from both piggery groups during all 
nine warm season visits, meaning nine sow and nine fattening 
piggeries. However, during the ten cold season visits, due to the 
technical condition, samples were collected from only the fattening 
piggery group of Farm D, which meant nine sow and ten fattening 
piggeries were targeted. This sampling frame is summarized in 
Figure 1.

2.2. Isolation and identification of bacteria

Within 20 h after the on-farm sampling, 100 μL of the PBS sample 
obtained from each piggery was inoculated on 5% sheep blood in 
trypticase soy agar (TSA) (BD Trypticase Soy Agar with 5% Sheep 
Blood, Nippon Becton, Dickinson, and Company, Japan) and 
mannitol salt agar (MSA) (Mannitol Salt Agar “Nissui,” Nissui 
Pharmaceutical Co., Ltd., Tokyo, Japan) and aerobically cultured for 
16–20 h at 37°C. MSA was used as gram-positive bacteria selective 
agar, especially, salt-tolerant bacteria, which included some members 
of the Staphylococcus genus. Then, 10 isolates were randomly selected 
from each medium and stored in 10% glycerol-added Muller Hinton 
broth (Difco; BD, New Jersey, United  States) at −80°C 
until identification.

All the isolates were identified using species-specific PCR for 
staphylococci, assumed as the dominant genus by the authors, 
following previously established procedures (14, 15). For those not 
identified using this PCR, partial gap gene sequencing (16) or 16S 
rRNA partial sequencing using a commercial kit (Bacterial 16S rDNA 
PCR Kit, Takara Bio Inc., Shiga, Japan) was applied following the 
manufacturer’s instructions. In addition, sequence data were analyzed 
to determine the most likely species, referring to the EzBioCloud 
Database.2

The identified isolates’ distribution by genus was summarized. In 
particular, the Chi-square test statistically evaluated the proportion of 
staphylococci among all the bacterial isolates in each farm by the 
seasons and the piggery groups.

2.3. Antimicrobial susceptibility test

For all the isolated staphylococci, the minimum inhibitory 
concentration (MIC) values of the 11 antimicrobials below were 
determined using a commercial kit (Dry Plate “Eiken,” Eiken 
Chemical Co., Ltd., Japan). Antimicrobial phenotypes were interpreted 
based on the breakpoints provided by the CLSI guidelines: 0.5 μg/mL 
for oxacillin (OXA), 0.5 μg/mL for ampicillin (AMP), 8.0 μg/mL for 

2 https://www.ezbiocloud.net/
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cefazoline (CFZ), 16.0 μg/mL for kanamycin (KAN), 16.0 μg/mL for 
gentamycin (GEN), 8.0 μg/mL for erythromycin (ERY), 16.0 μg/mL 
for tetracycline (TET), 32.0 μg/mL for chloramphenicol (CHL), 
32.0 μg/mL for vancomycin (VAN), 8.0 μg/mL for lincomycin (LCM), 

and 4.0 μg/mL for ciprofloxacin (CIP), respectively (17). In addition, 
the following quality control strains were also assessed: Staphylococcus 
aureus ATCC 29213, Enterococcus faecalis ATCC 29212, Escherichia 
coli ATCC 25923, and Pseudomonas aeruginosa ATCC 27853.

TABLE 1 Brief description of the ten recruited pig farms.

ID Number of sites Sows (head) Annual shipment (head) Workers All-in all-out in operation

A 1 70 2,200 3 No

B 2 620 16,200 16 Yes

C 1 1,790 40,700 34 Yes

D 1 510 12,500 11 Yes

E 1 800 18,200 15 Yes

F 2 1,260 21,900 18 Yes

G 2 490 13,000 7 Yes

H 2 320 7,600 7 Yes

I 1 90 1,700 3 No

J 1 240 4,100 6 Yes

FIGURE 1

Flowchart of the sampling process in this study based on farm visits by season and piggery group.
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The resistance rate (%) for each antimicrobial was defined as the 
proportion of resistant staphylococci isolates among the staphylococci 
isolates analyzed using the antimicrobial susceptibility test and the 
distribution of each antimicrobial based on the sampling seasons 
[n = 19 for “cold”s, and 18 for “warm”s (Figure 1)] and piggery groups 
[n = 18 for “sow”s, and 19 for “fattening”s (Figure 1)] was compared 
using the Mann–Whitney U test.

2.4. Quantification of AMU

Annual antimicrobial product purchases were recorded for the 
piggery groups in each farm. This study used the previous year’s 
volume as the reference AMU data for a farm visit between January 
and June. The current year’s data were adopted for visits between July 
and December. Then, the annual mean treatment days (head*day) 
were estimated as follows:

 

Annual mean treatment days for sows head day
weight of ac

     

  

∗( ) =
ttive substance of each product

defined daily dose of each
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The defined daily dose (DDD) is the Japanese pig production-
specific indicator established previously (18, 19), based on the original 
concept and definition by the World Health Organization (20). These 
annual mean treatment days were the annual DDD-adjusted usage of 
each commercial product and summed up by the antimicrobial classes, 
which were tetracyclines (TETs), amphenicols (APCs), penicillins 
(PENs), cephalosporins (CEPs), sulfonamides (SULs), pyrimidines 
(PMDs), macrolides (MCLs), lincosamides (LCMs), aminoglycosides 
(AGDs), quinolones (QUIs), polymixins (PMXs), and pleuromutilins 
(PLMs), respectively. The class-based annual DDD-adjusted AMU was 
statistically compared by the seasons [n = 19 of “cold”s, and 18 of 
“warm”s (Figure 1)] and piggery groups [n = 18 of “sow”s, and 19 of 
“fattening”s Figure 1)], respectively, using the Mann–Whitney U test.

2.5. Statistical modeling to evaluate the 
association between the resistance rate of 
each antimicrobial and class-based annual 
DDD-adjusted AMU

Association between the resistance rate of staphylococci for each 
antimicrobial and class-based annual DDD-adjusted AMU was 
explored using the generalized linear mixed model on each piggery 
group (n = 18 for the sow group and n = 19 for the fattening group). 
Considering the difference in the number of staphylococci 
successfully obtained on each sampling visit, raw data used for 
resistance rate calculation were incorporated into the model as the 
dependent variable; both tested and resistant staphylococci isolates 

were directly employed. Moreover, with the various farms 
cooperating, as presented in Table 1, sampling season was forced into 
the model, and the farm was employed as the random effect. 
Therefore, the model is described as follows:

 
logit p p

p
season RF e( ) =

−








 = + + ∑ + +log

1
α βχ

Where p in logit (p) of the model outcome represents the 
resistance rate accounting for the tested and resistant staphylococci 
isolates, α  is the model intercept, season  is the dichotomous data of 
cold or warm season, χ  is the fixed effect as the dichotomous data 
classified as “high” or “low” based on the median of the class-based 
annual DDD-adjusted AMU, β  is its coefficient, RF  is the farm as the 
random effect, and e is the binomially distributed residual term.

If the resistance rate to an antimicrobial revealed a positive and 
significant association with “high” class-based annual DDD-adjusted 
AMU of its class, a multivariable model for the associations with the 
AMU of other classes was also explored. The final model met the 
minimum Akaike’s Information Criterion (AIC), and statistical 
significance was set at p < 0.05 for the remaining independent variables 
with positive fixed effects.

The statistical modeling and other tests mentioned above were 
performed using R version 4.1.0.3 Primarily, the “glmmML” package 
version 1.1.34 was used for the generalized linear mixed model.

2.6. Ethics statement

Animal ethics approval was not required for this study as the 
samples consisted of piggery aerosol and were collected in the 
presence of the veterinarians during their routine farm visits for 
veterinary care and consultation.

3. Results

3.1. Description of the aerosol bacteria

In total, 915 bacterial isolates were obtained from TSA, and the 
genus-level description is summarized in Figure 2. The most dominant 
genus was Staphylococcus (n = 610, 66.7%), followed by Aerococcus 
(n = 85, 9.3%) and Rothia (n = 50, 5.5%). Finally, 1,113 staphylococci 
isolated from TSA (n = 610) and MSA (n = 503) underwent the 
antimicrobial susceptibility test, respectively.

The proportion of staphylococci exceeded 50% in most sampling 
visits. Farms A and H had over 70%. Apart from Farm E, which was 
visited once, no intra-farm significant seasonal difference was 
observed in the staphylococci proportion (Figure 3A, Chi-square test: 
p > 0.05). Sow and fattening piggeries had over 40% of staphylococci 
among the isolates. Farm A’s sow piggery group and both piggery 
groups of Farm H had over 80%. Only Farm C and I had significantly 

3 https://www.R-project.org/

4 https://CRAN.R-project.org/package=glmmML
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higher proportions of staphylococci in the fattening piggery group 
than in the sow piggery group (Figure 3B, Chi-square test: p = 0.02 and 
0.03 for Farm C and Farm I, respectively).

Among the 1,113 staphylococci isolates, the most dominant 
specie was S. sciuri (which was renamed Mammaliicoccus sciuri in 
2020) (n = 265, 23.8%), and others had <10% each (Table 2). The top 
five species S. sciuri, S. cohnii, S. saprophyticus, S. haemolyticus, and 
S. chromogenes dominated over 40% of each farm and some over 80% 
(data not shown).

3.2. Distribution of AMR rate

For 10 of the 11 tested antimicrobials (all the isolates were 
susceptible to VAN), datasets of the resistance rate of staphylococci by 
the seasons (Figure 4A and Supplementary file 1) and piggery groups 
(Figure 4B and Supplementary file 2) were obtained. Regardless of the 
seasons and piggery groups, resistance rates for OXA, ERY, and LCM 
were > 40% of the median and tended to be  higher than those of 
other antimicrobials.

A significant seasonal difference was only identified in the 
resistance rate for OXA, with the median for the cold and warm 
seasons being 65.4 and 80.7%, respectively (Figure  4A and 
Supplementary file 1, p = 0.03 as revealed by the Mann–Whitney U 
test). In contrast, a significant between-piggery group difference was 
identified in OXA, AMP, ERY, and CHL. The resistance rates for 
these four antimicrobials in the fattening piggery group were 
significantly higher than those in the sow piggery group, with a 
median of 78.8 and 58.0% for OXA, 57.1 and 31.8% for AMP, 82.4 
and 48.4% for ERY, and 45.5 and 21.1% for CHL for the fattening 
and sow piggery groups, respectively (Figure  4B and 
Supplementary file 2, all p < 0.05 as revealed by the Mann–Whitney 
U test).

3.3. Distribution of AMU

Figure 5 illustrates the distribution of the class-based annual 
DDD-adjusted AMU. The AMU varied by farm; however, no 
intra-class difference was identified by season (Figure  5A and 

FIGURE 2

Genus description of bacterial isolates from the aerosol in ten pig 
farms (n  =  915 obtained by trypticase soy agar).

FIGURE 3

The proportion (%) of staphylococci from the aerosol in ten pig farms by sampling season (A) and piggery group (B). The last letter of each item 
denotes the following: C: cold season, W: warm season, S: sow piggery group, and F: fattening piggery group. *: p  <  0.05 as revealed by the Mann–
Whitney U test.
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Supplementary file 3, all p > 0.45 as revealed by the Mann–
Whitney U test). In contrast, a between-piggery group difference 

was identified in the AMU of all the classes, except PMXs and 
PLMs. Therefore, the fattening piggery group had a significantly 
higher AMU than the sow piggery group, with zero medians for 
all classes, except TETs and MCLs (Figure  5B and 
Supplementary file 4, all p < 0.05 as revealed by the Mann–
Whitney U test).

3.4. Association between AMU and 
resistance rate

Table 3 presents four final models obtained by statistical modeling 
from the datasets of the fattening piggery group for the association 
between the class-based annual DDD-adjusted AMU and resistance 
rate of staphylococci. Out of the 11 evaluated antimicrobials, the 
resistance rate for OXA, ERY, TET, and CHL was significantly 
associated with the AMU of the corresponding PENs, MCLs, TETs, 
and APCs, respectively.

Regarding OXA, the final model included only PENs, and its 
“high” usage was associated with a higher resistance rate for OXA 
[odds ratio (OR) and 95% confidence interval (CI)] = 2.36 (1.11, 
5.05), p = 0.03). For ERY, the final model included MCLs, APCs, 
and LCMs. A “high” usage of these three antimicrobial classes was 
independently associated with a higher resistance rate for ERY 

TABLE 2 Species description of staphylococci isolated from the aerosol 
in ten pig farms (n  =  1,113).

Species Isolates %

Staphylococcus sciuri 265 23.8

S. cohnii 98 8.8

S. saprophyticus 94 8.4

S. haemolyticus 81 7.3

S. chromogenes 75 6.7

S. cohnii subsp. cohnii 59 5.3

S. aureus 52 4.7

S. simulans 45 4.0

S. epidermidis 36 3.2

S. hyicus 35 3.1

S. nepalensis 34 3.1

S. equorum 31 2.8

Other Staphylococcus spp. 208 18.8

Total 1,113 100.0

FIGURE 4

Distribution of the resistance rate for ten antimicrobials of staphylococci from the aerosol in ten pig farms by sampling season (A) and piggery group 
(B). The last letter of each item denotes the following: C: cold season, W: warm season, S: sow piggery group, and F: fattening piggery group. OXA, 
oxacillin; AMP, ampicillin; CFZ, cefazoline; KAN, kanamycin; GEN, gentamycin; ERY, erythromycin; TET, tetracycline; CHL, chloramphenicol; LCM, 
lincomycin; CIP, ciprofloxacin. *: p  <  0.05 as revealed by the Mann–Whitney U test.
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FIGURE 5

Distribution of the defined-daily-dose-adjusted annual usage of 12 antimicrobial classes in ten pig farms by sampling season (A) and piggery group (B). 
The last letter of each item denotes the following: C: cold season, W: warm season, S: sow piggery group, and F: fattening piggery group. TETs, 
tetracyclines; APCs, amphenicols; PENs, penicillins; CEPs, cephalosporins; SULs, sulfonamides; PMDs, pyrimidines; MCLs, macrolides; LCMs, 
lincosamides; AGDs, aminoglycosides; QUIs, quinolones; PMXs, polymyxins; and PLMs, pleuromutilins. *: p  <  0.05 as revealed by the Mann–Whitney U 
test.

TABLE 3 Final models of resistance rate for four antimicrobials of staphylococci from the aerosol in fattening piggeries of ten Japanese pig farms in 
association with the annual antimicrobial class-based usage.

Model outcome Significant 
antimicrobial class

Usage level Coefficient (SE) Odds ratio 
(95% CI)

p

Resistance rate of oxacillin Penicillins Low Reference

High 0.86 (0.39) 2.36 (1.11, 5.05) 0.03

Resistance rate of 

erythromycin

Macrolides Low Reference

High 1.93 (0.51) 6.89 (2.53, 18.73) 0.0001

Amphenicols Low Reference

High 1.57 (0.72) 4.81 (1.17, 19.69) 0.03

Lincosamides Low Reference

High 3.04 (0.90) 20.91 (3.60, 121.51) 0.001

Resistance rate of tetracycline Tetracyclines Low Reference

High 0.91 (0.45) 2.48 (1.03, 5.99) 0.04

Resistance rate of 

chloramphenicol

Amphenicols Low Reference

High 1.17 (0.53) 3.22 (1.14, 9.12) 0.03

Tetracyclines Low Reference

High 1.22 (0.34) 3.89 (1.73, 6.62) 0.0004

A generalized linear mixed model was used, in which season was forced into each model, and the farm was incorporated as the random effect.  
SE, standard error; CI, confidence interval.
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(OR (95% CI) = 6.89 (2.53, 18.73), p = 0.0001 for MCLs, OR (95% 
CI) = 4.81 (1.17, 19.69), p = 0.03 for APCs, and OR (95% 
CI) = 20.91 (3.60, 121.51), p = 0.001 for LCMs, respectively). For 
TET, the final model included only TETs, and its “high” usage was 
associated with a higher resistance rate for TET (OR (95% 
CI) = 2.48 (1.03, 5.99), p = 0.04). In addition, for CHL, the final 
model included APCs and TETs. A “high” usage of these 
antimicrobial classes was independently associated with a higher 
resistance rate for CHL (OR (95% CI) = 3.22 (1.14, 9.12), p = 0.03 
for APCs, and (OR (95% CI) = 3.39 (1.73, 6.62), p = 0.0004 for 
TETs, respectively). No significant interaction terms were 
identified in all the final models.

Conversely, analyses of the sow piggery group did not reveal any 
significantly positive association between the AMU and resistance 
rate. However, the resistance rates for KAN and TET had a marginally 
positive association with “high” AGDs and TETs use, respectively 
(p = 0.09 and 0.11, respectively, data not shown).

4. Discussion

Previous studies on aerosol bacteria in piggeries have been limited 
thus far (21); therefore, White et  al. (22) evaluated piggery 
staphylococci for their viability, capturability, inflammogenicity, and 
biofilm-forming capacity. Eisenlöffel et al. (23) and Tenzin et al. (24) 
revealed the impact of dust filtration and decontamination. These 
studies are relevant; however, once countermeasures are in operation, 
it is better to understand the extent of bacterial distribution and AMR 
status in these years to strengthen the rationale of the activities. 
However, few studies have targeted staphylococci AMR with 
quantitative AMU in Japan. Therefore, this study evaluated the 
bacterial profile of aerosol in Japanese piggeries, AMR characteristics, 
and the association between farm-level AMU and AMR, especially 
for staphylococci.

The aerobic culture using TSA revealed that most isolates were 
gram-positive bacteria (Figure 2), including the hazardous genus for 
animal and public health. The most dominant genus was 
Staphylococcus. In this study, staphylococci exceeded 40% and did not 
differ by sampling season and piggery group in each farm, with a few 
exceptions (Figure 3). Seasonal differences in sand dust in the general 
environment influence the bacterial community during aerosol 
pollution (25); nonetheless, the bacterial distribution stability 
observed in this study might be due to the relatively steady and closed 
state in the piggery based on the firm on-farm management system. 
These results imply the importance of staphylococci among aerosol 
bacteria and necessitate the maintenance or improvement of on-farm 
biosecurity levels, especially ventilation and humidity control in 
piggeries, to prevent clinical diseases in pigs. Further, workers need 
the shower-in and-out operation and change to washed and clean 
clothes and disinfected boots before they start their daily tasks. These 
procedures would promote animal and occupational health.

Among these staphylococci, the most dominant specie S. sciuri 
is a principally animal-associated bacterial species on the skin and 
mucosal surfaces of various pets and farm and wild animals. 
However, its clinical relevance in humans is increasing (26), and 
this bacterium is ubiquitous in human wound infection (27, 28). 
S. hyicus and S. aureus are occasionally involved in pig infections 
(29). Moreover, S. hyicus commonly occurs in the nares and on the 

hairy cutaneous areas of pigs; therefore, it sporadically induces 
exudative epidermitis in 5–60 d-old pigs along with other 
staphylococci, such as S. chromogenes and S. aureus (30). 
Livestock-associated methicillin-resistant S. aureus is more 
recognized as a public health concern, mainly associated with 
pigs. In Japan, its presence has been investigated using nasal swabs 
from slaughtered pigs (31). Given the present situation, there have 
been few evaluations on the environmental risks of each specie 
isolated from piggery aerosols. Therefore, a detailed species-based 
investigation is highly needed under the rational sampling frame 
in the future.

AMR was revealed for 11 antimicrobials. A high resistance rate of 
staphylococci was observed for OXA, ERY, and LCM (Figure 3). The 
influence of season on the resistance rate was not identified in all 
antimicrobials, except OXA (Figure  4A). The class-based annual 
DDD-adjusted AMU did not exhibit seasonal differences (Figure 5A). 
In contrast, the resistance rate in the fattening piggery group was 
significantly higher than that in the sow piggery group for OXA and 
AMP of PENs, ERY of MCLs, and CHL of APCs (Figure 4B) as the 
AMU of the 10 classes, including PENs, MCLs, and APCs, was also 
higher in the fattening piggery group (Figure  5B). These results 
indicated that the AMU of the corresponding class might influence 
some antimicrobials’ resistance compared with environmental 
conditions. Generally, bacterial survival relies on various factors, such 
as bacterial species and their burden (32, 33) and environmental 
conditions, including the type of surface materials, ambient 
temperature, UV radiation extent, and water and nutrient availability 
(34, 35). These factors may affect AMR regardless of the 
bacterial isolates.

From the statistical modeling of the fattening piggery group, the 
resistance rate for four antimicrobials, including OXA, ERY, TET, and 
CHL, was positively associated with the AMU of the corresponding 
class (Table  3). This implies that the resistance rate for these 
antimicrobials might be  decreased by reducing the use of the 
corresponding antimicrobials.

Moreover, the modeling identified an association between the 
resistance rate for ERY and the AMU of APCs and LCMs, in addition 
to MCLs. A similar result was obtained in the association between the 
resistance rate to CHL and the AMU of TETs, in addition to APCs. 
The mechanism of these phenomena is unclear; however, Makita et al. 
(36) suggested that these issues were due to the natural, cross- or 
co-selection based on analyses of individual pig-originated Escherichia 
coli isolates and qualitative AMU. Further evaluation is strongly 
needed to validate our study.

In contrast, no significant association between the resistance rate 
and AMU in the dataset of the sow piggery group was identified. The 
possible reasons could be the relatively lower AMU in this group, 
which might be  insufficient to establish antimicrobial selection. 
Moreover, considering that the isolates were from the aerosol, they 
may include both environmental and pig-origin bacteria. Therefore, 
the AMR in this group was probably influenced by other factors along 
with the AMU. However, the resistance rate to KAN and TET 
displayed a marginally positive association with AGDs and TETs. 
Among these, TETs with relatively high AMUs in the sow piggery 
group could be the reason.

Some limitations should be considered in interpreting this study’s 
results. First, as mentioned above, the AMR of aerosol-origin bacteria 
is influenced by both the AMU and other factors. Therefore, evaluating 
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the pig-origin (including healthy and diseased ones) staphylococci 
will help better understand the piggery’s AMR risk. Second, this 
study’s statistical modeling was performed using aggregated data on 
the resistance rate and AMU, which could have an ecological fallacy 
(37). However, antimicrobials are administered on a herd basis in the 
general pig industry; hence, this is the best way to assess the on-farm 
situation quantitatively. Based on these results, it is essential to further 
evaluate the effect of the countermeasures aimed at decreasing the 
resistance rate for single antimicrobials at the farm level and clarifying 
multidrug resistance. Lastly, all the evaluations on the association 
between the resistance rate and AMU were performed on a genus 
basis to provide an overview of staphylococci. Therefore, detailed 
investigations focusing on each species will be more useful for the 
species-level measures.

In conclusion, the aerosol bacteria in Japanese pig farms included 
those that could threaten public and animal health, mostly 
staphylococci. Staphylococci resistance to some antimicrobials was 
associated with using the corresponding antimicrobial class, implying 
that reducing such antimicrobials would decrease resistance. These 
results should help establish countermeasures for the AMR of aerosol 
bacteria in pig farms.
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