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Editorial on the Research Topic
Antimicrobial resistance in food-producing environments: a One Health approach

Introduction

The One Health High-Level Expert panel comprised of the United Nations Food and
Agriculture Organization (FAO), the United Nations Environment Program (UNEP), the
World Health Organization (WHO), and the World Organization for Animal Health
(WOAH; founded as OIE) defines One Health as “an integrated, unifying approach that
aims to sustainably balance and optimize the health of people, animals and ecosystems. It
recognizes that the health of humans, domestic and wild animals, plants, and the wider
environment (including ecosystems) are closely linked and interdependent. The approach
mobilizes multiple sectors, disciplines and communities at varying levels of society to work
together to foster well-being and tackle threats to health and ecosystems, while addressing
the collective need for clean water, energy and air, safe and nutritious food, taking action on
climate change, and contributing to sustainable development.” (Mettenleiter et al., 2023).
There is nothing more fitting than antimicrobial resistance (AMR) to the principles of One
Health, which provides a framework for an interdisciplinary approach to dealing with this
global challenge (FAO, 2016; Robinson et al., 2016; Lancet, 2023).

Globally, bacterial AMR has been associated with an estimated 4.95 million human
deaths in 2019, including 1.27 million deaths directly attributable to bacterial AMR
(Murray et al., 2022). In the United States, bacterial AMR causes more than 2.9 million
infections each year, with an estimated 35,000 deaths (CDC, 2019). Such estimates on the
burden of antimicrobial-resistant pathogens to animal health do not exist (Robinson et al.,
2016). Nevertheless, a recent ecological study (Allel et al., 2023) reported a 24.8% AMR
mean prevalence in bacteria associated with food-producing animals. The authors also
reported significant associations between animal antimicrobial consumption and AMR in
bacteria associated with food-producing animals, and between human antimicrobial
consumption and AMR in human pathogens. They also found bidirectional associations
between veterinary antimicrobial sales and AMR in human pathogens, and between human
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antimicrobial sales and AMR in animals. The study highlighted that
AMR in food-producing animals is associated with the quantity of
antimicrobials sold for use in animals and in humans. Seven articles
published under this theme discuss (1) baseline occurrence of AMR
under cow-calf production; (2) estimation of national antimicrobial
use in food-producing animals; (3) standardization of variables and
parameters used to quantify on-farm antimicrobial use (AMU); (4)
animal manure storages such as lagoons that serve as a reservoir for
antimicrobial resistance genes (ARGs); (5) dissemination of AMR
through flies; (6) probiotics as a source of AMR determinants; and
(7) potential interventions to reduce the burden of AMR.

AMR in beef cow-calf
production system

Beef cow-calf production is an important and initial segment in
commercial beef production system. First, it provides calves that are
finished in feedlots for beef production; second, when culled from
operation, beef cows are processed mainly for ground beef production.
Compared to feedlot and dairy cattle production settings,
antimicrobials are used infrequently. Understanding the
epidemiology of AMR under the low antibiotic selection pressure
that exists in cow-calf production can serve as a baseline for AMR risk
that can arise when cows and calves enter the beef supply chain.
Previous studies, including by the lead author of the paper by Agga
et al,, revealed that Gram-negative clinically important antimicrobial-
resistant bacteria and associated genes can be found in cow-calf
population (Agga et al., 2016a, 2019; Agga et al., 2022b). The study
by Agga et al., conducted in a cow-calf operation, targeted enterococci
as the indicator organism for Gram-positive bacteria and reported that
while tetracycline-resistant enterococci were abundant, macrolide
resistance occurred at low abundance. Furthermore, the two species,
E. faecalis and E. faecium, most implicated in nosocomial infections,
were widely detected in the cow-calf operation. The authors also
pointed out that the use of wheat as a cover crop may have additional
value in mitigating AMR in livestock raised under a grazing system.

Standardized methods for the
quantification of AMU in food animals

Previous studies using randomized field trials indicated that AMU
in feedlot cattle for approved indications increases AMR in bacteria and
specific ARGs (Agga et al., 2016b, 2023). Collecting on-farm AMU data
is challenging and only a few countries have on-farm AMU monitoring
systems. Most other developed countries including the United States
use national sales data. Magiri et al. used import data to quantify AMU
in Fiji. Since many developing countries rely on imported
antimicrobials from developed countries, this method may be a
practical approach in quantifying national antimicrobial purchases
intended for use in animals. The use of different measurements and
analytical approaches without standardization hinders direct evaluation
of intervention efforts to reduce AMR. To overcome this challenge,
Lu et al. compared different metrics and developed standardized
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methods of quantifying AMU, primarily obtained from sales data for
use in food animals. The authors identified various AMU indicators,
generally grouped as count-based, mass-based, and dose-based, that
have been used to quantify AMU in animals; developed them into
standardized approaches; and evaluated them for accuracy without
compromising privacy for on-farm use and for their applicability to
antimicrobial stewardship programs. The authors also identified
limitations of the AMU quantification approaches such as lack of
strong causal evidence between AMU and AMR among animal
pathogens and commensals, and failure to include important
information such as disease conditions, routes of administration, and
antimicrobial resistance information into the AMU metrics.

Environmental dissemination of AMR
from animal farms

Animal manure is applied to fields following storage, and
incentives are necessary for farmers to use existing manure-
management technologies, which also have other added value
such as biofuel production from anaerobic digestion and lagoon
systems, and compost from animal manure composting, which can
be used as organic fertilizer (Agga et al., 2022a). Animal manure
removed from production facilities is stored in ponds, storage pits,
or stockpiled between land applications. These storage units may
act as reservoirs for AMR. Neher et al. compared the distribution of
ARGs in manure storage pits across swine farms in Iowa. The study
revealed that tetracycline and macrolide resistance genes were
detected in all swine farms (n = 48) studied; their concentrations
significantly varied among the farms, and by integrator type, with
no significant effect of production type.

Caderhoussin et al. examined the role of flies in disseminating
extended-spectrum B-lactamase (ESBL)-producing Enterobacteriaceae
on cattle farms. By applying advanced molecular techniques, the origin
and maintenance of ESBL-producing Enterobacteriaceae were
investigated in a farm that raised food-producing animals with no
history of third-generation cephalosporin uses. The study found a
similarity between plasmids and genes of ESBL-producing E. coli
strains isolated from flies and cattle. The findings from the study
suggest that flies can act as effective mechanical vectors in transferring
ARGs across environments and to multiple hosts. The study uncovered
the complexity of factors responsible for the transfer and maintenance
of ARGs. To address the complexity of AMR spread, a comprehensive
One Health approach that integrates human, animal, and
environmental health aspects is needed.

Probiotics as a source of antibiotic-
resistant bacteria and genes

Alternatives to antibiotics, including probiotics, are an
important area of research to address the loss of effective
treatments of infections caused by antimicrobial-resistant
bacteria. Probiotics are direct-fed microbials that are added to
animal feed to improve production efficiency and animal health
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(Cameron and McAllister, 2019). However, probiotics such as
lactobacilli may be resistant to antibiotics, and spread AMR
elements to commensal or pathogenic bacteria. Nohr-Meldgaard
et al. characterized diverse strains of bacteria in the Lactobacillaceae
family for AMR, genotypically using whole genome sequence data
for the presence of ARGs, and phenotypically by minimum
inhibitory concentration (MIC) method using epidemiological
cutoffs (ECOFF). The authors used phylogenetic relatedness,
rather than the traditional fermentation-based method, to
propose a new ECOFF for the family of bacteria. Almost in all
strains, acquired ARGs were not detected, thus fulfilling one of the
theoretical requirements for a probiotic.

AMR interventions

Jacobsen et al. conducted a scoping review to summarize the
literature reporting AMR interventions in animals. The study
provided a comprehensive overview of various interventions and tools
aimed at reducing AMU and AMR in the animal health sector by
classifying the interventions into different major categories: (1) change
in AMU practices, (2) change in the uptake of antimicrobial stewardship
(AMS), (3) change in the development of AMR, (4) change in the
knowledge of AMR and change in the knowledge of appropriate AMU
and AMS practices, (5) change in attitudes and perceptions concerning
AMU, AMR, and AMS, and (6) surveillance strategies. The review
indicated that only one-fifth of the reviewed papers targeted developing
countries. The review revealed that objective means of evaluating the
interventions are not common, but self-reported subjective responses
are. Specifically, financial aspects are not considered when interventions
are evaluated. The authors assert that a full understanding of the
interlinked global efforts toward evaluating interventions requires
proportional coverage in developed and developing countries by using
objective metrics and targeting financial aspects.

Conclusions

The theme One Health approach to AMR in food-producing
animals attracted papers that evaluated the epidemiology and ecology
of AMR including interventions taken to reduce it. The papers ranged
from the baseline occurrence of AMR under low antibiotic selection
pressure, AMR dissemination pathways such as animal manure,
probiotics, and flies, AMU quantification and standardization, to
the interventions taken to reduce AMR. The papers presented critical
information needed to optimize AMU in food-producing animals
and the roles of other factors in disseminating AMR.
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Enterococci are a normal flora of the gastrointestinal tracts of humans and
animals. Enterococci can also cause life-threatening nosocomial infections.
Antimicrobial-resistant Enterococcus species have been reported in the
feedlot and dairy cattle productions and in meat and milk products,
suggesting their foodborne importance. Cow-calf operations represent a
significant segment in the beef production system by producing weaned
calves. Weaned calves are brought into the feedlot to be finished for meat,
and culled cows are also slaughtered for beef, primarily for ground beef
products. Infection dynamics in the cow-calf operation can contribute to
meat contamination. This study evaluated the effects of age and wheat
grazing on the concentration and prevalence of a macrolide antibiotic
erythromycin (ERY') and tetracycline (TET") resistant enterococci, associated
resistance genes and species distribution in a cow-calf production system. In
2017 and 2018, 32 Angus breed cow-calf pairs were randomly assigned to feed
on tall fescue or wheat pasture in two independent field experiments. During
the grazing experiments of 2-3 weeks, fecal samples were collected weekly
and cultured to enumerate, isolate and identify ERY', TET', and generic
enterococci, using media supplemented with erythromycin, tetracycline or
non-supplemented media, respectively. The two main species frequently
associated with human illnesses, Enterococcus faecium and E. faecalis, were
widely distributed in the cow-calf groups. Generic and TET'- enterococci were
prevalent (96-100% prevalence) and abundant (3.2-4.9 log;o CFU/q) in the
cow-calf population; however, ERY" enterococci were enumerable by direct
plating only from a single cow despite being detected in at least 40% of the
fecal samples after enrichment, showing their low abundance. TET- and ERY-
resistance were mainly conferred by tet(M) and erm(B), respectively. Wheat
grazing reduced the concentration of TET" enterococci and modified
enterococcal species and resistance gene distributions. Hence, it is necessary
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to further investigate wheat grazing in cow-calf production as a potential
strategy to mitigate antimicrobial resistance.

KEYWORDS

antimicrobial resistance, macrolide resistance, tetracycline resistance, enterococcus,
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Introduction

Enterococci are commensal bacteria colonizing the
gastrointestinal tract (GIT) of healthy humans and animals,
without causing intestinal problems. (USDA, 2012; Lebreton
et al, 2014; Ahmed and Baptiste, 2018) Enterococci can also
cause life threatening extraintestinal infections. (Arias and
Murray, 2012; Lebreton et al., 2014; Ahmed and Baptiste,
2018) Consequently, antibiotic resistant enterococci are the
leading cause of nosocomial infections in the United States.
(Arias and Murray, 2012; Lebreton et al., 2014) Enterococcus
faecalis and E. faecium are major species commonly associated
with human infections. (Arias and Murray, 2012; Lebreton et al.,
2014; Ahmed and Baptiste, 2018) Enterococci are ubiquitous;
(Lebreton et al., 2014) people are colonized when exposed to
contaminated environments from human and animal
wastewater (Agga et al,, 2015), contaminated drinking, and
recreational water sources. (Lebreton et al., 2014; Cho et al.,
20205 Agga et al, 2022a; Kaiser et al., 2022) Furthermore,
enterococci have been reported from retail beef (Tyson et al.,
2018), retail veal meat (Tate et al, 2021), and ground beef
(Vikram et al, 2018; Schmidt et al., 2021) suggesting their
foodborne implications. Antimicrobial resistance of
enterococci have been extensively studied in feedlot cattle
(Vikram et al., 2017; Davedow et al., 2020; Murray et al,
2022), dairy cows (Shipp and Dickson, 2012; Abdelfattah et al.,
2021), and to a lesser extent in cull cows. (Pandit et al., 2021)
However, such studies are rare in beef cow-calf (Agga et al,
2016) and backgrounding operations (Agga et al., 2019).

Beef cows are culled from the cow-calf operation and sold
for beef production similarly to cull dairy cows with the
majority of the beef used for ground beef production. While
some female calves are selected as replacements for breeding
stock, majority of calves are weaned and enter feedlots to be
finished for beef production. Determining the level of
antimicrobial resistant bacteria (ARB) in weaned calves prior
to entering the feedlot is important. Antimicrobial resistant
bacteria such as enterococci can contaminate beef carcasses
during slaughter process and pose a significant public health
risk. Establishing a baseline prevalence of ARB including
enterococci in adult beef cows and beef claves is essential.
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Previous studies reported a decreasing trend in the prevalence
of antimicrobial resistant fecal bacteria, mainly E. coli, as
animals get older. (Hoyle et al, 2004; Gaire et al, 2021)
However, studies assessing the impact of age on Gram-
positive bacteria such as enterococci are scarce. Therefore,
further understanding of the age effect will be useful to
differentially target the adult cows and calves for the
mitigation of antimicrobial resistance.

Livestock grazing of cover crops allows producers to gain an
immediate economic benefit while reducing input costs. Cover
crops provide higher quality forage for livestock as compared to
typical native grass pastures. (Franzluebbers, 2007; Poffenbarger,
2010) In the southern Great Plains, it is typical to graze winter
wheat fields to give stocker cattle high-quality forage.
(Winterholler et al., 2008) Grazing of winter wheat cultivars
until the joint stage has been reported to increase grain yield as
compared to non-grazed winter wheat. (Redmon et al., 1995)
However, no research investigated the impact of wheat grazing
on the occurrence of ARB in beef cow-calf production systems in
the southern plains. The impact of dual-purpose wheat grazing
on grain yield and animal growth performance was reported in
the previously published study. (Netthisinghe et al., 2020) In this
paper, the impact of wheat grazing on the concentration and
prevalence of tetracycline (TET")- and erythromycin (ERY")-
resistant enterococci was compared with tall fescue grazing in a
cow-calf production system.

Specific objectives of this study were to investigate the effect
of grazing pasture type (wheat vs. tall fescue) and age (calf vs.
cow) in beef cow-calf production system on the concentration
and prevalence of TET" and ERY', enterococcal species, and
resistance gene distributions among the resistant strains. An
additional objective was to determine the baseline level of
antimicrobial resistant enterococci in weaned calves prior to
entering the feedlot, and in the breeding cows that would
transmit resistant bacteria to the beef calves or culled and used
for beef production. Enterococci have been used as indicator
organisms for Gram-positive bacteria in antimicrobial resistance
(AMR) monitoring systems involving food animal production
and animal products (Karp et al.,, 2017).

Tetracycline resistance was selected because of its abundance
and widespread occurrence among various bacterial species and
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environments (Roberts and Schwarz, 2016) which may be
attributed to its highest level of sales for use in food-producing
animals. (Tyson et al., 2018; Agga et al,, 2022a) Erythromycin is
a macrolide that has been investigated with respect to
antimicrobial resistant enterococci in beef cattle production
(Frye and Jackson, 2013) and retail beef. (Tyson et al., 2018)
According to World Health Organization (WHO) categorization
of antimicrobials, tetracyclines and macrolides are classified as
highly important and highest priority critically important
antimicrobial classes for human health, respectively. (Scott
et al, 2019) TET" in enterococci develops primarily through
ribosomal protection or the efflux of the antibiotic. tet(M) and
tet(L) are the most common tetracycline resistance (fet) genes
encoding for ribosomal protection and efflux proteins in
enterococci, respectively. (Frye and Jackson, 2013; Agga et al,,
2022c) The most common acquired resistance mechanism
for macrolides is target modification by erythromycin
resistance methylase (erm) genes, primarily erm(B) (Frye and
Jackson, 2013).

Materials and methods

Experimental design and sample
collection

A randomized field trial consisting of two experiments was
conducted at Western Kentucky University Agriculture
Research and Education Complex in Bowling Green, KY
during 2017 and 2018. The study protocol was approved by
the Western Kentucky University’s Institutional Animal Care
and Use Committee (IACUC# 17-09). The study animals
consisting of beef cows and calves close to weaning age were
owned and managed by Western Kentucky University. Calves
received clostridial vaccine against blackleg, viral respiratory
vaccine, and pinkeye vaccine. No other antibiotics were given
to the cows or the calves. Detailed description of the cow-calf
experiments was previously published (Netthisinghe
et al., 2020).

Briefly, in two independent experiments 16 Angus breed
cow-calf pairs were equally randomized, blocked on the
bodyweight of the calves, to graze on tall fescue or wheat
pasture in 2017 and 2018. The cow-calf pairs grazed for three
weeks from 21 March to 12 April 2017, or for two weeks from 14
March to 28 March 2018. For the 2017 experiment, fecal grabs or
fecal swabs were collected rectally on 21 March (week 0), 28
March (week 1), 04 April (week 2) and 11 April 2017 (week 3).
For the 2018 experiment, fecal samples were collected on 14
March (week 0), 21 March (week 1) and 28 March (week 2).
Samples were kept on ice and transported to the lab and
refrigerated until processed.
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Enumeration and detection of generic-,
TET"- and ERY"-enterococci

Samples were processed and cultured as described. (Agga
etal, 2015; Agga et al., 2016; Agga et al., 2022¢). Briefly, 10 g of
fecal grabs were suspended in 90 mL of buffered peptone water
(BPW; Becton, Dickson, and Company [BD], Franklin Lakes,
NJ, USA) and homogenized in a laboratory blender. Fecal swabs
were suspended in 5 mL BPW and homogenized by
centrifugation. After an aliquot was taken for enumeration, the
remaining BPW suspension was incubated at 25°C for 2 h, then
at 42°C for 6 h and held at 4°C for secondary enrichment.

Generic-, ERY"- and TET"- enterococci were enumerated on
Slanetz and Bartley medium (SBM) agar (Thermo Fisher
Scientific, Waltham, MA), SBM plates supplemented with 8
mg/L erythromycin (SBM+ERY), and SBM plates
supplemented with 16 mg/L tetracycline (SBM+TET),
respectively. To determine prevalence, secondary enrichments
were made by transferring 0.5 mL of BPW pre-enrichments to
2.5 mL of enterococcosel broth (ECB; BD), ECB supplemented
with 16 mg/L tetracycline (ECB+TET) and ECB supplemented
with 8 mg/L erythromycin (ECB+ERY). After incubation at 37°C
for 18 to 24 h, ECB cultures were streaked onto SBM, SBM+TET
and SBM+ERY plates and incubated overnight at 37°C.

Antibiotics used for selective isolation of resistant strains
were obtained from Millipore Sigma (St. Louis, MO), and the
Clinical Laboratories Standards Institute (CLSI) resistance
breakpoint concentrations (CLSI, 2020) were used.

PCR confirmation, speciation, and
detection of resistance genes

For all plate types, up to two presumptive colonies were
inoculated into tryptic soy broth (TSB; BD) and incubated
overnight at 37°C. After fresh aliquot was taken for DNA
extraction, the remaining broth culture was stored at -20°C
after adding 15% glycerol to each well. DNA was extracted from
10 ml of overnight culture by BAX lysis method following the
manufacturer’s instructions (DuPont Qualicon, Inc.,
Wilmington, DE). DNA lysates were used for PCR for
confirmation of the genus Enterococcus, speciation, and
detection of associated resistance genes.

Presumptive enterococci isolates were confirmed by genus
specific PCR (Deasy et al., 2000), and Enterococcus species were
identified by multiplex PCR (Jackson et al., 2004), using
published primers and protocols (Supplementary Table 1).
Phenotypically resistant strains were tested by PCR for
the identification of resistance genes. TET" Enterococcus
isolates were tested for tetracycline resistance (fet) genes
(Supplementary Table 2). ERY" Enterococcus species were
tested for macrolide, lincosamides and streptogramins (MLSg)
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resistance genes (Supplementary Table 3). PCR products were
analyzed by capillary gel electrophoresis using the QIAxcel Fast
Analysis system (Qiagen, Valencia, CA). All primers used in this
study were obtained from Integrated DNA Technologies, Inc.
(IDT; Coralville, TA). Representative gel images from capillary
electrophoresis for enterococci genus confirmation and species
identification, detection of tetracycline resistance genes, and
macrolide resistance genes are depicted in Supplementary
Figures 1-3, respectively.

Data analysis

Enumeration data were compared by animal age (calves vs.
cows) and by treatment group (wheat vs tall fescue) using
negative binomial regression, and marginal outputs were
obtained as log;, colony forming units. The prevalence of
bacteria and the resistance genes were compared by animal
age and pasture type using logistic regression. For both
regression analyses, cows and tall fescue served as reference
groups. Pairwise contrasts were obtained after adjusting for
multiple comparisons by Bonferroni method. Data was
analyzed in STATA 16 (StataCorp, College Station, Texas);
P<0.05 was considered statistically significant.

Results
Descriptive analysis

Of the 224 fecal samples, 128 were collected in 2017 and 96
were collected in 2018, equally distributed by animal age (calves
and cows) and pasture type (tall fescue and wheat) for each year.
However, some fecal samples were not sufficient for processing;
this is reflected on the basis of individual bacterial strains
presented in the tables. Except for the calves and the tall

10.3389/frabi.2022.1052316

fescue group, concentration of TET" Enterococcus spp. closely
follows that of the total enterococci (generic) population.
Similarly, TET" Enterococcus spp. prevalence was also high
(296%) closely following that of the generic population. On
the other hand, ERY" Enterococcus spp. was quantifiable only
from a single animal although the prevalence was over
40% (Table 1).

Effects of age and pasture type on the
concentrations and prevalence of
generic-, ERY"- and TET"-Enterococcus
species

Generic enterococci concentration did not significantly
(P>0.05) differ by age or by pasture type (Figure 1A).
Concentration of TET'-Enterococcus spp. were significantly
(P=0.005) lower in the calves than in the cows, with a greater
age effect observed in the wheat group than in the tall fescue due
to a significant (P=0.008) age by pasture type interaction
(Figure 1B). ERY" Enterococcus spp. was quantifiable at 2.7
logs from a single cow in the fescue group in 2018. The
prevalence of generic-, TET"-, and ERY"- Enterococcus spp. did
not significantly (P>0.05) differ by age or by pasture
type (Figure 2).

Prevalence of Enterococcus species
detected

Up to two isolates from each positive sample were PCR
tested for species identification. Among generic enterococci
isolates, seven Enterococcus spp. were identified dominated by
E. durans (38%), followed by E. mundtii (22.5%), and E. faecium
(21.5%), which together accounted for over 80% of the generic
enterococci isolate population. Within age and treatment

TABLE 1 Concentrations and prevalence of generic- and antibiotic resistant- enterococci by age and treatment group in cow-calf production

system.
Concentration (log;,/g)
Outcome Overall Age group Treatment group
Calves Cows P-value Wheat Fescue P-value
Generic Enterococcus spp. 4.8 4.8 4.8 0.868 4.9 4.7 0.191
TET" Enterococcus spp. 4.5 32 4.8 <0.001 4.7 4.1 0.032
Prevalence (%)

Overall (n=202) Calves (n=96) Cows (n=106) P-value Wheat (n=101) Fescue (n=101) P-value
Generic enterococci 98.5 97.9 99.1 0.514 97.0 100 0.246*
TET" enterococci 96.5 96.9 96.2 0.802 96.0 97.0 0.701
ERY" enterococci 43.1 44.8 41.5 0.638 44.6 41.6 0.670

TET", tetracycline resistant; ERY", erythromycin resistant; *=Fisher’s exact P-value; prevalence was calculated from the total number (n) of the fecal samples presented in parenthesis.
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FIGURE 1

Fecal concentrations of generic- (A) and tetracycline resistant- (B) Enterococcus species in cow-calf production system. When shown, different
letters on the bar graphs indicate statistically significant differences at P < 0.05. Bar graphs are presented as mean concentrations and their 95%
confidence intervals.

groups, however, there was variation in terms of predominant (P<0.001) lower in the wheat pasture than the tall fescue. The
spp. Six isolates could not be identified by the method used proportion of E. durans isolates obtained from both cows and
(Table 2). The proportion of E. faecium isolates obtained from calves grazed on wheat was about twice as much than that
cows that grazed on the wheat pasture was significantly obtained from tall fescue (P<0.001). The E. casseliflavus isolates
(P=0.005) lower than in cows that grazed on tall fescue, with were all obtained from the calves (Fisher’s exact test P=0.009).
no significant difference in the calves. Proportions of E. mundtii TET" enterococci isolates were identified into five spp. with
isolates obtained from both cows and calves were significantly E. faecium representing over half (53%) of the population,
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FIGURE 2

Fecal prevalence of generic- (A), tetracycline resistant- (B) and erythromycin resistant- (C) Enterococcus species in cow-calf production system.
Bar graphs are presented as mean prevalence values and their 95% confidence intervals.
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TABLE 2 Prevalence of Enterococcus species among enterococci isolates identified from cow-calf populations, by media type.

Generic enterococci (n=302 isolates)

Calves

Species Total (n=302)
Fescue (n=65)

E. faecalis 10.9 5.8

E. faecium 215 13.8 4

E. mundltii 225 39.9°

E. casseliflavus 1.7 3.1

E. durans 37.8 26.0 *

E. gallinarum 0.3 0

E. hirae 3.3 3.1

Not identified 2.0 4.6

Calves

Species Total (n=352)
Fescue (n=88)

E. faecalis 2.0 1.1

E. faecium 53.7 51.1

E. casseliflavus 1.7 2.3

E. durans 16.8 19.3%°

E. hirae 25.0 239

Not identified 0.9 23

Calves

Species Total (n=111)
Fescue (n=16)
E. faecalis 225 62.5"
E. faecium 21.6 12,548
E. casseliflavus 19.8 0
E. durans 8.1 12,5
E. hirae* 5.4 0
E. avium* 7.2 0
E. asini 2.7 0
Not identified 12.6 12.5

Tetracycline resistant enterococci (n=352 isolates)

Erythromycin resistant enterococci (n= 111 isolates)

Cows
Wheat (n=55) Fescue (n=93) Wheat (n=89)
11.3 8.8 16.6
23.6 ** 323°% 1464
11.04 3128 7.8%
55 0 0
4928 27.0 % 50.5 °
0 0 1.1
1.8 2.2 5.6
1.8 1.1 1.1
Cows
Wheat (n=81) Fescue (n=87) Wheat (n=96)
4.9 23 0
63.0 51.7 50.0
0 1.1 3.1
9.9% 9.4 27.1%
21.0 35.6 19.8
12 0 0
Cows

Wheat (n=30)

Fescue (n=33)

Wheat (n=32)

3.34 2124 21.94
26.74% 36.4° 6.3*
6.7% 33.3" 28.148
13.3 3.0 6.3
13.3 0 6.3
10.0 0 15.6
6.7 0 3.1
20.0 6.1 125

Different superscripted letters indicate significant differences, where shown. *Fisher’s exact test.

followed by E. hirae (25%), and E. durans (17%); the three spp.
together accounted for over 95% of the TET" enterococci
population. Three TET" enterococci isolates could not be
identified into spp. by the method used (Table 2). Pasture type
had age dependent effect (i.e., interaction) on the prevalence of
E. durans: the prevalence was significantly (P=0.001) greater in
the wheat group than the tall fescue group in the cows.
Prevalence of the other spp. was not affected by age or
treatment group (Table 2).

ERY" enterococci were identified into seven spp.; 14 isolates
identified by the method used. Top three spp. were E. faecalis
(22.5%), E. faecium (21.6%) and E. casseliflavus (19.8%)
accounting for approximately 64% of the population (Table 2).
Pasture type had a significant (P= 0.002) age dependent effect on
the prevalence of E. faecalis; prevalence of E. faecalis was greater
in the calves that grazed on tall fescue than the remaining
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groups. Similarly, cows grazed on tall fescue had a significantly
(P=0.008) greater prevalence of E. faecium than cows grazed on
wheat. Prevalence of E. casseliflavus isolates was significantly (P=
0.027) greater in the tall fescue cows than wheat calves; none was
detected from tall fescue calves showing significant age effect (P=
0.003) and no significant pasture effect (P= 0.939). E. hirae, E.
avium and E. asini were detected only in the wheat
group (Table 2).

Effect of age and pasture type on the
distribution of resistance genes

Seventy percent of TET" enterococci isolates were positive

for tet(M); tet(L) and tet(O) represent the remaining 30%
(Table 3). One TET" Enterococcus isolate was negative for all
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the 11 et genes tested. The proportion of isolates carrying tet(M)
was significantly (P=0.001) greater among the calf isolates,
regardless of pasture type, than the isolates obtained from
cows that grazed on tall fescue. However, wheat grazing
diluted the age effect by increasing the proportion of the
isolates carrying tet(M) among the cows grazed on wheat,
although the difference between the cows grazed on the two
pasture types was not statistically different (Table 3). Calf TET"
enterococci isolates were almost three times (odds ratio =2.8;
95% confidence interval: 1.5-5.3) more likely to carry tet(M)
compared to the cow isolates adjusted for pasture type and
interaction. The prevalence of tet(L) was significantly (P<0.001)
greater among the cows in the fescue group than the wheat
groups; on the other hand, that of tet(O) was significantly
(P=0.034) higher among the cows on the wheat group than
calves in the tall fescue group (Table 3).

Overwhelming majority (84%) of ERY" isolates carried
erm(B). The prevalence of erm(B) was significantly (P=0.047)
higher among the wheat isolates than the fescue group. On the
other hand, the prevalence of msr(C) was significantly (P=0.006)
higher in the fescue isolates than in the wheat isolates. While
mef(A) gene was detected only in cows that grazed wheat,
erm(Q) was detected only in the calves that grazed on tall
fescue (Table 3). Two ERY" isolates were not positive for the
genes targeted.

Distribution of resistance genes by
Enterococcus species

Among TET" enterococci isolates, over 50% (range: 50-95%)
of the isolates in all species but E. hirae carried tet(M). However,
85% of E. hirae isolates carried either tet(L) or tet(O). The two

10.3389/frabi.2022.1052316

tet(S) positive isolates were E. casseliflavus (Table 4). While all
minor Enterococcus spp. harbored erm(B), 10% of E. faecalis, and
39% of E. faecium isolates were positive for msr(C) (Table 4).

Discussion

In the adult beef cows, the concentration and prevalence of
TET" enterococci were closely similar to that of the generic
enterococci population suggesting the widespread occurrence
and abundance of TET" enterococci population in beef cows. On
the other hand, the prevalence of ERY" enterococci was 42%.
Erythromycin resistant enterococci was enumerable only from a
single animal suggesting that ERY" enterococci occur at a low
concentration in the absence of or low antibiotic selection
pressure under extensive animal production such as cow-calf
operation. This phenomenon of low abundance (enumerable
from only five animals) but high prevalence (69%) was
previously reported from a beef cow population. (Agga et al,
2016) Unlike dairy cattle production, in cow-calf operation
calves comingle with the cows until weaning, adult cows can
potentially transmit ARB to the calves, as shown in the present
study by similar prevalence of both TET"- and ERY"- enterococci
in the calves and cows (Table 1).

Once in the feedlot, the level of resistant bacteria would
increase (Call et al., 2008), with subsequent carcass
contamination; ERY'- enterococci were detected from 88% of
colon fecal samples of beef cattle at slaughter. (Vikram et al.,
2017) When culled cows are sold and processed, ground beef
contamination can occur. ERY'- enterococci were detected from
38% and 48% of organic and conventional retail ground beef
claims, respectively. (Schmidt et al., 2021) A large retrospective
longitudinal analysis of ground beef obtained from retail

TABLE 3 Effects of age and pasture type on the prevalence (%) of tetracycline- and macrolide- resistance genes among tetracycline- and
erythromycin- resistant enterococci identified from the feces of cow-calf production system.

Tetracycline resistant enterococci (n=361 isolates)

Gene Total (n=361) Calves

Fescue (n=93)

tet(M) 69.8 7748
tet(L) 19.1 18.348
tet(O) 10.3 328
tet(S) 0.6 0

Erythromycin resistant enterococci (n=113 isolates)

Gene Total (n=113) Calves

Fescue (n=11)

erm(B) 84.1 72.7
msr(C) 11.5 18.2
mef(A) 1.2 0
erm(Q) 0.9 9.1

Cows
Wheat (n=81) Fescue (n=93) Wheat (n=94)
753" 54.8" 72.3%P
12.3% 34.4% 10.6"
12.348 10.8%% 14.9°
0 0 2.1
Cows
Wheat (n=34) Fescue (n=34) Wheat (n=34)
91.2 76.5 88.2
5.9 235 2.9
0 0 5.9
0 0 0

Different superscripted letters indicate significant differences, where shown.
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markets in the USA showed 92.7% enterococcal contamination
(Tyson et al., 2018).

Although the prevalence of TET"- and ERY"- enterococci did
not significantly differ, concentration of TET" enterococci was
significantly higher in the cows than in the calves. Several studies
indicated that the level of ARB decreases with age of the animal.
(Call et al., 2008; Gaire et al., 2021) Evaluating the age effect
requires a longitudinal study of following a cohort of calves over
time. Since our study was cross sectional, the study could not
evaluate age effect within the cohorts of the calves. Rather, this
study compared the level of ARB between the calf and cow
populations that were kept together. Monitoring the status of
ARB in beef calves and the breeding cows with periodic fecal
sampling and testing would help answer the age effect and define
the baseline level in calves prior to entering the feedlot.
Furthermore, previous studies reporting age effect were
conducted in E. coli. Therefore, our study can be used as a
baseline for Gram-positive bacteria such as enterococci
population in beef cattle production.

Wheat grazing at weaning tends to reduce the concentration
of TET" enterococci in the calves compared to cows grazing on
wheat. The mechanisms and benefits to calves grazing on wheat
need to be explored for the mitigation of AMR, especially
because calves go to feedlot for beef production, with food
safety implication. However, we previously reported from the
same cow-calf population that wheat grazing had no effect on the
prevalence and concentration of TET" E. coli (Agga et al., 2022b)
suggesting the differential eftect of wheat grazing on Gram-
positive and Gram-negative bacteria.

The top three Enterococcus species identified among the
generic- (E. drans, E. mundtii followed by E. faecium), ERY"- (E.
faecalis, E. faecium and E. casseliflavus) and TET"- (E. faecium,
E. hirae and E. durans) isolates (Table 2) represent the most
frequently identified species from the GIT of humans and
animals (Aarestrup et al., 2002; Dec et al., 2019). These top six
species (E. faecium was shared among the three media types; E.
durans was shared between generic and TET" isolates) are

10.3389/frabi.2022.1052316

among the most frequently identified retail meat isolates
(Tyson et al, 2018), signifying their foodborne importance
(Murray et al., 2022). Among the ground beef isolates, ERY-
(2.4% in E. faecalis, and 7.5% in E. faecium isolates) and TET-
(23% in E. faecalis, and 25% in E. faecium isolates) resistance was
observed relatively less frequently compared to other retail meat
types (Tyson et al., 2018). The top species isolated from the cow-
calf population are also among the species isolated from cattle
feces and feedlot environments, and cow-calf operations.
(USDA, 2012; Zaheer et al., 2020) Furthermore, TET and
macrolide resistance were the most prevalent phenotypes in E.
hirae, E. faecalis, and E. faecium isolates obtained from feedlot
cattle. (Zaheer et al., 2020) The present study notes that TET"-
isolates were less diverse than generic and ERY" isolates, with
fewer number of species identified and dominated by three
species which accounted for 95% of the total TET"
isolates (Table 2).

Although age modified the effect of wheat grazing on the
species distribution, E. casseliflavus was the only species that was
detected at a significantly higher prevalence in the calves than
the cows. The reason behind this species differential is unknown,
but E. casseliflavus is among the most commonly isolated
species, together with E. faecalis and E. faecium (Aarestrup
et al., 2002), from insects which aid in the spread of
enterococcal species (Macovei and Zurek, 2006). Another
significant finding of the current study is the potential of
wheat grazing to modify the gut microbiota. Wheat grazing
significantly reduced the prevalence of generic- and ERY"- E.
faecium (in the cows), generic E. mundtii (in both cows and
calves), ERY" E. faecalis (calves). On the other hand, wheat
grazing significantly increased the prevalence of both generic-
(doubled in the wheat group) and TET"- E. durans; ERY"- E.
hirae, -E. avium, and -E. asini were detected only from the wheat
group. The findings suggest that wheat grazing modifies the
microbiota of the gut, either by increasing or decreasing the
proportion of specific bacterial species. The mechanisms for this
effect and potential adaptation of wheat grazing to mitigate the

TABLE 4 Prevalence (%) of tetracycline- and macrolide- resistance genes, respectively among phenotypically tetracycline- and erythromycin-
resistant Enterococcus species obtained from the feces of beef cow-calf production.

% Of tetracycline resistance genes

Species No. of isolates tet(M) tet(L) tet(0O)
E. faecalis 7 71.4 28.6 0

E. faecium 179 95.0 4.5 0.6
E. casseliflavus 6 50.0 16.7 0

E. durans 59 86.4 5.1 8.5
E. hirae 86 15.1 54.7 30.2

% Of erythromycin resistance genes

tet(S) Species No. of isolates erm(B) msr(C)

0 E. faecalis 20 90 10

0 E. faecium 23 60.9 39.1
33.3 E. casseliflavus 22 100 0
0 E. durans 9 100 0

0 E. hirae 6 83.3 0
E. asini 3 100 0

E. avium 8 100 0

A single erm(Q) positive isolate and the two mef(A) positive isolates were not identified to species.

One E. hirae isolate was negative for all resistance genes tested.

Frontiers in Antibiotics

frontiersin.org


https://doi.org/10.3389/frabi.2022.1052316
https://www.frontiersin.org/journals/antibiotics
https://www.frontiersin.org

Agga et al.

major enterococci species, E. faecium and E. faecalis, in beef calf
production need to be further investigated.

Tetracycline- and macrolide- resistance of the enterococci
isolates obtained from the cow-calf population were conferred
exclusively by tet(M), tet(L) and tet(O), and erm(B) and msr(C),
respectively as reported in the literature. (Frye and Jackson,
2013; Agga et al., 2022¢) However, the distribution of the three
tet genes is more diverse in the cows than in the calves, where
tet(M) predominates. The age dependence for tet(M) in
conferring TET resistance in enterococci indicates the unique
role that tet(M) plays to counter antibiotic selection pressure in
the calves which require antibiotic treatments than the breeding
beef cows due to bacterial infections before weaning age. Beef
cows on the other hand are less susceptible to infections due to
less physiologic demand as well as less infection density, as
opposed to dairy cattle, thus do not require much antibiotic
treatment, and mass therapy is not common (Call et al., 2008;
USDA, 2012). Much like the species distribution, wheat grazing
affected the distribution of the tet and MLSg genes by either
increasing [tet(O), erm(B)] or decreasing [tet(L), msr(C)] their
prevalence. Wheat grazing had a similar effect on resistance
gene distribution among TET" and third generation
cephalosporin resistant E. coli isolates characterized from the
same cow-calf populations (Agga et al., 2022b). These findings
suggest that wheat grazing significantly affects the resistance
gene distribution by favoring the expansion of bacterial
population carrying certain genes, while suppressing bacterial
population carrying other genes despite conferring the same
phenotypic resistance.

Conclusions

The study detected erythromycin, a macrolide antibiotic
categorized as high priority critically important for medical
use, resistant Enterococcus species of significant public health
importance in two-fifths of the fecal samples obtained from cow-
calf production system. Tetracycline resistant Enterococcus
species were abundant and widespread in the cow-calf
populations. The study reported that wheat grazing, either
alone or through its interaction with the age of the animal,
affected the abundance of TET" enterococci, enterococcal species
and resistance gene distributions. Calves had a significantly
lower abundance of tetracycline resistant enterococci, and
tet(M) plays a major role in conferring tetracycline resistance
among the calf isolates, with more diverse tetracycline resistance
genes being detected in the cows. The study suggests that AMR
can persist in food animal production systems with less
antibiotic selective pressure such as cow-calf production.
Further studies are needed to harness the dual benefit of wheat
grazing to improve beef calf growth performance, and as a
potential mitigation strategy to modify pathogenic and
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antimicrobial resistant bacteria pathogenic to humans such as
enterococci prior to feedlot operation.
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SUPPLEMENTARY FIGURE 1

Representative gel images from capillary electrophoresis for enterococci
genus confirmation and species identification from cow-calf production
system. The molecular sizes are approximated base pairs (bp). Genus=
genus specific gene marker; FL= E. faecalis; FM= E. faecium; DU= E.
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Antimicrobial consumption in
food animals in Fiji: Analysis of
the 2017 to 2021 import data
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Introduction: Globally, the demand for animal protein for human consumption
has beenQ7 Q6increasing at a faster rate in the last 5 to 10 decades resulting in
increasedantimicrobial consumption in food producing animals. Antimicrobials
arefrequently used as part of modern methods of animal production, which
mayput more pressure on evolution of antibiotic resistant bacteria. Despite
theserious negative effects on animal and human health that could result
fromusing antibiotics, there are no assessment of antimicrobials consumed
by thelivestock sector in Fiji as well as other Pacific Island Countries. The
objective ofthis study was to quantify antimicrobials imported for consumption
in foodanimals into Fiji from 2017 to 2021.

Methods: Data on imported antimicrobials, whichwere finished products, was
obtained from Biosecurity Authority Fiji (BAF).Imported antimicrobials were
then analyzed by antimicrobial class, andimportance to veterinary and human
medicine.

Results: An average of 92.86 kg peryear (sd = 64.12) of antimicrobials as a net
weight was imported into Fiji in the2017-2021 study period. The mean amount
of imported active antimicrobialingredients after adjusting for animal biomass
was 0.86 mg/kg (sd = 0.59). Fromthe total antimicrobial imports during the
years 2017 to 2021, penicillins(69.72%) and tetracycline (15.95%) were the most
imported antimicrobialclasses. For animal health 96.48% of the antimicrobial
imports wereveterinary critically important antimicrobials. For human
healthfluroquinolones, macrolides, aminoglycosides, and penicillins were
theimported critically important antimicrobials.

Discussion: The study concluded that use ofantimicrobials in food producing
animals is low but monitoring of antimicrobialconsumption and antimicrobial
resistance was critical in Fiji due to overrelianceon critically important
antimicrobials.

KEYWORDS

antimicrobial resistance, antimicrobial consumption, Fiji, animal biomass, imported
antimicrobials, animal

frontiersin.org
19


https://www.frontiersin.org/articles/10.3389/frabi.2022.1055507/full
https://www.frontiersin.org/articles/10.3389/frabi.2022.1055507/full
https://www.frontiersin.org/articles/10.3389/frabi.2022.1055507/full
https://www.frontiersin.org/journals/antibiotics
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/frabi.2022.1055507&domain=pdf&date_stamp=2022-12-21
mailto:roybundimag@gmail.com
https://doi.org/10.3389/frabi.2022.1055507
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/antibiotics#editorial-board
https://www.frontiersin.org/journals/antibiotics#editorial-board
https://doi.org/10.3389/frabi.2022.1055507
https://www.frontiersin.org/journals/antibiotics

Magiri et al.

Introduction

Antimicrobial resistance (AMR), which is considered a One
Health problem as it occurs between humans, animals, plants,
and the ecosystem, has emerged as one of the major global health
threats (Prestinaci et al., 2015; Leger et al.,, 2021). AMR is linked
to misuse (i.e., under or overuse) of antimicrobials in humans
and animals. Antimicrobials are frequently utilized in food
animals to promote growth and prevent and treat animal
diseases (Schwarz et al, 2001; McEwen and Fedorka-Cray,
2002; Landers et al., 2012). The prudent use of antimicrobial
agents in food producing animals is necessary to prevent the
development and spread of antimicrobial resistance between
animals and human (Anthony et al., 2001; Lekshmi et al., 2017;
Aidara-Kane et al., 2018). However, indiscriminate use of
antimicrobials in food producing animals leads to emergence
of antimicrobial resistant microorganisms by way of natural
selection and can result in decreased benefits gained from
antimicrobial effectiveness over time (Cooper and Okello,
2021). Despite this challenge, no previous studies have been
conducted on antimicrobial consumption (AMC) in human and
animals in Fiji and the pacific. Antimicrobial resistant organisms
of animal origin are transmitted to human via environment,
consumption of animal food products and to animal health
worker through direct contact with animals (Economou and
Gousia, 2015; Founou et al., 2016; Graham et al., 2019). Human
intestines may become colonized with animal-derived, drug-
resistant bacteria like Escherichia coli and Enterococcus species
(Phillips et al, 2004; Rousham et al., 2018). People who are
frequently exposed, such as those who work in slaughterhouses,
food establishments, and farms where animals are fed
antibiotics, are more likely to develop resistance to E. coli than
the general public (Van den Bogaard et al., 2001). There has been
a noticeable surge in the appearance of resistant food pathogens
such as Salmonella spp., Campylobacter spp., and other bacteria
thought to be markers of AMR as a result of increased usage of
antimicrobial drugs in food animals (Sanchez et al,, 2002;
Elhadidy et al., 2020). Furthermore, repeated exposure to low
doses of antimicrobial drugs when used as growth-promoters or
for prophylactic treatment in livestock production results in the
development of ideal conditions for the emergence and spread of
AMR organisms in animals (Chantziaras et al., 2014). To further
exacerbate the problem of AMR in developing countries,
consumption of antimicrobials in animals is set to increase
exponentially over the coming decades particularly in low and
middle income countries (Klein et al., 2018; Van Boeckel et al.,
2019). Increased AMC in low and middle income countries is
partly due to rising incomes resulting in increased demand for
animal protein which necessitate the use of antimicrobials to
increase livestock productivity (Rushton, 2015; Kirchhelle, 2018;
Manyi-Loh et al., 2018).
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The unprecedented increase in AMR has led to the
development of a global strategy which includes monitoring of
AMC in animals (Schar et al, 2018; Munkholm and Rubin,
2020). Monitoring of AMC enables detection of risk factors as
well as understanding temporal association between AMC and
AMR (Page and Gautier, 2012). Such analysis provides evidence
for the development of policies for managing AMR both in
human and animal health (Ferreira, 2017). Furthermore, some
of the antimicrobials used in food producing animals are also
used in humans to treat common infections hence development
of resistance in animal has a great economic impact on human
health (Magouras et al,, 2017). At the global level, the World
Organization for Animal Health (WOAH), founded as the Office
International des Epizooties (OIE), has documented harmonized
guidelines for AMC monitoring which includes sources of AMC
data such as import data, sales, manufacturing, and farm use
data (World Organisation for Animal Health, 2020a).
Additionally, WOAH and the World Health Organization
(WHO) have documented antimicrobial agents of veterinary
and human health importance respectively (World Health
Organization, 2019; World Organisation for Animal Health,
2021). Although, some countries have been collecting data on
AMCG, this has mostly been done in developed countries (Grave
et al., 2010; Hosoi et al., 2013; Hillerton et al., 2017). Low and
middle income countries face numerous challenges such as lack
of data on antimicrobial use (AMU) mostly due to limited
veterinary services (Tiseo et al., 2020).

Fiji is one of the Pacific Island countries in the Oceania
region with the majority of the population depending on
subsistence agriculture and keeps several livestock species such
as cattle, chicken, sheep, and goat. The country has three
hundred islands, but majority of the population lives in two
main islands namely Viti Levu and Vanua Levu. Livestock
keeping in Fiji is important as it is a source of income,
protein, and weed control. According to the 2020 agricultural
census, there were 119,691 cattle, 37,435 sheep, 143,853 goats,
and 1,412, 901 chicken (Ministry of Agriculture, 2020). Despite
the importance of livestock, there has been limited studies on
animal diseases with brucellosis, and bovine tuberculosis being
the most studied (Tukana et al, 2016; Borja et al, 2018).
Additionally, the prevalence of AMR in food animals in Fiji
remain unknown (Magiri et al., 2022). Lack of information on
animal health issues in Fiji could be limited due to limited
veterinary services; animal health providers have also been
found to have limited knowledge on AMR (Khan et al., 2022a;
Khan et al., 2022b).

The aim of this study is to address the gaps in understanding
AMC in food animals in Fiji at the national level using
antimicrobials imported between 2017 and 2021. The
imported antimicrobials are described according to their
antimicrobial class and their importance in veterinary and
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human medicine. The findings can be useful for risk analysis and
planning, evaluation of cost-effectiveness of initiatives to
promote prudent antimicrobial usage, and development of
strategies to reduce AMR.

Materials and methods

Data collection and characterization of
imported antimicrobials

The data on imported antimicrobials between 2017 and 2021
was obtained, after seeking approval, directly from the official
records of the Biosecurity Authority of Fiji (BAF). The BAF is a
Public Enterprise under the Public Enterprises Act 2019 tasked
with managing quarantine control at the Fiji border and
provision of import and export inspection and certification.
The Database of the imported antimicrobials for veterinary use
contained name of importer, date of importation, active
ingredients imported as finished products, package sizes, and
antimicrobial chemical compound, and represents a tier 1
distribution system. All veterinary drugs imported into Fiji
including antimicrobials have to be registered by BAF. Only
the veterinary antimicrobials import data was obtained from
BAF. The data was screened for quantity imported,
recommendation for use in food animals, name of active
ingredient, and concentration of active ingredient.
Characterization of the extracted data was done using OIE list
of antimicrobials of veterinary importance and the WHO list of
antimicrobials of human health importance (World Health
Organization, 2019; World Organisation for Animal Health,
2021). Also, the data was stored in Microsoft Excel (Microsoft
Corporation, Redmond, WA, USA).

Animal biomass estimation

Animal biomass, which was the total number of food
animals in Fiji in tons, was estimated from animal population,
animal slaughter, quantity of meat produced, carcass weight, and
live animal weight data with cattle, sheep, goats, pigs, and
chicken being the major focus as they are the most consumed
in Fiji. Regarding livestock population, the 2009 and 2020
agricultural census (Ministry of Agriculture, 2009; Ministry of
Agriculture, 2020) was first used to estimate the annual
population growth rate using the equation below.

(1) r :(PZ/Pl)i -1

Where r is annual growth rate of a particular livestock species,
P, is the present livestock population (i.e., 2020) for a particular
livestock species (e.g., cattle, sheep, goat, pigs, or chicken), P, is the
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past livestock population (i.e., 2009) livestock population for a
particular livestock species, y is the number of years between the
present and past years which was 11 years in this case. Number of
animals slaughtered, and quantity of meat produced was obtained
from Fiji meat industry report (Fiji meat industry board, 2016).
However, number of chickens slaughtered, and quantity produced
was obtained from FAOSTAT as this information was not
available in the Fiji livestock industry report (Food and
Agriculture Organization of the United Nations). Carcass weight
was estimated by dividing total weight of animals slaughtered with
total number of animals slaughtered whereas live weight was
estimated by dividing carcass weight by conversion coefficient for
a particular livestock species; cattle, sheep, goat, pig, and chicken
conversion factors used in this study were 0.7, 0.47, 0.47, 0.78, and
0.7 respectively (Eurostat, 2009). The total animal biomass from
2017 to 2021 was calculated as described by the OIE (Gochez et al.,
2019) except for cattle which was calculated by multiplying live
weight with the cattle population due to lack of data on proportion
of livestock slaughtered and quantity of meat for different age
groups. More information on the animal biomass calculations can
be found in the Supplementary Material.

Data analysis

To obtain the quantity of imported antimicrobials, the
amount of each antimicrobial agent (chemical compound as
declared in import permit) per package was calculated first, and
the result subsequently multiplied by the number of packages
imported to obtain the overall amount of antimicrobial agent,
which was converted to kilograms as per the OIE
recommendation (World Organisation for Animal Health,
2020b). Equation 2 was used to calculate the total amount
(first as milligram then converted to grams) of antimicrobial
agent in a container (e.g., bottles and syringes).

Total amount of antimicrobial agent in a container (g)

= (strength (%) X container size (ml))/lOOO

)

Where mg is milligram and ml is milliliter.
Afterwards, the content of the antimicrobial agent per
package was calculated using Equation 3.

Content of antimicrobial agent per package (g) (3)
= Total amount of antimicrobial agent in a container
(g) x number of packs

The number of packs were 4, 6, 10, 12, and 20. However,
some importers occasionally imported single units.

Equation 4 was used to calculate the total amount of
antimicrobial agent in a blister or a strip.
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Content of antimicrobial agent per blister pack (g)

= (strength per tablet (mg) x number of blisters

x number of tablets in in each blister) /1000

(4)

For antimicrobial agents that were reported using
international units (UI) such as penicillin for intramuscular
injection, conversion factors were used to convert this into
mg/ml (World Organisation for Animal Health, 2020b).
Equations 2 and 3 were then used to derive the content of
antimicrobial agent per package. All weights of the imported
active antimicrobial ingredients were expressed in kilograms
except when adjusting for animal biomass which was done in
milligrams. Tables S1, S2 in the Supplementary Materials show
how the antimicrobial quantities for each antimicrobial agent
was derived. The antimicrobials were mostly imported from
Australia, New Zealand, India, and United Kingdom.

Antimicrobials used in food animals was adjusted for the
relevant animal biomass by dividing antimicrobial agents
imported in milligrams (mg) by the total animal biomass in kg
(Gochez et al,, 2019). The standard weight for sheep and goats
used in this study for calculating their biomass was 37.5
kilograms (Galal, 2005). Trend analysis was done using Mann
Kendall test in R Software (package = Kendall) to determine
whether time series of the imported antimicrobials had an
upward or downward monotonic trend (McLeod, 2022).
However, the trend analysis is not the best form of presenting

10.3389/frabi.2022.1055507

a data of a very short period. The hypothesis was that there was a
trend in the imported antimicrobials. Apart from determining
quantities of antimicrobials imported and their trend,
antimicrobials of both veterinary and human importance were
quantified between 2017 and 2021. Data analysis was done using
R Software (R Core Team, 2022).

Results

A total of 464.31 kg of active antimicrobial agents (Table 1),
which were all finished products, was imported to Fiji between
2017 and 2021 for use in food animals (mean = 92.86 kg per year,
standard deviation (sd) = 64.12 kg per year). Notably, all
antimicrobials for use in animals, were recorded by BAF at the
point of entry. The annual quantities and antimicrobial classes
imported over the study period is as shown in Table 1. We
assumed that no antimicrobial that entered the country through
Illegal route of importation which is usually a major problem in
developing countries. The mean amount of imported
antimicrobials after adjusting for animal biomass was 0.86 mg/
kg (sd = 0.59). Additionally, the mean amount of imported
antimicrobials after adjusting for animal biomass in 2017, 2018,
2019, and 2021 was 1.3 mg/kg, 1.3 mg/kg, 1.2 mg/kg, and 0.2 mg/
kg respectively (Figure 1). The antimicrobial chemical
compound names of the imported finished products included
gentamycin sulphate, cephalothin sodium, cephazolin sodium,

TABLE 1 Annual quantities of antimicrobials imported in Fiji between 2017 and 2021.

Imported antimicrobial agents (class, sub-
class)

2017

Annual quantities of imported active antimicrobial agents (kg, %)

2018 2019 2020 2021 Total

Aminoglycosides 0.29 (0.22) 0 (0) 0.16 (0.10) 0.14 (0.73) ‘ 1.39 (5.05) ‘ 1.98 (0.43)
Cephalosporins
First-generation cephalosporin 0.83 (0.64) 0.1 (0.01) 0.43 (0.28) 0.08 (0.42) 0.60 (2.18) 1.94 (0.42)
Second-generation cephalosporin 0 (0) 0 (0) 0.01 (0.01) 0 (0) 0 (0) 0 (0)
Quinolones
Fluoroquinolone 0.01 (0.01) 0.01 (0.01) 0.1 (0.07) 0 (0) 0.01 (0.04) 0.13 (0.03)
Lincosamides 14.25 (10.97) 0 (0) 0.04 (0.03) 0.03 (0.16) 0.05 (0.18) 14.36 (3.09)
Macrolides 0.02 (0.02) 28.75 (21.44) 0.01 (0.01) 0 (0) 0 (0) 28.78 (6.20)
101.84 13.63 10.78 323.73
Penicillins 103.16 (79.40) (75.95) 94.33 (61.43) (70.92) (39.19) (69.72)
12.57
Sulfonamides 1.85 (1.42) 0 (0) 1.35 (0.88) 3.29 (17.12) (45.69) 19.06 (4.11)
Tetracyclines 9.49 (7.30) 3.48 (2.60) 57.06 (37.16) 2.06 (10.72) 1.97 (7.16) 74.06 (15.95)
Nitroimidazoles 0.03 (0.02) 0 (0) 0.08 (0.05) 0 (0) 0.15 (0.55) 0.26 (0.06)
129.93 134.08 153.56
Total (27.98) (28.87) (33.07) 19.22 (4.13) 27.51 (5.92) 464.31 (100)
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cefuroxime sodium, ciprofloxacin hydrochloride, norfloxacin,
lincomycin hydrochloride monohydrate, erythromyecin,
penicillin G procaine, silver sulfadiazine, sulfamethoxazole,
tetracycline hydrochloride, and metronidazole. Trend analysis
revealed that there was no significant increasing or decreasing
trend in the antimicrobials imported between 2017 and 2021
(test statistic: -0.20; p-value: 0.80).

A total of 13 antimicrobial active ingredients (namely
gentamycin, cephalothin, cephazolin, cefuroxime, ciprofloxacin,
norfloxacin, lincomycin, erythromycin, penicillin, sulfadiazine,
sulfamethoxazole, tetracycline, and metronidazole belonging to nine
antimicrobial classes (namely aminoglycosides, cephalosporins,
quinolones, lincosamides, macrolides, penicillins, sulfonamides,
tetracycline, and nitroimidazoles) was reported. Also, screening of
the antimicrobial agents imported revealed that no nitrofuran was
imported during the study period. Analysis of the imported
antimicrobial agents between 2017 and 2021 revealed that 69.72%
of the total imported antimicrobials within the study period were
penicillins (Table 1). Another commonly imported antimicrobials
were tetracyclines (15.95%); penicillins and tetracyclines comprised
85.64% of the total imported antimicrobials between 2017 and 2021.

Analysis of the imported antimicrobial agents according to
animal health importance revealed that penicillins (72.30%)
were the top veterinary critically important antimicrobials
during the years 2017 to 2021 followed by tetracyclines
(16.54%) (Table 2). Critically important antimicrobial agents
in animal health are the limited agents available to treat serious
infections in animals. The definition of clinically important
antimicrobials is similar in animal health, but the serious
infections include those from non-human sources. In human
health, penicillins are regarded as critically important, high

Total active antimicrobial agents after adjusting for animal biomass(mg/kg)

2018

2017

FIGURE 1

2019

10.3389/frabi.2022.1055507

priority antimicrobials. Tetracycline was the second most
imported veterinary critically important antimicrobial
(16.54%) (Table 2). However, in human health, tetracycline is
not regarded as a critically important antimicrobial. Other
antimicrobial agents of both veterinary and medical critical
importance imported in Fiji between 2017 and 2021 included
fluoroquinolones and macrolides (Table 2). Results for highly
important antimicrobial for animal use, revealed that
linconsamides were the most imported (Table 2). No
veterinary important antimicrobial was imported during the
studied period.

Discussion

To the best of our knowledge, this is the first study in Fiji and
within the broader Pacific Island countries to describe imported
antimicrobial agents for food animals using international
guidelines. Fiji imports all antimicrobials therefore this study
was an important proxy for understanding AMC in animal
health at the national level; obtaining data on AMU at the farm
level or retail is challenging due to lack of records. The study also
forms a baseline for analyzing future trends in AMC in food
animals in Fiji and the Pacific.

The quantity of antimicrobials imported for use in food
animals, adjusted for animal biomass, in Fiji was found to be
0.86 mg/kg on average compared to an average consumption of
237.72mg/kg in Oceania, Asia, and Far East, and a global average
of 144.39 mg/kg antimicrobials in livestock (World Organisation
for Animal Health, 2020b). Equally, in New Zealand, which is
one of the countries in Oceania, AMC in food animals was found

1.3
1.2
0.2

2020 2021

Year

Antimicrobial import weight (mg) adjusted by animal biomass (kg) into Fiji between 2017 and 2021.
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to be 9.4mg active ingredient/kg biomass (Hillerton et al., 2017).
In Pakistan, AMC was found to be 10.05 mg/kg of the
cumulative animal biomass, while in sub-Saharan Africa, it
was found to be 524 + 1.40 mg/population correction unit
(Mouiche et al., 2020; Umair et al.,, 2022). Studies in Timor-
Leste, which is a low and middle income country with a relatively
similar agricultural system like Fiji, AMC in food animals was
reported to be 0.55 mg/kg after adjusting for animal biomass
(Ting et al., 2021).

The low consumption of antimicrobials in Fiji could be due to
several factors such as low livestock population, relatively low
occurrence of animal diseases, and less intensified livestock
production systems. However, further studies are required in Fiji
to determine the prevalence of animal diseases including farming
practices especially AMU. A past study showed that farmers
knowledge of AMR in Fiji is low (Khan et al, 2021; Khan et al,
2022a; Khan et al., 2022b). Another important observation on the
quantities of imported antimicrobial agents, was the sharp decrease
of imported antimicrobials in 2020 and 2021. The COVID-19
pandemic could be responsible for this decrease as Fiji relies on
imported antimicrobials. This also shows how vulnerable Pacific
Island Countries are to external shocks such as pandemics which
may affect food security (Singh et al., 2022).

Analysis of the imported antimicrobial agents according to
their importance in veterinary and human medicine, revealed
that most antimicrobials imported for consumption in food
animals are considered to be veterinary critically important; of
the total antimicrobials imported for veterinary use between

10.3389/frabi.2022.1055507

2017 and 2021, 96.48% were veterinary critically important. This
requires Fiji to judiciously use antimicrobials for food
production to prevent a high risk of AMR occurrence which
would render the antimicrobials ineffective and ultimately
resulting in food insecurity. Furthermore, this study found
that penicillins and tetracyclines are the most commonly
imported antibiotics indicating overreliance on broad-
spectrum antibiotics for treatment. Penicillins and tetracyclines
are commonly used by farmers in developing countries due to
their low cost and broad-spectrum antimicrobial activity
(Beyene et al,, 2015). Importation of fluroquinolone, which
pose higher risk to public health regarding, and macrolides
and penicillins, both of which pose limited risk to public
health, need to be monitored in Fiji to prevent AMR
occurrence in humans in Fiji. Monitoring for AMR is
therefore a recommendation based on the study findings. A
positive finding was that nitrofuran was not imported into Fiji
during the study period. Several toxicological studies have
revealed that nitrofuran drugs may have carcinogenic
properties posing a major public health risk; use of nitrofurans
in food animals has been banned by the European Union
(McCalla, 1979; Antunes et al., 2006).

The study had limitations and challenges. First, data on
AMC in the livestock sector in Fiji and the broader Pacific Island
Countries is limited due to both the lack of comprehensive
government level surveillance systems resulting from shortage of
veterinarians and the reluctance of livestock industry (food
animal producers and animal feed producers) to give the

TABLE 2 Total quantities (in kg) of antimicrobials imported in Fiji (2017-2021) according to animal and human health importance.

Imported antimicrobial agents (class, sub-class)

Total imported active antimicrobial agents according to veterinary impor-

tance (kg, %)

Veterinary highly

Veterinary critically important important Veterinary important

Aminoglycosides 1.98(0.44) - -
Cephalosporins

First-generation cephalosporin - 1.94(11.89)

Second-generation cephalosporin - 0.01(0.06)
Quinolones

Fluoroquinolones’ 0.13(0.02) -

Lincosamides - 14.36(88.05)

Macrolides’ 28.78(6.43) - -

Penicillins 323.73(72.30) - -

Sulfonamides 19.06(4.26) - -

Tetracyclines 74.06(16.54) - -
Total 447.73(96.48) 16.31(3.52) -
!Critically important, highest priority antimicrobial agent in human health.
*Critically important, high priority antimicrobial agent in human health.
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comprehensive reports on antimicrobial consumption. In this
study, data was from imported antimicrobials which represent a
tier 1 distribution system. Imported antimicrobials data (tier 1
systems) may over or underestimate the actual quantities of
antimicrobials consumed compared to data obtained from either
retailers, veterinarians, or producers. However, farmers,
veterinarians, retailers, and producers do not regularly keep
data on AMU due to insufficient enforcement by regulatory
authorities in Fiji (Magiri et al., 2022). Therefore, this study
assumed that data on imported antimicrobials can be the best
proxy for ascertaining quantities of antimicrobials consumed by
food animals in Fiji nationally. Second, there was difficulty in
obtaining parameters for estimating animal biomass (e.g.,
annual livestock population, number of livestock slaughtered,
quantities of meat etc.). Livestock census in Fiji is done every ten
years but the actual number of livestock per year is usually
unavailable. This study mostly relied on country available data
rather than FAOSTAT as these were deemed to be more reliable;
FAOSTAT uses imputation methods to estimate number of
livestock slaughtered and quantities of meat harvested.
Additionally, the OIE estimation of AMC globally, relies on
European parameters (e.g., standard weights) which could
slightly overestimate animal biomass. Parameters that closely
represented Fiji agricultural production systems was used in this
study to enable accurate estimation of the animal biomass.

In conclusion, this study found that AMC in food animals is
relatively low in Fiji possibly due to the subsistence nature of
livestock production and low livestock population. However,
overreliance on antimicrobials of last resort for livestock
production as well as importation of antimicrobials of critical
importance to human health warrant regular monitoring of AMU
and AMR in Fiji for food security and protection of public health.
The current Australia Centre for International Agricultural
Research (ACIAR) funded AMR project is aimed at addressing
some of the gaps in managing AMR in the region. The project is
the first to adopt the One-Health approach to research into AMR
in humans, animals and the environment in the Pacific region.
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Comparison of antibiotic
resistance genes in swine
manure storage pits of
lowa, USA

Timothy P. Neher*, Michelle L. Soupir, Daniel S. Andersen,
Maggie L. O'Neill and Adina Howe

Department of Agricultural and Biosystems Engineering, lowa State University, Ames, IA, United States

Antimicrobial resistance (AMR) can develop in deep-pit swine manure storage
when bacteria are selectively pressured by unmetabolized antibiotics.
Subsequent manure application on row crops is then a source of AMR into soil
and downstream runoff water. Therefore, understanding the patterns of diverse
antibiotic resistance genes (ARGs) in manure among different farms is important
for both interpreting the results of the detection of these genes from previous
studies and for the use of these genes as bioindicators of manure borne antibiotic
resistance in the environment. Previous studies of manure-associated ARGs are
based on limited samples of manures. To better understand the distribution of
ARGs between manures, we characterized manures from 48 geographically
independent swine farms across lowa. The objectives of this study were to
characterize the distribution of ARGs among these manures and to evaluate what
factors in manure management may influence the presence of ARGs in manures.
Our analysis included quantification of two commonly found ARGs in swine
manure, ermB and tetM. Additionally, we characterized a broader suite of 31
ARGs which allowed for simultaneous assays of the presence or absence of
multiple genes. We found the company integrator had a significant effect on both
ermB (P=0.0007) and tetM gene concentrations (P=0.0425). Our broad analysis
on ARG profiles found that the tet(36) gene was broadly present in swine
manures, followed by the detection of tetT, tetM, erm(35), ermF, ermB, str,
aadD, and intl3 in samples from 14 farms. Finally, we provide a comparison of
methods to detect ARGs in manures, specifically comparing conventional and
high-throughput gPCR and discuss their role in ARG environmental monitoring
efforts. Results of this study provide insight into commonalities of ARG presence
in manure holding pits and provide supporting evidence that company integrator
decisions may impact ARG concentrations.

KEYWORDS

antimicrobial resistance, livestock management, production system, integrator, manure
storage, swine manure, qPCR (quantitative PCR), high-throughput gPCR
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Introduction

Large-scale swine production and growing demand for pork has
resulted in the consequent increased production of swine manures
(OECD and Food and Agriculture Organization of the United
Nations, 2021). Manures are a reservoir for unmetabolized
antibiotics and antibiotic resistant bacteria (Marti et al., 2014; Mu
et al.,, 2015; He et al., 2020; Lima et al., 2020; Howe and Soupir,
2021). The enrichment of antibiotics in manure originates from the
use of antibiotic administration to therapeutically and sub-
therapeutically control, prevent, and treat disease (Klein et al,
2018). In the United States, more than two million kilograms, or
39% of medically important antibiotics intended for use in food-
producing animals, were used in swine production in 2019 (Center
for Veterinary Medicine, 2020). Much of the administered
antibiotic is unmetabolized and remains in the animal tissue or
excreted with manure (Elmund et al., 1971; Bacanli and Basaran,
2019). Excess manure and associated antibiotic residues are often
retained in deep pit storage structures until field application as
fertilizer (Elmund et al, 1971; Zhang et al., 2017). Manure can
remain in storage structures for more than a year, between intervals
of land application (IADNR, 2022). Within these deep pits, there is
continuous interaction between antibiotics and bacteria, which can
lead to the development and/or enrichment of antibiotic resistance,
both by genetic mutation and horizontal gene transfer (Chee-
Sanford et al., 2009; Zhao et al.,, 2019; He et al., 2020). Generally,
manure has been identified as a potential hotspot for the
accumulation and dissemination of antibiotic resistance to
the environment.

Diverse antibiotic resistant genes (ARGs) associated with
medically important classes of antibiotics have been observed in
swine manure bacteria. Swine manure associated ARGs include
tetracyclines (tet), macrolides (erm, msr, mef), lincosamides (Inu,
lin), aminoglycosides (aac, aad, aph, str), sulfonamides (sull, sul2),
amphenicols (cpr, cml, floR), and fluoroquinolones (gnr), ranked by
total mass distributed in the US. (Fang et al., 2018; Center for
Veterinary Medicine, 2020; Checcucci et al., 2020). The most
commonly detected ARG determinants in swine manure encode
resistance to tetracyclines (fef), sulfonamides (sul), and macrolides
(erm) (Chen et al., 2007; Whitehead and Cotta, 2013; Li et al., 2019).
A number of these ARGs have been detected within environments
adjacent to animal production or manure application and are
attributed to manure management practices (Wang et al., 2020),
supporting the theory that manure-borne antibiotics and
subsequent antimicrobial resistance contribute to the overall
resistome in environmental soil and water (Wellington et al,
2013; Checcucci et al., 2020; Zhou et al., 2020).

To understand the risk of AMR from swine manure, broad and
effective surveillance methods are necessary. Ideally, these methods
would be sensitive and specific to swine-specific AMR risks, such as
ARGs or pathogens. Unfortunately, the ARGs that are associated
with swine manures are also detected in other animal production
where similar antibiotics are used (Zalewska et al., 2021).
Furthermore, ARGs and antibiotic resistant bacteria are naturally
occurring in the environment (Martinez, 2012; Van Goethem et al.,
2018), making it necessary to distinguish antibiotic resistance
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determinants derived from swine production to those that are
found in the natural environment (Allen et al., 2010; Meyers
et al, 2020). Additionally, swine manures themselves can vary
significantly in the suite of ARGs that are characteristic of their
microbial communities (Xue et al., 2021; Shui et al., 2022). We have
a limited understanding of this variation among manures because
most studies of swine-associated ARGs have been focused on
demonstrating an enrichment of ARGs in a small sample of a
single farm or a small number of manure samples (Li et al., 2019;
Wen et al,, 2019; Yang et al., 2020; Xue et al., 2021).

We focused on swine manures originating from the state of
Iowa, which is the highest swine producing state in the United
States, where there are more than 5,400 swine farms (IPPA, 2012).
The rationale for selecting a state-wide sampling was based on
accessibility to samples within a similar time period and also our
expectation that we would observe high variability in swine
production systems and company integrators within regional
samples. Swine farms can vary in specialized production systems
such as wean-finish or grow-finish, and company integrators that
manage supplies like weaners, feed, and medication (Cooper, 2018).
It is yet unclear how these variables may influence resulting AMR in
stored manure.

In this study, we expand our knowledge of the presence of
antibiotic resistant determinants in swine manure by providing a
broad comparison of ARGs among manures from 48 farms. We
aimed to quantify the presence of ARGs that have been
demonstrated to be consistently enriched in swine manures, tetM
and ermB (Whitehead and Cotta, 2013; Wen et al., 2019; Alt et al,,
2021) and also characterized the presence of diverse resistance
genes associated with other antibiotics and with swine manure,
including aminoglycoside, carbapenem, lincosamide, phenicol, and
sulfonamide resistance (Table 1). Our justification for the gene
selection is that these genes are associated with the most sold
antibiotics in swine production (Center for Veterinary Medicine,
2020). Additionally, a parallel study of the manures from these
farms measured high levels of tetracyclines and macrolides
(Congilosi et al., 2022). Our objective of this study was to better
understand ARG representation across multiple swine sources in a
similar region and to assess the variability of ARGs in swine manure
and their usefulness as broad bioindicators of manure influence.
Concurrently with evaluating ARGs among farm manures, we
assessed the differences in farm management: production system
(wean-finish or grow-finish) and company integrator (integrator 1
or integrator 2). Understanding the distribution of these genes
under varying farm management conditions will help us better
understand whether broad management factors influence the
concentrations of manure-associated ARGs in swine manure from
deep pit storage structures.

Materials and methods
Sample collection

A total of 48 swine farms were sampled from across the state of
Towa in the summer of 2020. At each farm, a single representative
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TABLE 1 Antibiotic resistance genes observed in previous studies in soil and water influenced by swine manure.

Antibiotic class of Antibiotic Resistance Gene

resistance

Studies reported

Aminoglycoside aadD, aada2, str (Chen et al., 2017; Han et al., 2018; Liu et al., 2019)

Carbapenem blaPSE, blaOXA10 (Han et al., 2018; Cheng et al., 2020; Radu et al., 2021)

Lincosamide InuA, InuB (Han et al., 2018; Cheng et al., 2020)

Macrolide erm(35), erm(36), ermB, ermC, (Chen et al., 2017; Peng et al., 2017; Han et al., 2018; Liu et al., 2019; Lopatto et al., 2019; Wen et al,,

ermF, ermQ, ermT

2019; Meyers et al., 2020; Radu et al., 2021)

Mobile Genetic Element intll, intl2, intl3, intI1F165

(Chen et al., 2019; Lopatto et al., 2019; Meyers et al., 2020)

Phenicol floR, cmlAl, cmlA5 (Chen et al.,, 2017; Liu et al., 2019)

Sulfonamide sull, sul2 (Peng et al., 2017; Chen et al,, 2019; Liu et al,, 2019; Lopatto et al., 2019; Meyers et al., 2020; Radu
et al., 2021)

Tetracycline tet(36), tetA, tetL, tetM, tetO, tetT, (Chen et al., 2017; Chen et al., 2019; Peng et al., 2017; Han et al., 2018; Liu et al., 2019; Wen et al.,

tetW, tetX

2019; Meyers et al., 2020; Radu et al,, 2021)

manure sample was collected from deep pit storage structures.
Specific locations of the farms are not disclosed due to privacy
restrictions, but all farms are within the state of Iowa and are
geographically independent of each other. Samples were collected at
the edge of the pits through a manure pump out via dipping the
sample from the top six inches of the manure surface. All farms
were deep pit barn facilities where pigs were either grow-finish (GF)
or wean-finish (WF) pigs raised on a slatted floor. Pigs were fed
commercial production diets consisting primarily of corn, soybean
meal, and distillers grains with percentages fed varying by growth
stage and price of different feed ingredients. After collection,
manure was stored at -20°C for one month until further
processing. Each manure sample was subsampled in triplicate
prior to DNA extraction. Each farm included was categorized
based on originating integrator and production system.
Specifically, these categories were company integrator: Integrator
1 (n=24) or integrator 2 (n=24); production system: wean-finish
(n=34), or grow-finish (n=14). Ethical review and approval was not
required for the study on animals in accordance with the local
legislation and institutional requirements. This work was conducted
in collaboration with local swine growers who made all animal
decisions regarding health and well-being and allowed the
collection of manure at their site.

DNA extraction

The DNA extraction procedure followed protocols from the
MagAttract PowerSoil DNA EP Kit (Qiagen) and an epMotion 5075
automated robot for extraction (Eppendorf). Samples of 0.25 grams
wet weight of liquid swine manure were used for DNA extraction.
Each manure was sub-sampled into three replicates (“farm
replicates”). For each farm replicate, we performed three DNA
extractions, resulting in three technical extraction replicates
(“extraction technical replicates”) for each farm replicate manure
sample. The resulting DNA was cleaned using a DNA Clean and
Concentrator kit (Zymo Research). Subsequent DNA
concentrations were measured with the Quant-it dsSDNA Assay
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Kit, high sensitivity (Thermo Fisher Scientific). The DNA samples
were stored at -80°C until further use.

Conventional gPCR quantification
(quantification of concentrations of tetM
and ermB)

Conventional qPCR assays were performed on a CEX96 Touch
Real-Time PCR Detection System (BioRad) and measured in
triplicate using primers targeting the 16S rRNA gene, ermB gene,
and tetM gene (Supplementary Table 1). Genes were quantified in
all 48 swine manure samples. The DNA template was diluted (1:10)
to optimize qPCR detection, to minimize inhibitors, and increase
primer efficiency to a target gene. The limit of quantification was
determined for each gene using oligonucleotide standards. Standard
curves ranged from 107 to 10" copies, and all samples measured
above the limit of quantification. Outliers in the triplicate were
omitted if above 1.5 times the standard deviation in the average of
the three values. Efficiencies calculated by standard curves ranged
from 82.2 to 100.6% and all R* values were above 0.98
(Supplementary Table 2). All reported absolute abundance
(copies/gram) are reported in gene copies per gram of wet weight
of manure and were calculated by the equation:

X copies* 100uL final volume

= «dilution factor 10x(

reaction ZUL
reaction

High-throughput qPCR (presence absence
of ARGs)

Extracted DNA was analyzed for a wide host of ARGs encoding
resistance to a broad spectrum of antibiotics used in swine
production; str, aadD, aadA2 (Aminoglycosides), ermB, ermC,
ermF, ermQ, ermT, erm(35), erm(36) (Macrolides), sul2, sull
(Sulfonamides), tetA, tetL, tetM, tetO, tetT, tetW, tetX, tet(36)
(Tetracyclines), blaPSE, blaOXA10 (Carbapenems), nuC, InuA
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(Lincosamides), cmlA5, cmlAl, floR (Phenicols), intl3, intl2,
intI1F165, and intll (Integrons). The high-throughput qPCR
primers used for the analysis are originally described in Stedtfeld
et al. (2018), Supplementary Table 1. The high-throughput qPCR
assay was performed on the Biomark Fluorescent machine in the
96x96 primer target layout. Each assay was performed in triplicate.
The template DNA was diluted in a 1:500 dilution for optimal
performance on the Biomark machine and to decrease potential
inhibitor effects. Samples reading a cycle threshold value greater
than 30 were omitted from further analysis. Cycle threshold
detections greater than 30 were assumed to be non-detected.
Verification of the high-throughput qPCR machine performance
is supported with internal standards for standard curve
development of 16S rRNA, ermB, ermF, sul2, tetM, and tetW
genes. Each internal standard gene amplified successfully with
efficiencies ranging from 80.0 to 104.2% (Supplementary Table 3).

Quality control

In order to be deemed a successful amplification, we required
that the conserved total bacteria gene 16S rRNA was detected in
each manure sample. Additionally, we required that detection was
observed for each gene in 2 out of 3 farm manure replicates and 2
out of 3 technical extraction replicate detections for each sample.

Statistical analysis

All statistical analyses were performed using R version 4.0.3. The
quantified ermB and tetM gene concentrations (copies/gram wet
weight) were logl0 transformed to fit a normal distribution.
Normality was confirmed with visual inspection of histograms and
Q-Q Plots. The linear regression models were fit using the lme4
package (Bates et al., 2015). The two gene responses were analyzed
separately. The integrator and production system were treated as
fixed effects. Gene concentrations of subsampled triplicates from one
representative manure sample per farm were averaged before model
building. Model performance was evaluated using the Performance
package (Liidecke et al., 2021) (Supplementary Table 4).

The R package emmeans (Lenth, 2021) was used for calculating
the estimated marginal means from the verified models and making
pairwise comparisons of fixed effects. All pairwise comparisons were
made with a 95% confidence level (P<0.05) and P-values were
adjusted using Tukey’s method for multiple comparisons. The main
effects refer to the overall effect of the variable while ignoring, or
averaging over, the levels of the other predictor variable. The main
and interaction effects of each model were analyzed using ANOVA
and type-III error.

Results
Conventional gPCR gene quantification

The number of gene copies of tetM and ermB were quantified in
DNA extracted from all manures using targeted amplification of
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these genes. Additionally, gene copies of the 16S rRNA gene, a
phylogenetic marker present in all bacteria, were estimated and
used for normalizing total bacterial counts among manure
comparisons. Overall, there was a large range of detection of both
genes across all 48 farms (Figure 1); the absolute gene
concentrations of ermB ranged from 2.20x10* copies gram™ to
1.53x10® copies gram™ and tetM ranged from 1.33x10° copies gram”
' to 2.23x10°® copies gram™'. The limit of quantification for each
individual qPCR plate are reported in Supplementary Table 2. The
concentrations of ermB and tetM were significantly different across
the 48 manure samples (ANOVA, P< 0.0001) (Supplementary
Table 5), and a general trend was observed that tetM and ermB
concentrations increased with concentrations of 16S rRNA genes.

The company integrator had a significant main effect on
observed ermB absolute gene concentrations based on the overall
ANOVA with type-III error (P=0.0007) (Supplementary Table 6).
The mean concentration of ermB in manures associated with
integrator 2 manure was 15% greater than manures from
integrator 1. Integrator 2 had an ermB estimated marginal mean
of 4.8x10° copies/gram compared to integrator 1 with 6.5x10°
copies/gram. This result exists when ermB was normalized to 16S
rRNA (P=0.0020) (Supplementary Figure 1 and Supplementary
Table 7). Likewise, there is evidence that the integrator had a
significant effect on tetM concentrations (P=0.0425), with tetM
also being enriched in integrator 2 relative to integrator 1
(Figure 2). However, this result is non-significant when tetM was
normalized to 16S rRNA (P= 0.3670). The production system had
no significant main effect on ermB or tetM gene concentrations or
relative abundance to 16S rRNA (Supplementary Figures 2, 3).
Additionally, there was no significant interaction between the two
fixed effects in both the absolute copy number model and the
16S rRNA normalized model for each gene (Supplementary
Tables 6, 7).

HT-gPCR gene survey

In addition to quantification of tetM and ermB in manures, we
also evaluated the presence of 31 ARGs listed in Table 1 and the 16S
rRNA gene in manures using methods similar to those previously
described (Stedtfeld et al., 2018) to leverage the ability to assay
numerous genes simultaneously with high-throughput qPCR (HT-
qPCR). Each internal standard gene of 16S rRNA, ermB, ermF, sul2,
tetM, and tetW were amplified successfully with efficiencies ranging
from 80-104% (Supplementary Table 3). However, while all 48
manures were evaluated against these 32 genes, in total, we detected
22 unique ARGs in 14 independent farm manure samples
(Figure 3). In 34 manures, we were unable to amplify the 16S
rRNA gene with HT-qPCR assays and thus these samples were
removed from further analysis. Within successfully amplified
samples, the most frequently detected ARG in manure was fet
(36), which was detected in all 14 manures. The second most
detected ARG was tetT at 93% detection, followed by erm(35) at
78.6% detection. Genes encoding resistance to tetracycline, tetT,
tetM, and tet(36), were present in 13/14, 8/14, and 14/14 farm
manure samples, respectively. The macrolide resistance gene class,
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Logl0 gene copies/g (wet weight) of ermB and tetM grouped by
company integrator. Asterisks above boxplots signify p-values
(alpha = 0.05) based on results of the linear model (not significant
[ns] p>0.05, *p<0.05, **p<0.01, ***p<0.001, ****p<0.00001).
Interquartile ranges are indicated by boxes and the upper 25% and
lower 25% are indicated by whiskers. The number of farms (n) are

labelled on the x-axis.
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erm, had the second most detected antibiotic resistance genes with
erm(35), ermF and, ermB detected in 11/14, 10/14, and 7/14,
respectively. There was no detection of blaPSE, blaOXA10, cmlA5,
cmlAl, floR, InuA, erm(36), tetL, and tetA in any of the
manure samples.

Based on the detection of ARGs, we have developed
recommendations of the most commonly detected ARGs in Iowa
swine manures (Table 2). Importantly, we also identify the ARGs
that were not strongly present in manure holding pits, and these
ARGs include tetL, tetA, erm(36), floR, cmlA5, cmlAl, blaPSE, and
blaOXA10 (no detection), sull, intil, and intilF165, (7.1%), aadA2
(14.2%), inti2 and sul2 (21.4%). In general, we observed that the two
main resistance mechanisms of ARGs present in the manures

studied were associated with target protection and target alteration.

Discussion

Many previous studies have characterized ARGs in swine
manures (Whitehead and Cotta, 2013; Yang et al., 2020; Howe
and Soupir, 2021) but are limited in the numbers of manure from
different farms represented in a single study. To help understand
the broad presence of ARGs in swine manures, this study identified
patterns in diverse manures from 48 geographically independent
farms. These farms represented variations in company integrator
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and production system, thus providing an opportunity to assess
generalized management factors. The ARGs selected for
characterization in this study were based on previous research in
environmental monitoring, and these genes have been previously
detected in manure, manure amended soil, and in the downstream
waters of agricultural land (Berendonk et al., 2015; Chen et al., 2019;
Lima et al., 2020; Neher et al., 2020; Zhang et al., 2021). While we
know these genes have been enriched in association with manures
in experimental studies, observations of their abundances in
environmental samples may not be able to be linked to a manure
reference. In other words, in environmental monitoring, it is
unknown if abundances observed of these genes are substantial.
Understanding the distribution of these genes in manures will help
us frame their observed abundances in the environment. While we
acknowledge that a study of 48 regional farms is far from
comprehensive, we believe that this study fills an important data
gap on ARG bioindicators from broad manures within a single
comparative study.

In our evaluation of ARGs as bioindicators for swine manure,
we used two approaches on select genes. Our rationale for

Frontiers in Antibiotics

leveraging both these methods was to balance our abilities to
accurately quantify relevant ARGs to understand the distribution
of their presence in diverse manures while also providing a broad
survey of multiple ARGs. The first method we used was
conventional gene amplification with qPCR, which is an absolute
quantification method using known standard concentrations to
estimate specific gene concentrations within manures. To survey a
broad range of genes, we also used a second method, which is a
relative quantification method on a HT-qPCR platform. This
method has recently been used by numerous studies (Muurinen
et al., 2021; Fernanda et al., 2022; Flater et al., 2022; Kasuga et al.,
2022; Mware et al., 2022; Samanta et al., 2022) because it allows for
simultaneous presence/absence detection of numerous genes
(Stedfeld). HT-qPCR is also limiting in the volume of each
reaction (6.7 x 10> uL vs 2 uL in conventional qPCR), which
directly influences its detection limits. Thus, these amplification
methods, conventional gPCR and HT-qPCR, are complements, the
former allowing for more sensitive quantification of a limited
number of ARGs and the latter broad detection of numerous
ARGs simultaneously. As with any amplification method for
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TABLE 2 Ranked recommendations of ARGs for detection of AMR in swine manure holding pits, based on both detection of 16S rRNA genes and

specified ARG.

Gene Percent Detection Drug Class Resistance Mechanism
tet(36) 100 Tetracycline Target protection
tetT 92.9 Tetracycline Target protection
erm(35) 78.6 Macrolide Target alteration
ermF 714 Macrolide Target alteration
tetM 57.1 Tetracycline Target protection
str 57.1 Aminoglycoside Inactivation
ermB 50 Macrolide Target alteration
aadD 50 Aminoglycoside Inactivation

intl3 50 Integrase N/A

ermC 429 Macrolide Target alteration
ermQ 35.7 Macrolide Target alteration
ermT 357 Macrolide Target alteration
tetW 35.7 Tetracycline Target protection
tetX 35.7 Tetracycline Inactivation

tetO 28.6 Tetracycline Target protection
sul2 214 Sulfonamide Target replacement
intl2 214 Integrase N/A

aadA2 14.2 Aminoglycoside Inactivation
intl1F165 7.1 Integrase N/A

intll 7.1 Integrase N/A

sull 7.1 Sulfonamide Target replacement
InuC 7.1 Lincosamide Inactivation

InuA 1.6 Lincosamide Inactivation

tetL 0 Tetracycline Efflux

tetA 0 Tetracycline Efflux

erm(36) 0 Macrolide Target alteration
floR 0 Phenicol Efflux

cmlA5 0 Phenicol Efflux

cmlAl 0 Phenicol Efflux

blaPSE 0 Carbapenem Inactivation
blaOXA10 0 Carbapenem Inactivation

The percent detection is the proportion of 14 manure samples with concurrent positive detection of 16S rRNA gene. The antibiotic resistance genes analyzed in this study in 14 swine manures

from Towa farms.
N/A, Not Applicable.

manure samples, both methods will be influenced and likely
disproportionately by the sample complexity of manures, where
inhibitors (which vary among manure samples) may prevent
adequate amplification (Sidstedt et al., 2020; Waseem et al., 20205
Park et al., 2021). We provide a comparison of these methods to
target ARGs in our swine manure samples below.

Frontiers in Antibiotics

Concentrations of ermB and tetM in swine
manure pits (conventional gPCR)

Consistent with previous observations of the association and

enrichment of ermB and tetM genes with manures (Whitehead
and Cotta, 2013; Joy et al, 2014; Zalewska et al, 2021) and
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adjacent soils and waters (Peng et al., 2017; Zhang et al., 2021), we
detected these genes in all 48 manures in this study. The
concentrations measured in our study were consistent with
those detected in manure holding pits measured in other studies
(Mackie et al., 2006; Joy et al., 2013; Hall et al.,, 2020; Alt et al,,
2021) and also demonstrate the wide variations of ARGs that can
be observed within manures, with variations up to three-fold. The
wide ranges of measured ermB and tetM in these manures may be
caused by covariates in manure holding pits that have yet
unknown implications on ARG concentrations after long-term
exposure such as concentrations of heavy metals, manure pit
additives, or changes in chemical properties such as pH or
organic substrates (Holzel et al,, 2012; He et al., 2020). While it
is clear that these ARGs are consistently observed between swine
manures, it is less clear what the implications are of the magnitude
and variability of these gene concentrations (ermB and tetM
varying between 2.20x10* and 1.53x10% copies/gram in our
samples). We speculate that the concentration of ARGs may be
associated with the time spent in storage, with manure sampled
right at defecation presumably containing different concentrations
of ARGs than in manure stored for up to six months (Joy et al,
2014). Future studies of the relationship between these gene
concentrations and to risks antibiotic resistance are much
needed (Gullberg et al., 2011; Hughes and Andersson, 2017),
and the results of this study provide some insight the variability
of these concentrations in varying manures.

The abundances of these genes also followed observable
patterns based on their farm of origin. We observed significant
differences of ermB and tetM gene concentrations among farms
with different company integrators, with both genes consistently
largest in the same integrator. Integrators generally manage
piglet source, feedstock, and veterinary practices (Tsoulouhas
and Vukina, 1999; McBride and Key, 2003; Reimer, 2006).
Our observations that different integrators have different
concentrations of these genes suggest that these management
decisions may affect ARG concentrations in manures (Lu et al,
2017; Ghanbari et al., 2019; Cheng et al., 2021). We did not
observe any significant differences in tetM or ermB in association
to the production system, or whether manure originated from
wean or grow-finished pigs. This finding is consistent with
previous studies who investigated the differences of ARGs in
swine from the same farm over time and found that similar
genes were consistently observed among samples from different
stages in the production process (Petrin et al., 2019) and also at
similar concentrations (Wen et al., 2019). Our results combined
with these previous studies suggest that despite higher quantities
of antibiotics administered to younger weanling pigs than
mature growers (Dunlop et al., 1998; Dewey et al., 1999),
the concentrations of these ARGs in manure do not change
significantly. Overall, our results also indicate that the integrator
is a larger source of variation among these genes than production
stage and highlight the opportunity to engage in AMR stewardship
towards integrators in partnership with farms (Hayes, 2022;
Mitchell et al., 2022).
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Potential ARG indicators in swine manure
pits (HT-gPCR)

We also studied the detection of other ARGs to expand this
study beyond ermB and tetM by leveraging high-throughput qPCR
(HT-qPCR) methods which allow simultaneous testing of multiple
gene probes. ARG targets were selected based on published primers
(Stedtfeld et al., 2018) of ARGs previously observed to be present in
swine manures (Table 1). Between manures, the tetracycline
resistance gene class was the most prevalently detected in our
samples, which is consistent with its wide use in swine
production (Center for Veterinary Medicine, 2020). Likewise, the
macrolide resistance gene class, erm, had the second most detected
antibiotic resistance genes and is consistent with previous literature
(Whitehead and Cotta, 2013; Joy et al., 2014). For instance, a study
by Wen et al. (2019) studied nine ARGs at 18 different swine farms
and found tetO as the predominant gene in manure and tetQ, tetW,
ermB, and ermF were identified as having the highest risk of spread
to the soil and water environment through manure application.
Moreover, a study by Mu et al. (2015) took manure samples right
after defecation from swine in nine feedlots in China finding ogxB
(plasmic mediated quinolone) as the highest detected ARG followed
by sull, sul2, tetO, tetM, and ermB. Surprisingly, sull and sul2 were
only detected 11.1% and 23% respectively, in the manure storage
pits from the current study, suggesting a temporal shift in ARG
presence between fresh manure and stored manure. Finally, a study
of manure from three swine farms in China measured 28
tetracycline resistance genes and reported detection of 22 with the
most common genes tetA, tetL, tetM, and tetG (Zhu et al., 2013),
whereas in the current study, tetA and tetL were not detected in any
of the 14 farms. These variations in detected classes of ARGs among
studies and farms are speculated to be caused by differing antibiotic
treatments, legacy resistance in piglets passed down by the maternal
gut (Parndnen et al.,, 2018), and co-selection of resistance genes
(Looft et al., 2012).

Compared to conventional qPCR, fewer detections of ARGs
were observed on HT-qPCR, most likely due to a combination of
both the significantly reduced reaction volume (and thus lower limit
of quantification) and presence of inhibitors (Funes-Huacca et al.,
2011; Sandberg et al., 2018; Luo et al., 2021; Keenum et al., 2022).
Specifically, we observed ermB and tetM gene detection in 100% of
manure samples with conventional gPCR but 50% with HT-qPCR.
To better understand these results, we compared the lower limit of
quantification for ermB and tetM for traditional qPCR and HT-
qPCR and found that traditional qPCR was 63 (ermB) and 94 (tetM)
times more sensitive than HT-qPCR (Supplementary Tables 2, 3),
suggesting that limit of quantification contributed to the
inconsistency among ARG detections. Additionally, the DNA for
the HT-qPCR assays were diluted 500:1 to balance measuring high
16S-rRNA gene copies, enabling the detection of low concentration
ARGs, and reducing inhibitor effects. We conclude that the
combination of diluting DNA and the HT-qPCR’s significantly
reduced reaction volume contributed to the inconsistent detection
of ARGs. This observation should be considered in selecting
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monitoring methods for ARG detection in future studies. Although
HT-qPCR is not as robust as conventional gPCR, the advantages of
this method are its ability to simultaneously measure multiple gene
targets, use of much less reagent per sample, and significantly
reduced labor. We recommend that HT-qPCR be used to
screen the presence or absence of diverse ARG targets in
environmental samples, and conventional gPCR be used for more
rigorous quantification.

While ermB and tetM were inconsistently detected with HT-
qPCR methods, there were specific genes that were broadly present
using this method. Specifically, the tet36 and erm35 genes, encoding
resistance to tetracyclines and macrolides respectively, were
detected more frequently with the HT-qPCR than their
counterpart tetM and ermB. This suggests that tet36 and erm35
are consistently associated with swine manure and able to be
detected with current high throughput methods. The tet36 gene
was first discovered in swine manure pits, and is yet unclear
whether it is enriched or persists in the environment upon
manure application (Whittle et al., 2003; Kang et al., 2018; He
etal, 2019). Less is known about the erm35 gene, except that it was
detected in poultry manure with metagenomics (Blazejewska et al.,
2022; Wang and Chai, 2022). The erm35 gene may have potential as
a swine indicator since it was detected so frequently with HT-qPCR
in the current study. One major difference between the two sets of
genes is their association with mobile genetic elements (MGEs)
where ermB and tetM are highly associated with MGEs while erm35
and tet36 are not (Zhang et al., 2022). MGE:s are associated with the
mobility of ARGs, which may be a significant variable for the
dissemination of the gene after manure application. The class-3
MGE inti3 was present in half of the manure samples tested in the
ARG survey, and this is significant as this gene has the potential for
horizontal gene transfer (Martinez et al., 2015). We highlight these
genes tet36 and erm35 as potential targets for swine manure
borne resistance.

Conclusions

Overall, this study justifies the continued use of macrolide and
tetracycline resistant ARGs as broad indicators of swine manure-
borne resistance due to their presence in diverse manure samples.
The observation of the concentrations of these genes in manures
helps us to interpret whether abundances of these genes in the
environment are substantial. Additionally, results of this study also
highlight variations of using different methods to detect genes and
their variability across ARGs. Due to the observed variation of
ARGs in diverse manures, future studies should aim to characterize
not only antibiotic residues, but also physiochemical properties of
the manure to analyze for specific correlations that can explain this
variability. We also provide supporting evidence that company
integrator decisions may impact ARG concentrations, and we
recommend future multidisciplinary studies to determine which
company decisions may cause these observed differences.

The development of AMR bioindicators of manure impact is
greatly needed for standardizing studies and for use in routine
environmental monitoring (He et al., 2020; Howe and Soupir, 2021).
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This study provides support that standardized monitoring is likely
but requires further evidence in development methods in gene
selection and gene quantification. An ideal swine manure associated
bioindicator should be commonly found in swine manure at the
time of manure application and also specific to swine manure and
not detected in natural environments. Often, the selection of ARGs
are based on previous detection of ARGs, and our results justify the
selection of these genes on broad manure samples. However, we
also suggest that other genes within the tetracycline and
erythromycin resistant classes may complement these genes and
be more suitable for high-throughput methods. For detection of
AMR impact in complex environments, like manures, it is likely
that a single ARG will not be sufficient and methods that can
detect and quantify multiple genes simultaneously provide
opportunity for increased sensitivity and specificity of detection
for monitoring efforts.
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Introduction: In this work, 170 strains covering 13 species from the Lactobacillaceae
family were analyzed to determine minimal inhibitory concentration (MIC)
distributions to nine antimicrobial agents, and genes potentially conferring
resistance. This allows a proposal of tentative Epidemiological Cut-Offs (ECOFFs)
that follows the phylogeny for interpretation of resistance in the 13 species.

Methods: The 170 strains originated from different sources, geographical areas, and
time periods. MICs for nine antibiotics were determined according to the ISO 10932
standard for lactobacillia and by a modified CLSI-method for Leuconostoc and
Pediococcus which ensured sufficient growth. The strains were whole genome
sequenced, subtyped by core genome analysis, and assessed for the presence of
antibiotic resistance genes using the ResFinder and NCBI AMRFinder databases.

Results and discussion: The data provide evidence that antimicrobial
susceptibility follows phylogeny instead of fermentation pattern and accordingly,
tentative ECOFFs were defined. For some species the tentative ECOFFs for specific
antibiotics are above the cut-off values set by the European Food Safety Authority
(EFSA) which are primarily defined according to fermentation pattern or at genus
level. The increased tolerance for specific antibiotics observed for some species
was evaluated to be innate, as only for one strain phenotypic resistance was found
to be related to an acquired resistance gene. In general, more data are needed to
define ECOFFs and since the number of isolates available for industrial relevant
bacterial species are often limited compared to clinically relevant species, it is
important; 1) that strains are unambiguously defined at species level and subtyped
through core genome analysis, 2) MIC determination are performed by use of a
standardized method to define species-specific MIC distributions and 3) that
known antimicrobial resistance genes are determined in whole genome
sequences to support the MIC determinations.

KEYWORDS

antibiotic, epidemiological cut-offs, tentative ECOFFs, intrinsic resistance, antibiotic
resistance, lactic acid bacteria
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Nohr-Meldgaard et al.

Introduction

Antibiotic resistant organisms are present in all environments
and both pathogenic and non-pathogenic bacteria encode antibiotic
resistance genes (Allen et al., 2010). When non-pathogenic bacteria
are included in food and feed cultures, it is a requirement that they
are free of acquired antibiotic resistance genes as these may be
transferred to pathogenic bacteria potentially compromising
antimicrobial therapy (EFSA panel on Additives and Products or
Substances used in Animal Feed (FEEDAP), 2018). Intrinsic
(innate) antibiotic resistance is, however, not considered a safety
concern, as it is conserved within specific species and spread
clonally rather than horizontally. The major intrinsic mechanisms
are absence of the antibiotic target, mutations conferring a low
affinity or permeability or intrinsic genes e.g. encoding an efflux
mechanism (EFSA, 2005; Cox and Wright, 2013; EFSA panel on
Additives and Products or Substances used in Animal Feed
(FEEDAP), 2018; Nohr-Meldgaard et al., 2021).

To reduce the risk of transmissible antibiotic resistance genes
from food and feed, the European Food Safety Authority (EFSA)
provides antimicrobial microbiological cut-off values, for nine
antimicrobial compounds, which are considered as highly or
critically important for treatment of infections in humans (World
Health Organisation (WHO), 2018). The cut-off values are a
pragmatic tool for differentiating between resistant and
susceptible bacterial strains within a population (EFSA panel on
Additives and Products or Substances used in Animal Feed
(FEEDAP), 2018). The current EFSA cut-off values are defined
based on published minimal inhibitory concentration (MIC) data of
industrially relevant species. However, much of the data have been
generated using different methods (broth microdilution, Etest, disk
diftusion and agar dilution method) and test conditions, either
because the studies were performed before the ISO 10932 standard
on determination of MIC for lactic acid bacteria (LAB) was
published or because the proposed test conditions, such as using
cation-adjusted Mueller-Hinton broth (CAMHB) with lysed horse
blood for Leuconostoc and Pediococcus, does not provide the
optimal growth conditions compared to the LAB susceptibility
test medium (LSM) (Klare et al., 2005; International Organization
for Standardization, 2010; Clinical and Laboratory Standards
Institute (CLSI), 2016). Furthermore, the amount of MIC data on
industrially relevant bacterial species are limited and not enough to
define epidemiological cut-offs (ECOFFs), which require data from
at least five separate laboratories, at least 15 values from each
laboratory and at least 100 MIC values in the wild-type
distribution (European Committe on Antimicrobial Susceptibility
Testing (EUCAST), 2021). Due to the limited amount of MIC data
on LAB, the current cut-off values for the Lactobacillus genus are
defined primarily according to fermentation pattern e.g., obligate
homofermentative, facultative heterofermentative and obligate
heterofermentative, and for Leuconostoc and Pediococcus cut-off
values are only defined at genus level. This is not optimal as the
recommendation from EUCAST is to define cut-off values at species
level, which is also supported by previous studies on industrially
relevant bacterial species (Agerso et al, 2018; EFSA panel on
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Additives and Products or Substances used in Animal Feed
(FEEDAP), 2018; European Committe on Antimicrobial
Susceptibility Testing (EUCAST), 2021). Therefore, more
antimicrobial susceptibility data for industrially relevant species
are needed.

Traditionally, Lactobacillus species have been characterized
based on the type of sugars fermented and the fermentation
product formed and grouped as either obligate homofermentative,
facultative heterofermentative or obligate heterofermentative
(Salvetti et al., 2012). However, recent studies have shown that
this division of Lactobacillus species is obsolete as it does not follow
phylogeny and in 2020, a major taxonomic revision of the
Lactobacillus genus was performed, which resulted in the splitting
of the Lactobacillus genus into 25 genera and the inclusion of the
Leuconostoc genera in the Lactobacillaceae family, which already
included Pediococcus (Salvetti et al,, 2012; Zheng et al., 2015; Duar
et al, 2017; Zheng et al,, 2020). As a consequence of the taxonomic
revision, the MIC of species belonging to different genera, such as
Lentilactobacillus parabuchneri and Limosilactobacillus fermentum
should be evaluated using the same cut-off values, namely the
Lactobacillus obligate heterofermentative cut-off values (EFSA
panel on Additives and Products or Substances used in Animal
Feed (FEEDAP), 2018). This illustrates the need for updated
microbiological cut-off values for Lactobacillaceae that follows
phylogeny instead of fermentation patterns.

Leuconostoc species are important for the production of
fermented dairy products (Cardamone et al, 2011) and the
majority of published microbiological susceptibility data are on
the industrially relevant species Leuconostoc mesenteroides and
Leuconostoc pseudomesenteroides. However, several different
methods and test conditions have been used, wherefore data
generated using standardized test conditions are needed (Swenson
et al., 1990; Katla et al., 2001; Casado Mufoz M del et al.,, 2014;
Basbiilbiil et al., 2015; Jeong and Lee, 2015; Florez et al., 2016).
Recently, the L. pseudomesenteroides species were divided into two
species, namely L. pseudomesenteroides and the novel Leuconostoc
falkenbergense species (Wu and Gu, 2021). However, L.
falkenbergense and L. pseudomesenteroides are more closely
related to each other than to other Leuconostoc species including
L. mesenteroides (Wu and Gu, 2021).

Strains of the species P. acidilactici and P. pentosaceus are
frequently used for cheese production, but are also used as
probiotics, and meat and vegetables fermentations as they produce
characteristic flavor and improve hygienic quality and extend shelf life
due to the production of bacteriocins (Stiles, 1996; Holzapfel et al,
1998; Beresford et al,, 2001). Due to their important role in
fermentation, most of the published antimicrobial susceptibility data
for Pediococcus are for the P. acidilactici and P. pentosaceus species;
however, different methods and test conditions have been used which
can affect the MIC values (Swenson et al., 1990; Danielsen et al., 2007;
Klare et al., 2007; Mufoz-Atienza et al., 2013).

In the present study, tentative ECOFFs will be defined for 13 LAB
species and evaluated against the currently available EFSA cut-off
values which are primarily defined according to fermentation pattern
or at genus level. Our results show that cut-off values should be based
on phylogenetic relatedness rather than fermentation pattern and at
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species rather than genus level. This will improve the interpretation
criteria for antimicrobial susceptibility for these species.

Materials and methods
Bacterial strains

One hundred and seventy strains, including the specific type
strains, belonging to 13 species were included in the study (Table
S1). The strains were obtained from Chr. Hansen’s Culture
collection (CHCC), where they were stored at -80°C. The strains
cover different geographic areas, sources and timepoints
(Table S1).

Genomic DNA extractions, library
preparation and QC for de novo short read
(Ilumina) whole genome sequencing

Genomic DNA for de novo short read WGS was extracted from
bacterial cell pellets harvested from 1 mL of overnight culture
normalized to ODgy, = 1. Clean Blood & Tissue DNA Kit
(NACBT-D0384) (Clean NA, The Netherlands) was used and
manufactures protocol was modified. The extraction method was
automated and performed on Biomek i5 liquid handler (Beckman
Coulter, USA). Modifications to the manufactures protocol: cell
pellets were resuspended in 200 uL of pre-lysis buffer (PBS, 20 mg/
mL lysozyme, 50 U/mutanolysin, 100 mg/mL RNase A) instead of
the Tissue Lysis buffer supplied in the kit.

Genomic libraries were generated for most of the strains using
modified Kapa Hyper Plus Library Preparation Kit (Roche,
Switzerland) on Biomek i5 Liquid Handler (Beckman Coulter,
USA). 150 ng of genomic DNA diluted in 15 uL EB buffer (Tris-
Cl, pH 8.0) was used in the half-volume reaction mixes for
fragmentation, end-repair/A-tailing, ligation, and final
amplification. 0.1 mM conditioning solution was added to
fragmentation mix and fragmentation time was optimized to 10
minutes. 5 pL of 1 uM Kapa Dual-Indexed adapter (Roche,
Switzerland) was used during adapter ligation step. 10 pL of the
adapter-modified DNA fragments were enriched by 8-cycle PCR.
Clean NGS beads (Clean NA, The Netherlands) were used for two
post-ligation and two post-amplification clean-ups to purify
fragments at average size between 450 to 550 bp.

For about 15 of the strains, genomic libraries were generated
using NEBNext® Ultra' ™ II FS DNA Library Prep Kit for Tlumina®
with NEBNext Multiplex Oligos for Illumina (Unique Dual Index
UMI Adaptors DNA Set 1), (New England Biolabs Inc., USA) on
Biomek i5 Liquid Handler (Beckman Coulter, USA). 200 ng of
genomic DNA diluted in 15 pL EB buffer (Tris-Cl, pH 8.0) was used
in the half-volume reaction mixes for fragmentation, end-repair/A-
tailing, ligation, and final amplification. Fragmentation time was
optimized to 8 minutes. 5 pL of 2.5 pM NEBNext Multiplex Oligos
for llumina (Unique Dual Index UMI Adaptors DNA Set 1), (New
England Biolabs Inc., USA) was used during adapter ligation step.
10 pL of the adapter-modified DNA fragments were enriched by 9-
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cycle PCR. Clean NGS beads (Clean NA, The Netherlands) were
used for double-sided post ligation size selection and one post-
amplification clean-up to purify fragments at average size between
450 to 550 bp.

Concentration of genomic DNA and dsDNA libraries were
measured by QubitFlex® Fluorimeter using Qubit dsDNA Broad
range and Qubit 1x dsDNA HS assays (Thermo Fisher Scientific,
USA), respectively. Average dsDNA library size distribution was
determined using the Agilent HS NGS Fragment (1-6000 bp) kit on
the Agilent Fragment Analyzer (Agilent Technologies, USA).
Libraries were normalized and pooled in the normalization buffer
(10 mM Tris-Cl, pH 8.0, 0.05% Tween 20) to the final concentration
of 10 nM.

For most of the strains, denaturated in 0.2N NaOH, 10 pM pool
of libraries in 600 UL ice-cold HT1 buffer was loaded onto the flow
cell provided in the MiSeq Reagent kit v3 (600 cycles) and
sequenced on a MiSeq platform (Illumina Inc., San Diego, USA)
with a paired-end protocol and read lengths of 301 nt.

For about 15 of the strains, denaturated in 0.2N NaOH, 1 pM
pool of libraries in 1300 UL ice-cold HT'1 buffer was loaded onto the
flow cell provided in the NextSeq Reagent Mid Output (300 cycles)
and sequenced on a NextSeq platform (Illumina, USA) with a
paired-end protocol and read lengths of 151 nt.

Genome assembly

All processing of the short reads was done in either CLC
Genomics Server version 20.0.5 or CLC Genomics Workbench
version 20.0.5.

The short reads were mapped with default parameters to the
reference sequence of the phage Phi X 174 using the tool “Map reads
to reference”. Unmapped reads from the mapping were trimmed for
quality using the PHRED score 23 as the threshold and with the
non-default parameter of discarding reads that were less than 50
base pairs long using the tool “Trim Sequences”.

The trimmed reads were de novo assembled with default
parameters except for the minimum contig length which was set
to 350 base pairs using the tool “De Novo Assembly”. Afterwards, a
decontamination step was performed where contigs with low depth
of coverage were removed using a custom plugin written by Qiagen.
The decontamination step first removes all contigs where the
average depth of coverage is below 15X and afterwards removes
all contigs where the depth of coverage is below 25% of the median
average depth of coverage for the entire genome assembly.

Gene calling of the filtered contigs was done with Prodigal
version 2.6.3 using the default parameters. Finally, the genome
assemblies with annotated genes were functionally annotated with
BLAST against a local annotation database using a custom plugin
written by Qiagen.

Species identification

Species identification was done in an automated flow by either
blasting of the WGS against 16S, rpoA sequences of type strain, or
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average nucleotide identity in CLC Genomics Workbench version
20 (Qiagen Bioinformatics, Aarhus, Denmark). The species
identification was further confirmed using core genome analysis.
In brief, the genomes, either fully assembled or contigs were
annotated by Prokka, which annotates genomes through the use
of different tools including Prodigal (coding sequences), RNAmmer
(Ribosomal RNA genes), Aragorn (Transfer RNA genes), SignalP
(Signal leader peptides) and Infernal (Non-coding RNA) (Seemann,
2014). Prokka annotation is a requirement for using Roary, since
the.gff file (file containing sequences and annotations) provided by
Prokka is used by Roary to create a multi-FASTA alignment of all
the core genes (Page et al, 2015). Roary was set to perform
nucleotide alignment using MAFFT and a BLASTP percentage
identity between 80-100%, depending on species (Katoh, 2002).
FastTree was used to produce an approximately-maximum-
likelihood phylogenetic tree from the core gene alignment file,
which was visualized by MEGA X (Price et al., 2009; Price et al.,
2010; Kumar et al., 2018).

Antimicrobial susceptibility testing

The MIC of nine antimicrobial agents was determined by use of
broth microdilution, where the MIC is the lowest concentration of
the antimicrobial that inhibits bacterial growth (Adimpong et al.,
2012). All species were tested in LSM medium, which consist of 10%
Iso-Sensitest (IST) broth and 90% MRS (De Man, Rogosa, Sharpe)
medium both from Oxoid.

For the Lactobacillus species and species formerly belonging to
the Lactobacillus genus, the strains were tested as recommended by
the ISO 10932 standard (International Organization for
Standardization, 2010), P. acidilactici was tested by use of the
CLSI method (LSM media, 35°C, aerobic with film), while P.
pentosaceus was tested by the use of a modified CLSI method
(LSM, 30°C, aerobic with a lid). L. mesenteroides, L. falkenbergense
and L. pseudomesenteroides were also tested by use of a modified
CLSI method (LSM, 30°C, aerobic with film). MIC was read at both
20 and 24 hours for the Pediococcus genus and at 24 and 48 hours
for the Leuconostoc genus.

L. plantarum ATCC 14917 and L. paracasei ATCC 334 were
included for quality control using quality control ranges reported in
the ISO 10932 standard (International Organization for
Standardization, 2010). For 10 out of 40 Leuconostoc strains (3
media batches) the quality control strain L. plantarum exhibited
ampicillin and clindamycin MIC one 2-fold below the accepted
range, however when the quality control strain L. paracasei was
tested with the same medium batch it was within the
accepted range.

All tests were performed in duplicates in a customized Sensititre
panel from Thermo Fisher Scientific. Nine antimicrobial agents are
included in the customized Sensititre panel: ampicillin 0.03-16 mg/
L, chloramphenicol 0.5-54 mg/L, clindamycin 0.03-32 mg/L,
erythromycin 0.015-16 mg/L, gentamycin 0.25-128 mg/L,
kanamycin 1-1024 mg/L, streptomycin 1-256 mg/L, tetracycline
0.12-64 mg/L and vancomycin 0.12-16 mg/L. Retesting was
performed if the duplicates varied more than one 2-fold dilution
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for one or more antimicrobial agents. The results were accepted if
they varied by three or fewer two-fold concentrations as previously
described being within the technical variation for MIC broth
dilution methods (Clinical and Laboratory Standards Institute
(CLSI), 2018).

If the MIC value differed one 2-fold between the duplicates, the
highest MIC was reported. All strains were streaked on blood agar
plates to ensure that the samples were pure.

To compare the results from the customized Sensititre panel
and the discontinued VetMIC panels Lact-1 and Lact-2 (SVA,
Uppsala, Sweden), MIC data from 2012-2019 was compared for
25 strains on both MIC panels using the same method.

Epidemiological cut-off values for
differentiation of susceptible (wildtype) and
resistant (non-wildtype) populations

For each species-antimicrobial combination, MIC distributions
were determined and from this tentative ECOFFs were defined
together with MIC5, and MICy, (MICs inhibiting 50% and 90% of
the strains, respectively). ECOFFs is defined according to guidelines
from the European Committee on Antimicrobial Susceptibility Testing
(EUCAST) (Turnidge et al., 2006; European Committe on
Antimicrobial Susceptibility Testing (EUCAST), 2021), which state
that the population with MIC at or below the ECOFF are susceptible
(wildtype) and therefore also devoid of acquired resistance mechanisms
and/or mutations leading to resistance (European Committe on
Antimicrobial Susceptibility Testing (EUCAST), 2021).

Moreover, according to EUCAST the intrinsic (or wildtype)
population is also characterized by the absence of acquired resistance
mechanisms and/or mutations leading to resistance (European
Committe on Antimicrobial Susceptibility Testing (EUCAST), 2021).
The data were also evaluated with the interpretation criteria defined by
EFSA for Bacillus ssp. (EFSA panel on Additives and Products or
Substances used in Animal Feed (FEEDAP), 2018).

Detection of known antimicrobial
resistance genes and comparison
with phenotype

The presence of genes with identity to known antimicrobial
resistance genes, in all the strain genomes, was assessed using
ResFinder (Zankari et al., 2012) (nucleotide) and NCBI
AMRFinderPlus (Feldgarden et al, 2019) (amino acid). Both
databases were downloaded and imported into CLC Genomics
Workbench 20.0.5. ResFinder was imported on 20 April 2021 and
AMRFinderPlus on 27 April 2021. The assembled contigs of each
strain were joined using the join function in CLC. The joined
contigs were screened for resistance genes against the Resfinder
database using BLASTn with a minimum word size of 11 and
maximum E-value of 1.0E-10 and AMRFinderPlus using BLASTn
with a minimum word size of 3 and a maximum E-value of 1.0E-50.

EFSA require that sequences with at least 80% identity and 70%
coverage to known antimicrobial resistance genes should be

frontiersin.org


https://doi.org/10.3389/frabi.2023.1162636
https://www.frontiersin.org/journals/antibiotics
https://www.frontiersin.org

Nohr-Meldgaard et al.

reported. In the case two or more fragments covering less than 70%
length of the subject sequence with at least 80% identity to the same
antimicrobial resistance gene are detected these should be reported,
and it should be checked whether the full gene is present (European
Food Safety Authority, 2021). The same criteria were used in
this study.

Results and discussion

Comparison of MIC measured by VetMIC
and Sensititre panels

The ISO 10932 standard on antimicrobial susceptibility testing
of industrially used species suggest using VetMIC panels (SVA,
Uppsala, Sweden) for MIC determination (International
Organization for Standardization, 2010). However, as VetMIC
panels have been discontinued by the provider alternative panels
need to be evaluated. Therefore, MIC for 25 strains covering nine of
the 13 species included in the study were measured using the
VetMIC and the customized Sensititre panels (Table S2) to ensure
comparable results are obtained. The MIC for specific strain-
antimicrobial agents combinations varied less than three 2-fold
dilutions for the VetMIC and Sensititre panels, which is described
as the technical variation acceptable for the broth microdilution
method (Clinical and Laboratory Standards Institute (CLSI), 2018).
Therefore, the results obtained from the two panels are comparable
when the strains are tested with the same conditions and the
customized Sensititre panels can replace the VetMIC panels.

Included strains and grouping based on
phylogenetic relatedness

In the present study, 170 strains belonging to 13 species, including
the type strains were obtained from Chr. Hansen’s Culture collection.
The strains were epidemiologically unrelated and have been isolated
from different geographic areas, sources and timepoints (Table S1).
The criteria for including the specific species were 1) the current
microbiological cut-offs are only defined at genus level (Pediococcus
and Leuconostoc) or 2) the current microbiological cut-offs are defined
based on fermentation groups and novel genera have been defined due
to the recent Lactobacillaceae taxonomic revision (Lactobacillus,
Lactilactobacillus, Lentilactobacillus, Ligilactobacillus,
Limosilactobacillus) (Zheng et al., 2020). The included Lactobacillus
species (L. delbrueckii, L. gasseri, L. paragasseri, L. helveticus) were
chosen as a broad representation of the Lactobacillus genus (Zheng
et al., 2020).

Core genome analysis was performed for each species to ensure
that the included strains were phylogenetically different and based
on this, 32 strains were excluded, which resulted in 170 strains
included in the study.

Furthermore, core genome analysis of the type strains from the
13 included species was performed (Figure 1) to determine whether
some of the species are so closely related that combined tentative
ECOFFs can be defined and to verify that phylogeny and
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fermentation patterns is not related. The analysis shows that the
phylogenetic grouping does not follow the fermentation pattern for
Lactobacillus species and species previously belonging to the
Lactobacillus genus, which is in agreement with previous studies
(Zheng et al., 2015; Zheng et al., 2020) (Figure 1). This supports that
Lactobacillaceae tentative ECOFFs should be defined according to
phylogeny instead of fermentation patterns. Species specific
tentative ECOFFs will therefore be defined for all the included
Lactobacillus, Lactilactobacillus, Lentilactobacillus, Ligilactobacillus
and Limosilactobacillus species, expect the phylogenetically closely
related species Lactobacillus gasseri and Lactobacillus paragasseri
(Tanizawa et al., 2018; Zheng et al., 2020) (Figure 1) for which the
MIC distributions for the eight examined agents were overlapping.

For Leuconostoc, EFSA have defined microbiological cut-off values
at genus level (EFSA panel on Additives and Products or Substances
used in Animal Feed (FEEDAP), 2018). Two Leuconostoc species, L.
mesenteroides and L. pseudomesenteroides was initially included in the
present study; however, recently, the L. pseudomesenteroides species
was divided into two species: L. pseudomesenteroides and the novel
species L. falkenbergense (Wu and Gu, 2021). Core genome analysis
revealed that all but two of the included L. pseudomesentoides strains
belong to the L. falkenbergense species (Figure 2). As L. falkenbergense
and L. pseudomesenteroides are very closely related both based on 16S
rRNA sequence (Wu and Gu, 2021) and core genome analysis
(Figure 1), tentative ECOFFs will be defined for the L. falkebergense/
L. pseudomesenteroides group while tentative ECOFFs will be defined
individually for L. mesenteroides.

Overall, the strains were epidemiologically unrelated and
genetically diverse, so the strain collection displays a good
representation of most of the included species, although the

© Homofermentative
A Facultative heterofermentative
Heterofermentative
Pediococcus pentosaceus LMG11488
Pediococcus acidilactici NCFB2767
L LMG11457
L

LMG6902
Lactobacilus delbrueckii subsp. bulgaricus DSM20081 ®
Lactobacillus delbrueckii subsp. lactis DSM20072 ®
Lactobacillus helveticus DSM20075 @

—L gasseri D!

L Lactobacillus paragasseri LMG11478 ®
L sakei LMG9468 A
Ligilactobacillus salivarius LMG9477 @
Leuconostoc pseudomesenteroides DSM20193
Leuconostoc falkenbergense LMG10779

subsp. DSM20343

Leuconostoc mesenteroides subsp. cremoris DSM20346

FIGURE 1

Core genome phylogenetic tree based on 65 core genes for the
type strains of the included species. Lactobacillus,
Limosilactobacillus, Lentilactobacillus, Lactilactobacillus and
Ligilactobacillus species are either marked with a green dot if
obligate homofermentative, a blue triangle if facultative
heterofermentative or a yellow star if obligate heterofermentative.
NCBI accession no.: LMG11488, SAMN33225762; NCFB2767,
SAMN33225763; LMG11457, SAMN33225768; LMG6902,
SAMN33225764; DSM20081, SAMN33225756; DSM20072,
CP022988.1; DSM20075, SAMN33225755; DSM20243,
SAMN33225757; LMG11478, SAMN33225767; LMG9468,
SAMN33225759; LMG9477, SAMN33225758; DSM20193,
SAMN33225760; LMG10779, SAMN33225766; DSM20343,
SAMN33225765; DSM20346; SAMN33225761.
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FIGURE 2

Core genome phylogenetic tree based on 592 core genes, including
the 15 L. falkenbergense strains, named Lf1-14 and Lf TS (type strain,
LMG10779) and the two L. pseudomesenteroides strains named Lpl
and Lp TS (type strain, DSM20193). The tree is rooted with the L.
mesenteroides type strain (DSM20346). Clindamycin susceptible
strains are marked with a triangle (green) and resistant strains with a
dot (red)

number of isolates were limited. Another limitation is that the MIC
analysis was performed in only one laboratory and not in several,
the ECOFFs defined in this study are therefore tentative.

Comparison of MIC
Obligate homofermentative

The MIC range of the four homofermentative Lactobacillus species
(L. delbrueckii, L. gasseri/paragasseri, L. helveticus) was compared to the
Lactobacillus obligate homofermentative microbiological cut-off values
provided by EFSA (Table 1) (EFSA panel on Additives and Products or
Substances used in Animal Feed (FEEDAP), 2018; Zheng et al., 2020).
Opverall, these species exhibit different MIC distributions for all nine
tested antimicrobial agents illustrating the need for tentative ECOFFs
that follow phylogeny (Table 1).

None of the Lactobacillus species (L. gasseri/paragasseri, L.
helveticus, L. delbrueckii) exhibit vancomycin MIC above the
Lactobacillus obligate homofermentative cut-oft value of 2 mg/L,
in accordance with previous findings (Delgado et al., 2005; Zhang
et al., 2018).

It is generally reported in the scientific literature that Lactobacillus
spp. exhibits a high tolerance towards aminoglycosides and especially
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kanamycin as an intrinsic property of the genus (Danielsen and Wind,
2003; Mathur and Singh, 2005; Mayrhofer et al., 2010; Nawaz et al,
2011; Adimpong et al., 2012). In the present study, both L. gasseri/
paragasseri and L. delbrueckii exhibit a kanamycin MIC range up to
128 mg/L (8-128 mg/L and < 1-128 mg/L, respectively) and most of the
population showed MICs above the EFSA cut-off value at 16 mg/L.
This is in accordance with previous studies using broth microdilution
method and test conditions as recommended in the ISO 10932
standard (International Organization for Standardization, 2010;
Mayrhofer et al,, 2010; Nawaz et al,, 2011) (Table 1). Based on the
included strains, L. delbrueckii subsp. lactis exhibit one 2-fold dilution
higher kanamycin MIC range than the L. delbrueckii subsp. bulgaricus
strains, but both subspecies exhibit a broad kanamycin MIC range.
Furthermore, the L. delbrueckii subsp. bulgaricus type strain exhibit
kanamycin MIC of 64 mg/L, while L. delbrueckii subsp. lactis type
strain exhibit kanamycin MIC of 4 mg/L. This indicates that reduced
kanamycin susceptibility is not only related to a specific subspecies;
however, more strains belonging to the two subspecies need to be
examined to evaluate this.

In contrast, L. helveticus exhibit a kanamycin MIC range of 8-32
mg/L, suggesting that innate tolerance to kanamycin is species
specific and tentative ECOFFs should be defined according to
phylogeny. Furthermore, L. helveticus exhibit streptomycin (and
gentamycin) MIC values markedly below the current cut-off at 16
mg/L, as previously shown (Klare et al., 2007) showing that
aminoglycoside susceptibility differ within species belonging to
the Lactobacillus genus and obligate homofermentative species.

The current erythromycin EFSA cut-off is 1 mg/L, which is two-
four 2-fold dilutions higher than the observed MIC distributions for
the four Lactobacillus species (Table 1), in accordance with previous
findings (Klare et al.,, 2007; Nawaz et al, 2011; EFSA panel on
Additives and Products or Substances used in Animal Feed
(FEEDAP), 2018). This illustrates that the current EFSA cut-off
values also can be too high for specific species and should be
adjusted to divide the wild-type population from strains potentially
coding for acquired resistance genes.

Facultative heterofermentative

As recommended by EFSA, the MIC ranges of L. sakei and the
homofermentative Ligilactobacillus salivarius species were
compared to the Lactobacillus facultative heterofermentative
microbiological cut-off values (Table 2) (EFSA panel on Additives
and Products or Substances used in Animal Feed (FEEDAP), 2018;
Zheng et al., 2020).

Previous studies have shown that L. salivarius exhibits elevated
kanamycin MIC (Nawaz et al,, 2011; Adimpong et al, 2012;
Stefanska et al, 2021), which is also observed in the present
study, where 92% of the L. salivarius population exhibit
kanamycin MICs above the current cut-off (64 mg/L), with a
MIC range of 64-512 mg/L (Table 2). Since the whole population
exhibit an elevated kanamycin MIC range it can be considered as an
inherent trait of the species and the kanamycin tentative ECOFFs
should be adjusted to reflect this. In contrast, L. sakei exhibit a lower
kanamycin MIC range of 8-32 mg/L.
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TABLE 1 MIC distribution and tentative ECOFFs for nine antimicrobial agents for Lactobacillus obligate homofermentative species.

Antimicrobial agent

Species

Distribution (%) of MICs

Ampicillin

L. delbrueckii (28)
L. gasseri (7)/L. paragasseri (9)

Lactobacillus helveticus (7)

Chloramphenicol

L. delbrueckii (28)
L. gasseri (7)/L. paragasseri (9)

Lactobacillus helveticus (7)

Clindamycin

L. delbrueckii (28)
L. gasseri (7)/L. paragasseri (9)

Lactobacillus helveticus (7)

Erythromycin

L. delbrueckii (28)
L. gasseri (7)/L. paragasseri (9)

Lactobacillus helveticus (7)

Gentamycin

L. delbrueckii (28)
L. gasseri (7)/L. paragasseri (9)

Lactobacillus helveticus (7)

Kanamycin

L. delbrueckii (28)
L. gasseri (7)/L. paragasseri (9)

Lactobacillus helveticus (7)

Streptomycin

L. delbrueckii (28)
L. gasseri (7)/L. paragasseri (9)

Lactobacillus helveticus (7)

Tetracycline

L. delbrueckii (28)
L. gasseri (7)/L. paragasseri (9)

Lactobacillus helveticus (7)

Vancomycin

L. delbrueckii (28)
L. gasseri (7)/L. paragasseri (9)

Lactobacillus helveticus (7)

0.0075

0.015

0.03

0.5

1

2

4

16

32

64

128

256

512

1024

Tentative
ECOFF MIC50  MIC90
0.25 0.06 0.21
0.5 0.25 0.5
0.5 0.5 0.5
8 4 4
8 8 8
4 4 4
0.5 0.06 0.12
8 4 8
2 2 2
0.12 0.03 0.06
0.25 0.12 0.12
0.06 0.06 0.06
8 2 8
8 4 4
2 1 2
128 8 32
128 64 128
32 8 32
32 8 32
32 8 16
2 2 2
4 2 4
8 4 8
4 4 4
1 0.5 1
2 1 2
2 1 2

MIC is compared to the Lactobacillus obligate homofermentative microbiological cut-off values by EFSA (vertical line). The white area shows the tested concentration of the specific antimicrobials and the grey area shows the concentration of the specific antimicrobials not tested.
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TABLE 2 MIC distribution and tentative ECOFFs for nine antimicrobial agents for Ligilactobacillus salivarius and Lactilactobacillus sakei.

Distributions (%) of MICs

Species
Antimicrobial
Ampicillin L. salivarius (12)
L. sakei (10)
Chloramphenicol L. salivarius (12)
L. sakei (10)
Clindamycin L. salivarius (12)
L. sakei (10)
Erythromycin L. salivarius (12)
L. sakei (10)
Gentamycin L. salivarius (12)
L. sakei (10)
Kanamycin L. salivarius (12)
L. sakei (10)
Streptomycin L. salivarius (12)
L. sakei (10)
Tetracycline L. salivarius (12)
L. sakei (10)
Vancomycin L. salivarius (12)
L. sakei (10)

MIC is compared to the Lactobacillus facultative heterofermentative microbiological cut-off values by EFSA (vertical line). The white area shows the tested concentration of the specific antimicrobial and the grey area shows the concentration of the specific antimicrobial not tested.

0.0075

0.015

003 006 012 025 05 1 2 4 8 16 32 64 128 256 512 1024
8 92
50 40
17 50 33
100
20
8 17 50 25
40 50 1
20 30
8
25 50 8
10 80
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Tentative
ECOFF MIC50 = MIC90
0.5 0.5 0.5
4 2 4
8 4 8
4 4 4
1 0.25 0.5
2 0.5 2
0.5 0.5 0.5
0.5 0.25 0.5
16 8 16
16 8 16
512 256 512
32 32 32
128 64 128
128 128 128
8 4 8
4 4 4
>16 >16 >16
>16 >16 >16
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For ampicillin and clindamycin, the examined L. salivarius
strains exhibit ampicillin and clindamycin MIC distributions two
or three 2-fold dilutions below the current cut-off, suggesting the
need for adjusting the cut-off values for these two
antimicrobial agents.

Both L. salivarius and L. sakei are resistant to vancomycin
(MIC >16 mg/L), which previously have been reported for several
species of LAB (Swenson et al.,, 1990; Klare et al., 2007; Mufoz-
Atienza et al., 2013; Florez et al., 2016; Zhang et al., 2018). This is
related to the presence of D-Ala-D-lactate in the peptidoglycan of
these species rather than a D-Ala-D-Ala dipeptide (Florez
et al., 2016).

Of the tested L. sakei strains, 60% were found to exhibit
streptomycin MIC values of 128 mg/L, which is above the current
cut-off of 64 mg/L, indicating that the cut-off should be adjusted.

One L. sakei strain (Accession number JANRGY000000000)
showed a tetracycline MIC value above 64 mg/L, which is more than
four 2-fold dilutions above the rest of the population, which showed
a MIC distribution below the EFSA cut-off value (Table 2).
Genomic analysis revealed that the strain encodes a ribosomal
protection tet(M) gene with 100% nucleotide identity and 100%
coverage to a gene from Staphylococcus aureus (accession number
FN433596) and also a truncated variant of a gene with high identity
(99.55% nucleotide identity and 81% coverage) to tet(L) gene from a
Bacillus sp. plasmid encoding a an MFS efflux resistance pump
(accession number HM235948). A previous study has reported a L.
sakei strain encoding both a chromosomally located transposon-
associated tet(M) gene (accession number EF605269) and a
plasmid-carried fet(L) gene (accession number EF605268), with
high identity to a plasmid-encoded tet(L) gene from Paenibacillus
larvae (Murray and Aronstein, 2006; Ammor et al., 2008). The tet
(M) and tet(L) encoded by the L. sakei strain (Accession number
JANRGY000000000) in the present study are surrounded by genes
both originating from EF605269, EF605268 and a L. sakei plasmid
(CP025207) (Figure S1), suggesting it have been acquired (Davray
et al., 2021).

Obligate heterofermentative

For the two heterofermentative species (Lentilactobacillus
parabuchneri and Limosilactobacillus fermentum), the MIC ranges
are compared to the EFSA microbiological cut-off values for
Lactobacillus obligate heterofermentative (Table S3). The two
species exhibit different MIC distributions toward the tested
antimicrobial agents, which was expected as they belong to
different genera, again supporting the need for defining cut-off
values that follows phylogeny rather than fermentation pattern.

All the tested L. parabuchneri strains exhibit tetracycline MIC
above the current cut-off value at 8 mg/L, with a MIC range of 16-64
mg/L (Table S3), in accordance with previous findings (Nawaz et al.,
2011). A previous study has found that the species belonging to the
novel Lentilactobacillus genus all exhibit tetracycline MIC above the
EFSA cut-off of 8 mg/L, suggesting that the EFSA recommended
tetracycline cut-off value for L. buchneri at 128 mg/L is also
applicable to all the species belonging to Lentilactobacillus;
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however, more data on the individual species are needed to
conclude this (Feichtinger et al., 2016; EFSA panel on Additives
and Products or Substances used in Animal Feed (FEEDAP), 2018).

Even though studies have shown that some Lactobacillus species
exhibit a high tolerance toward aminoglycosides (Turnidge et al.,
2006; Price et al., 2009; Price et al., 2010; Zankari et al., 2012; Kumar
et al,, 2018), both L. parabucneri and L. fermentum exhibit
gentamycin MIC two-four 2-fold dilutions below the current cut-
off of 16 mg/L, in accordance with previous studies (Klare et al.,
2007; Nawaz et al,, 2011) again illustrating that aminoglycoside
resistance pattern is species specific.

All the tested L. fermentum strains exhibit chloramphenicol
MIC above the current cut-off at 4 mg/L, which is in accordance
with previous findings (Klein, 2011).

Pediococcus

MIC values were measured for strains belonging to P.
acidilactici and P. pentosaceus (Table 3). CLSI recommend using
CAMHB with lysed horse blood when assessing antimicrobial
susceptibility for Pediococcus. However, as a study has shown that
LSM provide better growth of Pediococcus, LSM was used in the
present study. Furthermore, CLSI recommend reading MIC
between 20-24 hours to ensure good growth, however, a
standardized MIC reading time point is preferable to correctly
compare MIC values. In this study, the MIC was read both after 20
and 24 hours incubation and all the included strains were found to
show adequate growth in the control wells at 20 hours.
Furthermore, the MIC values did not increase more than one 2-
fold between the 20 hours and 24 hours reading. We therefore
recommend recording MIC at 20 hours for Pediococcus species,
since adequate growth in the control wells was observed for alle the
tested strains at this timepoint and further growth could potentially
lead to overestimation of the MIC values.

For both P. acidilactici and P. pentosaceus, trailing endpoints
were observed for tetracycline, which are defined as a gradual fading
of growth over two-three wells. This phenomenon have been
described for Gram-positive cocci when tested against
bacteriostatic antimicrobial agents such as tetracycline (EUCAST,
2022). The tetracycline MIC was determined as the first well with
significant growth inhibition compared to the control wells as
recommended by EUCAST (2022).

Overall, P. acidilactici and P. pentosaceus (Table 3) exhibit similar
MIC distributions for the tested antimicrobial agents. The MIC ranges
for chloramphenicol, kanamycin, streptomycin, and tetracycline were
found to be one-two 2-fold dilutions higher than the current
microbiological cut-ofts provided by EFSA (Table 3), which could be
explained by the different methods and test conditions used to measure
MIC for Pediococcus and that the LSM medium provide better growth
of Pediococcus compared to CAMHB with lysed horse blood (Swenson
et al,, 1990; Tankovic et al., 1993; Klare et al., 2005; Rojo-Bezares et al.,
2006; Danielsen et al., 2007; Klare et al., 2007; Mufioz-Atienza et al.,
2013; Basbiilbill et al., 2015). This supports the need for standardized
methods and test conditions when measuring MIC for defining
tentative ECOFFs.
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TABLE 3 MIC distribution and tentative ECOFFs for nine antimicrobial agents for the Pediococcus species.

Distribution (%) of MICs

Species
Antimicrobial
Ampicillin P. acidilactici (21)
P. pentosaceus (21)
Chloramphenicol P. acidilactici (21)
P. pentosaceus (21)
Clindamycin P. acidilactici (21)
P. pentosaceus (21)
Erythromycin P. acidilactici (21)
P. pentosaceus (21)
Gentamycin P. acidilactici (21)
P. pentosaceus (21)
Kanamycin P. acidilactici (21)
P. pentosaceus (21)
Streptomycin P. acidilactici (21)
P. pentosaceus (21)
Tetracycline P. acidilactici (21)
P. pentosaceus (21)
Vancomycin P. acidilactici (21)
P. pentosaceus (21)

MIC is compared to the Pediococcus microbiological cut-off values by EFSA (vertical line).The white area shows the tested concentration of the specific antimicrobials and the grey area shows the concentration of the specific antimicrobials not tested.

0.0075

0.015

Tentative
003 006 012 025 05 1 2 4 8 16 32 64 128 256 512 1024 ECOFF MIC50  MIC90
5 48 48 4 2 4
10 90 4 4 4
100 4 4 4
3 57 5 8 4 4
0.06 <0.03 0.06
0.12 <0.03 0.12
0.5 0.25 0.25
0.5 0.12 0.25
9 81 10 8 4 4
9 29 43 14 5 16 4 8
128 128 128
5 128 64 128
64 64 64
128 64 128
57 43 16 8 16
52 48 16 8 16
>16 >16
>16 >16
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Leuconostoc

MIC was measured for strains belonging to L. falkebergense/L.
pseudomesenteroides and L. mesenteroides (Table 4). CLSI
recommend reading MIC between 24 and 48 hours for the
Leuconostoc genus and in the present study, MIC was therefore
read both at 24 and 48 hours (Clinical and Laboratory Standards
Institute (CLSI), 2016). Overall, the Leuconostoc strains showed
adequate growth at 24 hours, except for one L. falkenbergense strain
and one L. mesenteroides strain, which showed limited growth at 24
hours; therefore, incubation for 48 hours was required for these two
strains. For the remaining strains the MIC increased no more than
two 2-fold dilutions between the 24 and 48 hours reading, and the
population MIC range only increased one 2-fold dilution for most
of the tested antimicrobial agents (chloramphenicol, clindamycin,
erythromycin, gentamycin, kanamycin, streptomycin, tetracycline).
Based on the results in the present study, MIC recording at 24 hours
is reccommended, since most of the strains showed adequate growth
at this timepoint. However, in cases where poor growth is observed
for specific strains it is recommended to incubate for 48 hours to
obtain the correct MIC values.

In the present study, the chloramphenicol, clindamycin and
kanamycin MIC range was higher than the current cut-offs
provided by EFSA (Table 4), which could be due to the difference
in test conditions in the present study and previous published data
(Swenson et al., 1990; Casado Mufioz M del et al., 2014; Jeong and
Lee, 2015; Florez et al., 2016).

Overall, the MIC distributions for L. falkebergense/L.
pseudomesenteroides and L. mesenteroides were similar, expect
for clindamycin.

The clindamycin MIC distribution for the L. falkebergense/L.
pseudomesenteroides group was found to be divided into two
subgroups with either clindamycin MIC at or below the current
cut-off value of 1 mg/L (<0.03-1 mg/L) and strains with MICs above
(4-8 mg/L), respectively. The type strains of both species showed
clindamycin MIC values of 8 mg/L, suggesting that decreased
clindamycin susceptibility is an inherent trait of both species
originating before species differentiation. In agreement, strains
with clindamycin MIC above the current cut-off value were
scattered throughout the phylogenetic tree (Figure 2) but the trait
appears to have been lost from specific strains. Genome
comparisons of clindamycin resistant and susceptible strains did
not identify any evidence of acquired genes that could explain the
resistance, supporting that decreased clindamycin susceptibility is
intrinsic for the L. falkebergense/L. pseudomesenteroides group. A
gene encoding a protein with 51.8% similarity to LsaA of E. faecalis
has been suggested to be involved in the clindamycin resistance
observed for the L. pseudomesenteroides type strain (Salvetti et al.,
2021). However, this gene was found in all 17 strains included in the
present study including strains with clindamycin MIC values below
the EFSA cut-off value. Furthermore, whereas the intact 1,448 bp
gene was present in some strains with low clindamycin MIC values,
all L. falkenbergense strains with clindamycin MIC values above the
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EFSA cut-off value were found to encode a truncated 333 bp
pseudogene due to a premature stop codon. Accordingly, the
IsaA-like gene cannot explain the decreased clindamycin
susceptibility. As there are no indications that the decreased
clindamycin susceptibility commonly observed in strains of the L.
falkebergense/L. pseudomesenteroides group is related to acquired
genes, this can be considered as an inherent trait of the species and
the clindamycin ECOFF should be adjusted to reflect this (Table 4).

Detection of known antibiotic resistance
genes

For all strains included in the study, the presence of genes with
identity to known antimicrobial resistance genes was assessed using the
curated databases ResFinder (Zankari et al., 2012) (nucleotide level)
and NCBI AMRFinderPlus (Feldgarden et al., 2019) (amino acid level).

Out of the 170 included strains, correlation between phenotypic
and genotypic resistance was only observed for one L. sakei strain
(Accession number JANRGY000000000), which exhibit highly
elevated tetracycline MIC compared to the wild-type population
(Table 1) and encodes acquired tetracycline resistance genes (Figure
S1) as described above.

In the remaining strains, no antibiotic resistance genes were
detected using the EFSA cut-offs (% identity and coverage above
80% and 70%, respectively) (European Food Safety Authority, 2021).
This supports that the decreased antimicrobial susceptibility observed
in some of the species is an innate tolerance to specific antimicrobial
agents. Innate tolerance or intrinsic resistance does not normally
spread horizontally between bacteria but spreads clonally and is
often seen as a common trait within a bacterial species or
subpopulation which share a common evolutionary history (Cox and
Wright, 2013).

Conclusions

ECOFFs are a useful tool to differentiate susceptible and
resistant strains within species, however MIC data on species level
determined using a standardized method need to be available. In the
present study, we were able to show that antimicrobial susceptibility
for the Lactobacilliaceae family follows phylogeny and tentative
ECOFFs were defined accordingly. Furthermore, the data shows
that several of the current cut-offs defined by EFSA are either too
high or too low for specific species and that several of the species
exhibit intrinsic resistance towards specific antimicrobial agents,
e.g., L. pseudomesenteroides/falkenbergense toward clindamycin and
L. salivarius toward kanamycin. Furthermore, correlation between
phenotypic resistance and presence of known antibiotic resistance
genes was observed for one L. sakei strain out of the 170 included
strains. Therefore, it is important that future tentative ECOFFs are
defined based on phylogeny and that more data become available to
define ECOFFs. When defining tentative ECOFFs for industrially
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TABLE 4 MIC distribution and tentative ECOFFs for nine antimicrobial agents for the Leuconostoc species.

Species

Distribution (%) of MICs

Ampicillin

L. falkebergense(15)/L.
pseudomesenteroides(2)

L. mesenteroides (26)

Chloramphenicol

L. falkebergense(15)/L.
pseudomesenteroides(2)

L. mesenteroides (26)

Clindamycin

L. falkebergense(15)/L.
pseudomesenteroides(2)

L. mesenteroides (26)

Erythromycin

L. falkebergense(15)/L.
pseudomesenteroides(2)

L. mesenteroides (26)

Gentamycin

L. falkebergense(15)/L.
pseudomesenteroides(2)

L. mesenteroides (26)

Kanamycin

L. falkebergense(15)/L.
pseudomesenteroides(2)

L. mesenteroides (26)

Streptomycin

L. falkebergense(15)/L.
pseudomesenteroides(2)

L. mesenteroides (26)

Tetracycline

L. falkebergense(15)/L.
pseudomesenteroides(2)

L. mesenteroides (26)

Vancomycin

L. falkebergense(15)/L.
pseudomesenteroides(2)

L. mesenteroides (26)

0.0075 0015 003 006 0312 025 05 1 2 4 8 16 32 64 128 256 512
47
2715
12 70 18
15 46 39
6 2329
2318
8
6 35 23 23
22 12 8 15 4
18 41 18 18
31 12 23 4
47 18 6
3% 019 4

1024

Tentative
ECOFF MIC50 MIC90

1 0.5 1

2 0.5 2

8 4 8

4 2 4

8 4 8
0.06 <0.03 0.06
0.25 0.12 0.12
0.25 0.06 0.12

2 0.5 2

1 <0.25 0.5

32 8 32
32 2 16
32 8 32
32 2 16

4 1 2

4 1 2
>16 >16
>16 >16

MIC is compared to the Leuconostoc microbial cut-off values by EFSA (vertical line). The white area shows the testedconcentration of the specific antimicrobials and the grey area shows the concentration of the specific antimicrobials not tested.
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relevant bacterial species the number of isolates available are often
limited compared to clinically important species. It is therefore
important; 1) that strains are unambiguously defined at species level
and subtyped to support a diverse strain collection e.g., through
core genome analysis, 2) MIC population studies are performed by
use of a standardized method to define species-specific MIC
distributions and 3) that the presence of known antimicrobial
resistance genes are searched for to support the MIC distributions.
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Antimicrobial resistance (AMR) is a global One Health threat. A portion of AMR
development can be attributed to antimicrobial use (AMU) in animals, including
dairy cattle. Quantifying AMU on U.S. dairy farms is necessary to inform
antimicrobial stewardship strategies and help evaluate the relationship
between AMU and AMR. Many AMU indicators have been proposed for
quantifying AMU in dairy cattle. However, these indicators are difficult to
interpret and compare because they differ in the type of data used, the
calculation approach, and the definitions of variables and parameters used in
the calculation. Therefore, we selected 16 indicators (count-based, mass-based,
and dose-based) applicable for quantifying AMU on U.S. dairy farms. We
systematized the indicators by standardizing their variables and parameters to
improve their interchangeability, interpretation, and comparability. We scored
indicators against six data-driven criteria (assessing their accuracy, data and effort
needs, and level of privacy concern) and five stewardship-driven criteria
(assessing their ability to capture trends and inform antimicrobial stewardship).
The derived standardized indicators will aid farmers and veterinarians in selecting
suitable indicators based on data availability and stewardship needs on a farm.
The comparison of indicators revealed a trade-off requiring farmers to balance
the granularity of data necessary for an accurate indicator and effort to collect
the data, and a trade-off relevant to farmers interested in data sharing to inform
stewardship because more accurate indicators are typically based on more
sensitive information. Indicators with better accuracy tended to score better in
stewardship criteria. Overall, two dose-based indicators, estimating the number
of treatments and administered doses, scored best in accuracy and stewardship.
Conversely, two count-based indicators, estimating the length of AMU, and a
mass-based indicator, estimating the mass of administered antimicrobials,
performed best in the effort and privacy criteria. These findings are expected
to benefit One Health by aiding the uptake of farm-level AMU indicators by U.S.
dairy farms.
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1 Introduction

Antimicrobial resistance (AMR) is a serious One Health
concern threatening not just human, animal, and environmental
health but also agricultural production and the economy (WHO,
2021). In 2019 alone, the global human health burden associated
with bacterial AMR was an estimated 1.27 million deaths (Murray
et al., 2022). By 2050, approximately ten million people could die
from AMR annually (O’Neill, 2016). The mechanism of AMR
emergence and spread is complex, but antimicrobial use (AMU)
in food producing animals, dairy cattle included, is considered to
contribute to the One Health burden associated with AMR
(Marshall and Levy, 2011; Hoelzer et al., 2017; Ma et al., 2021).

The U.S. is one of the top countries in the world with respect to
the size of the national dairy cattle population (FAOSTAT).
According to the FDA, in the U.S. in 2020, medically important
antimicrobials for use in cattle (beef and dairy cattle combined
because data were not available for these two different production
categories separately) accounted for 41% of the total sales of
antimicrobials for use in food animals (FDA, 2021). On dairy
farms, antimicrobials are used to treat bacterial infections, such as
mastitis in lactating cows and respiratory disease in calves (Llanos-
Soto et al., 2021; Casseri et al., 2022). Studies have suggested variable
levels of association between the level of AMU on dairy farms and
the emergence of AMR in the commensals and pathogens of dairy
cattle (Snow et al., 2012; Duse et al., 2015; Gonggrijp et al., 2016;
Hordijk et al., 2019). However, conclusive evidence that AMU in
dairy farms leads to AMR infections that cause extended illnesses or
deaths in dairy cattle is still lacking, implying the presence of
multiple factors influencing the epidemiology of AMR diseases
(de Verdier et al., 2012; Cummings et al., 2013; Owen et al., 2017;
Bokma et al., 2020), as well as exposing the lack of quantitative data
to allow causal inference (Cummings et al., 2013; Owen et al., 2017).
Therefore, gathering quantitative data about AMU is a crucial step
to understanding the relationship between AMU and the
development of AMR (MacFadden et al, 2016) and informing
antimicrobial stewardship (Redding et al., 2019; Schrag et al., 2020¢;
Cheng et al., 2022; Fonseca et al., 2022).

Scientists and governments worldwide have proposed different
indicators to quantify AMU in cattle (Redding et al., 2019; Brault
et al,, 2019a; Schrag et al., 2020a; Cheng et al., 2022; Fonseca et al.,
2022). An indicator is usually calculated using a division equation
with different combinations of animal, antimicrobial, and temporal
information as the numerator and denominator. Consequently,
each indicator has a different focus, granularity, interpretation,
and data requirements (Brault et al., 2019a; Schrag et al., 2020b).
For example, an indicator that uses the mass of the active substance
administered as the numerator and the population of animals at risk
as the denominator (mg/100 cattle-at-risk) is easy to calculate but
may be misleading because it does not consider the animal body
mass and antimicrobial potency and dosage differences (Brault
et al., 2019a). For mass-based indicators, the European
Surveillance of Veterinary Antimicrobial Consumption (ESVAC)
defined the population correction unit (PCU) to adjust
antimicrobial sales data, where PCU is the product of the number
of animals in the population and animal body mass at treatment
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(European Medicines Agency, 2019). The U.S. equivalent of the
PCU denominator is the target animal biomass (TAB) developed by
FDA, which also adjusts antimicrobial sales data (FDA Center for
Veterinary Medicine).

Antimicrobial use can be quantified by several dose-based
indicators as well, which are calculated by using different dose
definitions and were developed by various research and government
groups. Timmerman et al. adopted the used daily dose (UDD),
which means the administered dose per day per kilogram of animal
body mass (Timmerman et al, 2006). Jensen et al. defined the
animal daily dose (ADD), which means the average maintenance
dose for treatment in a specific species (Jensen et al., 2004). To
harmonize and better monitor antimicrobial sales data in EU
countries, ESVAC developed the defined daily dose (DDDvet)
and the defined course dose (DCDvet) for animals, which provide
standard parameters to adjust AMU data for different
antimicrobials and animal species (European Medicines Agency,
2015). In addition, Schrag et al. defined the concepts of the standard
regimen (SReg), which means the use of an antimicrobial product
for a disease event in an animal and implicitly accounts for dose,
therapy length, and the number of administrations (Schrag et al.,
2020a; Schrag et al, 2020b). Schrag et al. used the counts and
grouping of SRegs to quantify AMU (Schrag et al., 2020b; Schrag
et al., 2022). While indicators that quantify AMU in terms of the
applied course doses and regimens differ, the two terms, ‘course’
and ‘regimen’, refer to the same concept (defined above
for regimen).

Countries like the Netherlands and Denmark have
implemented national AMU surveillance systems that quantify
AMU based on their national DDDvet (Kasabova et al., 2019;
Moura et al.,, 2022). However, there is still a need for a national
unified or recommended indicator(s) to quantify AMU on U.S.
dairy farms. Many farms in the U.S. have yet to use different
indicators to evaluate AMU, contributing to a poor
understanding of AMU and its role in the emergence of AMR
and missing the opportunity to inform antimicrobial stewardship
(de Campos et al.,, 2021). Also, a review from 2022 reported that
many U.S. dairy producers rely on their experience to make
treatment decisions without veterinary input (Ruegg, 2022). Due
to the inconsistent definitions of indicators for quantifying on-farm
AMU, veterinarians and farmers need more guidance in selecting
suitable indicators for quantifying and adjusting their AMU
(Gozdzielewska et al., 2020; Moore et al, 2021; Ruegg, 2022).
Quantification of AMU contributes to reducing costs of excess
antimicrobials while keeping healthy dairy cattle, which is the
primary motivation for dairy farmers to adjust AMU
(Gozdzielewska et al., 2020). In addition, farmers are also
interested in knowing how their AMU compares to other farms
(Casseri et al., 2022). However, comparing their AMU with other
farms requires sharing AMU data, which may raise privacy
concerns. At the national level, detailed and accurate on-farm
AMU data are the cornerstone of a national AMU monitoring
system and provide support for developing interventions (Sanders
et al., 2020).

The objectives of this study were to: (i) standardize published
indicators for monitoring farm-level AMU in dairy cattle by
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standardizing their underlying variables and parameters and (ii)
compare AMU indicators based on their data needs and effort, level
of privacy concerns, and ability to capture trends and inform
antimicrobial stewardship on the U.S. dairy farms. This
information will provide guidelines for a more intuitive
comparison and selection of AMU indicators by farmers and
veterinarians, which can drive meaningful antimicrobial
stewardship decisions on dairy farms and help evaluate the
relationship between AMU and AMR.

2 Method
2.1 Indicator selection

We conducted a literature review to identify existing indicators
that can quantify AMU on U.S. dairy farms. A total of 16 indicators
were selected, and we categorized them into three groups: count-
based (five), mass-based (two), and dose-based (nine).

The selected count-based indicators were all from Schrag et al.’s
studies, which were the number of therapeutic events (nTE),
number of standard regimens (nREG), antimicrobial regimen to
therapy ratio (RT-ratio), number of regimen time frame days
(nRTFD), and total length of all therapies (nDOT) (Schrag et al.,
2020b; Schrag et al., 2022). These five indicators contain neither the
total mass of antimicrobial administered nor the dose information
in the calculation. Instead, the numerators are the number of
therapeutic events, regimens, or days. The denominators for all
five indicators are either the number of animals (nTE, nREG,
nRFTD, and nDOT) or the number of therapeutic events (RT-
ratio). Some of the information contained in the count-based
indicators overlaps with the information contained in the dose-
based indicators, but they are not identical. Because the count-based
indicators don’t depend on the availability of globally accepted
standard dose-related parameters needed for calculating the
administrated dose (e.g., the defined daily dose (DDD)), they are
simpler to calculate and interpret. Also, they are more robust since
they are not affected by changes or variability in standard dose-
related parameters over time and across farms.

The selected mass-based indicators were mg/100 cattle-at-risk
(referred to as "mg/100 animals-at-risk" in our study) and mg/TAB.
The mg/100 cattle-at-risk indicator is the easiest to calculate and
interpret (Brault et al., 2019a). In this study, we used an adaptation
of the FDA’s definition of mg/TAB for quantifying farm-level AMU
that is otherwise applicable only to the national-level AMU. This
was achieved by replacing in the calculation the national
antimicrobial sales data with the farm-level AMU data and by
using the farm-level specific animal body mass instead of the
national standard animal body mass (FDA Center for Veterinary
Medicine). We did not consider the EU indicator with the PCU
denominator because the mg/TAB indicator has the same principle
and is more suitable for the U.S. farming settings.

Most (nine) of the selected 16 indicators fall into the dose-based
group. Specifically, we selected the number of study defined daily
doses (nDDDp), the number of standard defined daily doses
(nDDDv), the number of study defined course doses (nDCDp),

Frontiers in Antibiotics

10.3389/frabi.2023.1176817

and the number of standard defined course doses (nDCDv) from
Schrag et al.’s study (Schrag et al., 2020b). Additionally, we selected
indicators that combine the treatment frequency with the used daily
dose (TFypp) or standard defined daily dose (TFppp) from
Kasabova et al’s study (Kasabova et al., 2019). Also, we selected
the indicators from Brault et al.’s study quantifying the number of
animal daily doses per 100 treated animals that use the individual
animal AMU and body mass information (nADD(kg,)/100 treated
animals) or use the average animal AMU and body mass
information (nADD(kg,,)/100 treated animals) (Brault et al,
2019a). Finally, we selected the number of Canadian-defined daily
doses per 1,000 animal days at risk (nDDDv/1,000 animal days-at-
risk) proposed by the Canadian Government (Canadian Integrated
Program for Antimicrobial Resistance Surveillance).

2.2 Parameter standardization

The definitions of terms (variables and parameters) appearing
in the equations for calculating the original AMU indicators are
inconsistent. For example, the numerators in TFypp, ADD-based
indicators, and nDCDp describe the amount of antimicrobial used,
and the unit in all three is mg of an active substance. However, the
numerators in these three indicators are defined differently: as “the
amount of active substance for every active compound” in TFypp,
“the quantity of active substance in mg administered” in ADD-
based indicators, and “substance specific total milligrams” in
nDCDp (Brault et al.,, 2019a; Kasabova et al., 2019; Schrag et al,,
2020b). The subtle differences in definitions can cause confusion
(Moore et al., 2021).

In addition, the indicators often use different methods to
estimate animal body mass on a farm, and the body mass
information often does not include the animal production
category (e.g., unweaned calf, weaned calf, pregnant heifer,
lactation #1). For example, Kasabova et al. estimated the animal
body mass by rearranging the formula (equation (2) in Kasabova
et al.) for calculation of the used daily dose (UDD), i.e., by dividing
the mass of the administered active substance by the product of the
number of treated animals, the recommended UDD, and treatment
days (Kasabova et al, 2019); while Brault et al. used the mean
animal body mass of animals on a feedlot at the time of exposure to
any antimicrobial (Brault et al., 2019a); and Schrag et al. used the
assumed animal body mass of 680 kg that is based on a prior study
on the U.S. dairy farms (Schrag et al., 2020b).

To address these inconsistencies, we redefined variables and
parameters based on the equations for each of the 16 selected
indicators and expressed them in a standardized way. This included
assigning identical definitions to the numerators with the same
meaning and describing body mass variables/parameters in a way
that the distinctions among them are obvious. We grouped all terms
appearing in the indicator equations into: (i) data collected per
treatment (C); (ii) composite records of collected data for each
individual administrated treatment (a) or regimen (R) (CR); (iii)
data collected periodically (e.g., weekly) (P); (iv) ‘farm standard’, a
constant value obtained from a one-time calculation or

approximation for a specific farm (FS); (v) ‘general standard’, a
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constant value available from the literature (GS); and (vi) the
derived terms (D). The terms (i)-(v) represent the ‘primary data’
required for the calculation of indicators that need to be assembled
by a farmer/veterinarian (Table 1), while the ‘derived terms’ in (vi)
are calculated from the collected/identified primary data or other
calculated terms and they are presented as an intermediate step for
ease of indicator calculation and comparison (Table 2).
Additionally, we categorized all terms (primary data and derived
terms) into three categories based on the fundamental requirements
for estimating an AMU indicator: antimicrobial, animal, and time.
We have standardized definitions of terms while maintaining their
original meaning so that the identical components in calculation
can be easily identified across all indicators. This also achieved
interchangeability between indicators. For example, the definition
of the animal body mass now is the same for mg/TAB, nDDDp,
nDCDp, TFypp, and nADD(kg,,)/100 treated animals, which is
farm-specific average body mass for the production category of
the treated animal. Therefore, users can use the same body mass
data for these five indicators.

For all AMU indicators, the time period T of data recording for
periodic calculation of an AMU indicator is user defined (e.g., month,
quarter, year). We summarized the definitions, notations, and sources
of primary data and derived terms used in calculating 16 AMU
indicators in Tables 1, 2. In Table 1, we included specific terms as
subscripts to describe AMU: treatment indication, production
category, active substance, and route of administration. These
terms are crucial for accurate calculations and meaningful

10.3389/frabi.2023.1176817

comparisons and interpretation of indicators, and will be helpful in
evaluating implications of AMU (e.g., when comparing
intramammary vs parenteral therapies with the count-, mass- and
dose-based indicators and evaluating implications of these therapies
for AMR). We showed how these terms are used in calculating AMU
indicators in Table 3. For transparency, the new and original
definitions of the terms are shown side-by-side in Supplementary
Table S1. Definitions of main abbreviations and acronyms used in
derivation and evaluation of antimicrobial use indicators are
provided in alphabetical order in Supplementary Table S2. We also
created a simplified dataset for a hypothetical dairy farm, and we
illustrated step by step how to obtain all values listed in Tables 1-3,
which respectively include primary data, derived terms, and the
indicators for quantifying AMU on the farm (Supplementary Data).

2.3 Indicators’ comparison

To assess the data needs and interchangeability of indicators, we
cross-tabulated the 16 indicators and the data/terms needed for their
calculation. Additionally, to compare the 16 indicators, ZL, EB, and
RI established six data requirement- and five stewardship
information-driven criteria for evaluation (Table 4). The data
requirements focused on data needs and evaluated the level of
detail provided by an indicator about (i) the actual animals treated
(Animal information, ani); (ii) antimicrobials used (Exposure data,
ed); (iii) ability to detect extra-label use (Extra-label use, el); (iv) the
ease of implementation (Ease of data recording and calculation, edr);

TABLE 1 Definition of primary data (variable and standard parameter terms) required for calculation of farm-level antimicrobial drug use indicators.

Category  Notation Definition (unit) Type' Source
Animal i Individual animal identification number on a farm ffor an animal that was treated with an C NA*
antimicrobial product (animal)
d Specific treatment indication/disease syndrome (treatment indication) C Adapted from (Schrag et al.,
2020a)
P Specific production category of a treated animal at the time of antimicrobial product C NA
administration (production category)
ke p Number of animals of a given production category (p) present on a farm f in a given week P Adapted from (Schrag et al.,
(wk) (animal) 2020a)
Wi Body mass of an individually treated animal at the time of antimicrobial product C Adapted from (Kasabova
administration (can be measured or estimated from animal age at the time of treatment using et al., 2019)
growth charts) (kg)
Wrp Farm f specific average body mass (or farm-specific standard body mass) for the production FS Adapted from (Brault et al.,
category p of a treated animal at the time of antimicrobial product administration. Can be 2019a)
obtained from historical farm records or by measuring a representative subset of animals (kg)
Wy Standard average body mass for the production category p of a treated animal at the time of GS (Canadian Integrated
drug product administration (kg)3 Program for Antimicrobial
Resistance Surveillance;
European Medicines
Agency, 2023)
Antimicrobial s Specific administrated active substance (s) (active substance) C NA
r Specific route of antimicrobial product administration (administration route) C NA
my Mass of an active substance (s) in a single administration of an antimicrobial product (listed GS NA
on the product label) (mg)
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TABLE 1 Continued

Category  Notation Definition (unit) Type' Source

Mass of an active substance (s) actually administrated in a single administration of an C NA
antimicrobial product, including for extra-label use. Recorded only if different from the mass
(my) listed on the product label (mg)

m,

i

Cr Prescribed number of antimicrobial product administrations as part of a single regimen GS/FS  NA
(administration)
cr, The actual number of antimicrobial product administrations as part of a regimen C NA

administrated to animal i. Recorded only if different from the general/farm standard (cg) for
the regimen (administration)

AD; The actual dose (m;/w;) of an active substance (s) in a single antimicrobial administration for C Adapted from (Brault et al.,
a therapeutic purpose targeting a single disease event (d) in an individual animal (i) (mg 2019a; Schrag et al., 2020a)
active substance/kg animal)

AD,, Prescribed or mean dose of an active substance (s) in a single antimicrobial administration for GS/ES Adapted from (Brault et al.,
a therapeutic purpose targeting a single disease event (d) in an individual animal (i) (mg 2019a; Schrag et al., 2020a)
active substance/kg animal)

DDDv Standard defined daily dose by the European Surveillance of Veterinary Antimicrobial GS (Canadian Integrated
Consumption or Government of Canada (mg active substance/kg animal/day)* Program for Antimicrobial
Resistance Surveillance;
Defined daily doses for
animals (DDDvet) and
defined course doses for
animals (DCDvet))

DCDv Standard defined course dose proposed by European Surveillance of Veterinary Antimicrobial GS (Canadian Integrated
Consumption or Government of Canada (mg active substance/kg animal/course)* Program for Antimicrobial
Resistance Surveillance;
Defined daily doses for
animals (DDDvet) and
defined course doses for
animals (DCDvet))

a Single administration: Antimicrobial product administered at a single restraining event to an CR Adapted from (Schrag et al.,
individual animal (i). Dataset associated with each individual administration: a = 2020a)
{i, t, r, s, m, d, p, w}(administration)

R Standard regimen (course): Recorded antimicrobial product administration(s) for a CR Adapted from (Schrag et al.,
therapeutic purpose targeting a single disease event (d) in an individual animal (i). Multiple 2020b)
administrations in an animal (a;) are counted as part of a single regimen when product
administrations are consecutive, never resulting in a time gap between administrations of
greater than the pre-determined administration interval of 5 days. Dataset associated with
each individual administrated regimen: R = {i, tirsts tasts 75 S, My dy p, W, cg, int, adjF}
(regimen)

Time t The date of an individual single administration of an antimicrobial product to an individual C NA
animal (i) at a single restraining event. In the case of a regimen, t4,, and t,;, denote the first
and last day of the regimen (date)

int Interval between administrations within a single regimen that is less than 24h (day) GS (Schrag et al., 2020b)
adjF Adjustment factor for long-acting antimicrobial products, for which single administration GS Adapted from (Schrag et al.,
provides > 1 day of therapy. Can be the time interval between administrations or the 2020b)

estimated duration of antimicrobial effect (unitless)

ADR Average days at risk: an average number of days individual animals of production category p GS/FS  Adapted from (Canadian
are present on farm f (days)’ Integrated Program for
Antimicrobial Resistance
Surveillance)

"Term types: C, collected per treatment; P, collected periodically (e.g., weekly); ES, farm standard (obtained from a one-time calculation or approximation for a specific farm); GS, general
standard (available from the literature); CR, composite data for each individual administrated treatment (a) or regimen (R).

2NA, not applicable.

*Examples of general standard body mass values available from the literature: From Schrag et al.’s paper, lactating cow w,=680kg (Schrag et al., 2020b); From the FDA: livestock dairy cows
w,=635.03 kg (FDA, 2022); From the European ESVAC standard: Veal calves w,,=80kg, dairy cattle w,=500kg, meat cattle w,=500kg (European Medicines Agency, 2023).

“Currently defined for pigs, cattle and poultry. For example, DDDv and DCDv for oral route Amoxicillin in cattle are 20 mg/kg and 81 mg/kg, respectively; DDDv and DCDv for oral route
Ampicillin in cattle are 29 mg/kg and 123 mg/kg, respectively (Defined daily doses for animals (DDDvet) and defined course doses for animals (DCDvet)).

*Examples of the general standard average length of stay in a production category available from the literature: e.g., unweaned calves= 2 months; heifers= 13 months (Lang, 2017).
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TABLE 2 Definition of derived terms required for calculation of farm-level antimicrobial drug use indicators®.

Category  Notation = Definition (unit) Equation Source
Animal D List of all treatment indications (diseases; d) treated with antimicrobial D = {digestive, mastitis, ...} NA?
products on a farm f during a period of time T (categorical)®

P List of all animal production categories (p) present on a farm f during a P = {calf, parity 1, ...} NA
period of time T (<:ategori<:al)3

ke Number of animals of any production category present on a farm fin a given > iy Adapted
week (wk) (animal) PEP from

(Schrag
et al.,
2020a)

N, Average number of animals of a given production category (p) on a farm f (or 2”2_1an p Adapted

. . . . . ==l 0 where tw=floor(T/7)
average farm inventory of a given production category (p)) during a time tw from
period T (animal) (Schrag
et al,
2020a)

K Total number of animals on a farm f ever treated with an antimicrobial #ip st €{1,.. T} NA
product during a time period T. Can be calculated overall (K), or subset for a
specific production category (p), active substance (s), route of administration
(r), disease (d), or their combination (animal)

Antimicrobial S List of all active substances (s) administered on a farm f during a period of S = {Tetracycline, Sulfonamide, ...} NA
time T (ca.tegorical)3

RA List of routes of antimicrobial product administration (cat(-:gorical)3 RA = {intramuscular, subcutaneous, ...} = NA

ar Total number of all single antimicrobial administrations (a) administered on a #a) [tE{1,..T}
farm f during a period of time T. Can be calculated overall (ar), or subset for
a specific production category (p), active substance (s), route of administration
(r), disease (d), or their combination (administration)

Rr Total number of all standard regimens (R) administered on a farm f during a #R|tE{1,..T} Adapted
period of time T. Can be calculated overall (Rr), or subset for a specific from
production category (p), active substance (s), route of administration (r), (Schrag
disease (d), or their combination. (regimen) et al.,

2020b)
mpy Total mass of an active substance (s) over all administrations (c) R; Adapted
.. . . . . T . . cprmgor Ems
administrated as part of a specific single regimen in an individual animal (i) =0 from
(mg) (Schrag
et al.,
2020a)

i Mean mass of an active substance (s) over all instances of application of a Rrsr mp, NA
specific regimen administrated during a period of time T (mp) (mg) MRT

My, Total mass of an active substance (s) used in an animal production category ps NA
(p) on farm f during a period of time T (mg) azilm"p»s

P
my, Total mass of all active substances used in an animal production category (p) Sy NA
on farm f during a period of time T (mg) =S
ADD; Actual daily dose for an active substance (s) in a single antimicrobial AD; AD; Adapted
administration for a therapeutic purpose targeting a single disease event (d) in adjF int from
an individual animal (i) (mg active substance/kg animal/day) (Brault
etal,
2019a)
ADD,, Prescribed or mean daily dose for an active substance (s) in a single AD,, or AD,, Adapted
antimicrobial administration for a therapeutic purpose targeting a single adjF int from
disease event (d) in an individual animal (i) (mg active substance/kg animal/ (Brault
day) et al.,
2019a)
. 4 . .. R
UDD Median (prefer-red) or mean” of actual 1‘15ed daily doses admlmftered per day median( mg ) or Rl W:‘%, Adapted
as part of a regimen per actual kg of animal body mass at the time of wg x DOT Ry > | from
treatment (wg) on farm f during a time period T (mg active substance/kg where wy = wjat tfirst of R (Kasabova
animal/day)
(Continued)
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TABLE 2 Continued
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Category  Notation = Definition (unit) Equation Source
etal,
2019)
DDDp Study-defined daily dose that is specific for the population under study (mg g y R Adapted
active substance/kg animal/day) DOT  wy, from
(Schrag
et al,,
2020b)
DCDp Study-defined course dose that is specific for the population under study (mg R Adapted
active substance/kg animal/course) Wrp from
(Schrag
et al,
2020b)
Time DOT Duration of treatment. Depending on antimicrobial product used, DOT is Adapted
expressed as: cDOT: Count of calendar days on which treatment was DOT = {cDOT, aDOT} cDOT = (Schrag
administered as part of a single regimen, used for antimicrobials administered etal,
in intervals <1 day; aDOT: Adjusted length of therapy for a single regimen {': x i”‘t’ int <1 day aDOT = ¢ x adjf ~ 2020b)
used for a long-acting antimicrobial product or product administered in 6 int=1 day
intervals > 1 day. (day)

TE Total number of therapeutic events among treated animals. Each therapeutic NA (Schrag
event is identified by grouping regimens in an individual animal by date of et al.,
administration so that regimens within 7 days are part of the same treatment 2022)
event (event)

flr The number of calendar days between the first and last administration of a tiast R = tig R Adapted
regimen to an animal (i) (day) from

(Schrag
et al.,
2020a)

"Data collected for calculation of antimicrobial use indicators on a farm f are defined in Table 1. The time period T of data recording for periodic calculation of an antimicrobial use indicator is

user defined (e.g., month, quarter, year).
NA, not applicable.
*Examples for levels of categorical variables listed in the set are for illustration purposes.

“*Median is preferable when the distribution of applied UDDs is skewed, however, the mean is acceptable and is easier to calculate on a farm.

(v) standard parameter use (Standard parameters, sp); and (vi) the
potential for privacy concerns regarding sharing of indicators or data
used for their calculation (Privacy concerns, pc). Among these data
requirements, the criteria ani, ed, and el relate to the accuracy of the
AMU measurement, which we call accuracy criteria. Here, the term
accuracy is defined in terms of granularity and exactness. Granularity
means the level of actual and detailed information an indicator will
include, and exactness is used to represent the absence of standard
parameters (FS or GS) in the indicator calculation. Therefore, in this
study, we evaluate the indicators’ procedural accuracy, which
describes their capacity or potential to capture the true application
of an antimicrobial, rather than their field accuracy when these
indicators are applied in a farm setting. The procedural accuracy is
necessary but not sufficient to achieve the field accuracy as an
indicator with great granularity and exactness may be inaccurate in
a field application, for example, because of incorrectly recorded or
missing data. The involved effort and privacy were represented by edr
and pc criteria, respectively. The stewardship information criteria
assessed the type of inference available from an indicator to inform
AMU stewardship. These criteria evaluated whether an indicator can
(i) monitor AMU in specific animal groups (Trends over time
regarding treated animals, tt); (ii) track changes in the population
at risk (Trends over time regarding population at risk, tp); (iii) track

Frontiers in Antibiotics

changes in the proportion of sick animals treated (Trends over time
regarding treatment effort, tte); and track changes in the
antimicrobial exposure in terms of (iv) antimicrobial substance
(texam) and (v) length of treatments (texle). The characteristics
and relationship of terms in the formula for calculation of the
indicators were the most important factors for the score. ZL and
EB independently scored the indicators with scores 1 (worst) - 5
(best) for each of the 11 criteria and discussed any differences in
scores with RI until a consensus was reached. We considered the 5-
point scale to be sufficient to distinguish the performance of each
indicator in each criterion. Supplementary Tables S3, S4 provide a
detailed rationale for each score for the data- and stewardship-driven
criteria, respectively. To interpret scores, we compared indicator
scores with respect to (i) accuracy (ani, ed, and el), (ii) effort (edr),
(iii) privacy (pc), and (iv) stewardship (tt, tp, tte, texam, and texle
overall and individually). Due to the absence of established weights
that different criteria should be given in comparisons, all criteria were
given the same weight, and multiple criteria for accuracy and
stewardship were averaged. The averaging process for accuracy and
stewardship criteria ensured that the four criteria groups ((i)-(iv)) had
the same scale, which was necessary to allow their direct and fair
comparison. To aid interpretation, indicator scores for the four
criteria groups were visually evaluated using a spider plot.
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TABLE 3 Formulas for calculation of antimicrobial drug use indicators®.

10.3389/frabi.2023.1176817

Group Indicator Definition Equation? Reference
Count- nTE Number of therapeutic events per animal of a given production category (p) on farm f TE Adapted from
based during a time period T. (therapeutic events/animal) ﬁp (Schrag et al., 2022)
nREG Number of regimens per animal of a given production category (p) on farm f during a Ry Adapted from
time period T. (regimens/animal) N, (Schrag et al,,
2020b)
RT-ratio Antimicrobial regimen to therapy ratio (RT-ratio), calculated by dividing the number of nREG (Schrag et al., 2022)
antimicrobial regimens by the number of therapeutic events. (regimens/therapeutic event) nTE
nRTFD Regimen time frame days (RTFD) per animal of a given production category (p) on farm f Et (IR Adapted from
during a time period T. Numerator is estimated as the sum of cfl (days/animal) N, (Schrag et al.,
2020b)
nDOT Total length of all therapies in days per animal of a given production category (p) on farm Ry x DOT Adapted from
f during a time period T. (days/animal) N, (Schrag et al,,
2020b)
Mass- mg/TAB Total mass of all active substances used per animal biomass of a given production category " Adapted from
based (p) treated with these active substances on farm f during a time period T. (mg active Wrp X N, (European
substance/kg animal) Medicines Agency,
2023; FDA Center
for Veterinary
Medicine)
mg/100 Total mass of all active substances used per 100 animals-at-risk of a given production " 100 (Brault et al.,
animals-at- | category (p) on farm f during a time period T. (mg active substance/animal) N, 2019a)
risk
Dose- nDDDp Number of study-defined daily doses per animal of a given production category (p) for the DDD'ZI;‘ - Adapted from
based farm f during a time period T. (doses/animal) N o (Schrag et al.,
r 2020b)
nDDDv Number of the standard defined daily doses per animal of a given production category (p) o "‘Vl’; - (Schrag et al.,
on farm f during a time period T. (doses/animal)® N s 2020b)
P
TFupp Treatment frequency per animal of a given production category (p) on farm f based on the Mps (Kasabova et al.,
median (preferred) or mean Used Daily Dose for a drug product with active substance s UDD x wy, x N, 2019)
during a time period T. (doses/animal)
TFppp Treatment frequency per animal of a given production category (p) on farm f based on Mps (Kasabova et al.,
standard (EU) defined daily doses for a drug product with active substance s during a time DDDv x w, X N, 2019)
period T. (doses/animal)?
nADD Number of actual individually administered daily doses per 100 treated animals of a given Rp my; « 100 (Brault et al.,
(kg.)/100 production category (p) on farm f during the time period T. Estimated by accounting for ‘Zf w; x ADD; K, 2019a)
treated the actual administered dose and the actual body mass (kg) of treated animals. Can be
animals interpreted as: how many days on average 100 animals on farm f were treated during a
time period T. (doses/animal)
nADD Number of prescribed or individually administered mean daily doses per 100 treated Mps « 100 Adapted from
(kg)/100 animals of a given production category (p) on farm f during the time period T. Estimated wrp X ADD,, K, (Brault et al.,
treated by accounting for the standard administered dose and the mean body mass (kg) of treated 2019a)
animals animals. Can be interpreted as: how many days on average 100 animals on the farm f were
treated during a time period T. (doses/animal)
nDDDv/ Number of Canadian-defined daily dose per 1,000 animal-days-at-risk of a given m,./DDDv 1000 (Canadian
1,000 production category (p) on farm f during a time period T. (doses/animal-days-at-risk) ADR x w, x N, x Integrated Program
animal for Antimicrobial
days-at-risk Resistance
Surveillance)
nDCDp Number of study-defined course doses per animal of a given production category (p) for ﬁ;% Adapted from
the farm f during a time period T. (courses/animal) ?” (Schrag et al.,
’ 2020b)
nDCDy Number of standard defined course doses per animal of a given production category (p) Sop— C;"Vl'; - (Schrag et al.,
on farm f during a time period T. (courses/animal) ?" 2020b)
»

'Equations are illustrated for estimating indicators for a single active substance except for mg/TAB and mg/100 animals-at-risk, which by definition represent the use of all administrated active
substances. Additionally, equations illustrate the estimation of indicators for a given animal production category.
2Terms in the equations are defined in Tables 1, 2.

*If nDDDv and TFppy, use the same DDDv (Standard defined daily dose by the European Surveillance of Veterinary Antimicrobial Consumption or Government of Canada (mg active substance/
kg animal/day)), they will result in identical values of nDDDv and TFppp indicators.
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TABLE 4 Definition of criteria used for scoring antimicrobial drug use indicators.

Criteria (abbreviation)

Definition

Data i X B Use of the actual number of treated or total animals and the actual animal body mass for an individual
K Animal Information (ani) . . L .
requirement animal in an indicator calculation
Use of the actual amount (mass or dose) of antimicrobial administrated in the treatment of an individual
Exposure data (ed) . . o .
animal in an indicator calculation
Ability to account for the extra label use (i.e., antimicrobial use per kg animal, treatment interval, or
Extra-label use (el) . i . .
treatment protocol that is not in accordance with the approved labeling)
Standard parameters (sp) Use of standard parameters for animal body mass and/or dose
. The level of privacy concerns associated with sharing data used for the calculation of the indicator or sharing
Privacy concerns (pc) L. .
the indicator value itself
Ease of data recording and calculation The ease of recording or obtaining data for calculation of an indicator and/or the complexity of involved
(edr) calculations
Stewardship Trends over time regarding treated Provides information about changes in specific groups of animals receiving an antimicrobial treatment (in
information animals (tt) terms of individual characteristics (body mass (w), production category (p), treatment indication (d))
Trends over time regarding population Accounts for changes in the population at risk of antimicrobial treatment in a herd (through Vp) or number
at risk (tp) of treated animals (through Kp)
Trends over time regarding treatment X X . . . X . .
fort (tte) Provides information about the proportion of diseased animals in a herd that are receiving treatment
effort (tte
Trends over time regarding exposure: Provides information about changes in exposure to a specific antimicrobial substance (in terms of the amount
antimicrobial substance (texam) (mass or dose) of the antimicrobial substance used in a herd or production category).
Trends over time regarding exposure:
8 & Xp Provides information about changes in the total length of antimicrobial treatments (through DOT)
length (texle)
3 Results a production category (K;). The two ADD-based indicators use the

3.1 Required parameters and
standardization

In the standardization of terms used in the calculation of AMU
indicators, we focused on the mass of active substances, animal
population, animal body mass, and treatment days (Tables 1, 2)
because these terms are the essential components of most indicators
(Table 3). The standardization of active substance mass, which
always appears in the numerator of the AMU indicator, resulted in
four types of this parameter that are directly used for the calculation
of the indicators: the total mass of an active substance administered
for an individual animal in one regimen (ry), the mean mass of an
active substance over all regimens (71y) recorded during a defined
period of time T, the total mass of an active substance used in an
animal production category (m,, ;) during a defined period of time
T, and the total mass of all active substances used in an animal
production category (m,) over a defined period of time T.
Parameters mpg, 7y, and m, are calculated separately for each
active substance used on a farm. This allows tracking the use of
individual drug classes and calculation of AMU indicators for
individual active substances. The only exceptions are the mass-
based indicators which use 1, and thus calculate the total mass of
all active substances combined, masking differences in the AMU
across drug classes and the related indications for their use. Two
kinds of the animal population parameters appeared in the
denominators of indicators: the average number of animals in a
production category (N,) and the total number of treated animals in
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K, parameter, while all other indicators except RT-ratio use
ﬁp (Table 3).

Standardization of animal body mass resulted in three types of
data: the measured or estimated body mass of an individual treated
animal (w;), the average body mass for animals of the treated animal
production category on a specific farm (wy,), and standard average
body mass for the treated animal production category (w,). We
adapted the definition of duration of treatment (DOT) from Schrag
et al.’s study to standardize the treatment time information in the
indicators (Schrag et al., 2020b). For drugs with administration
intervals < 24 hours, the DOT is the count of calendar days of
treatment (Table 2). For drugs with administration intervals greater
than 24 hours, the DOT is the multiplication of the number of
administrations and the time interval between administrations or
the estimated duration of effect (Table 2).

A cross-tabulation of AMU indicators and their standardized
terms showed that TFypp required the most variables/parameters
for calculation while nREG and mg/100 animals-at-risk required the
least (Table 5). Dose-based indicators tended to require more
variables/parameters than count-based and mass-based indicators
because they included dose and additional animal information.
Some of the indicators provide flexibility regarding the required
data accuracy (specifically regarding terms describing animal body
mass). In Table 5, we show this by using superscripts “a” and ‘b”
when there are two options for a variable/parameter, with the
superscript “a” indicating the preferred, more accurate option but
which also requires more detailed data. For indicators mg/TAB,
nDDDp, TFypp, nADD(kg,,)/100 treated animals, and nDCDp, the
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TABLE 5 Cross-tabulation of the required collected primary data and derived terms (variables and standard parameters) for estimating antimicrobial

drug use indicators® .

Indicator Antimicrobial:

Primary data
(Derived term)

Time:
Primary data
(Derived term)

Animal:
Primary data
(Derived term)

m,cr m,cp,R m, m,p R mw AD,, DDDv | DCDv Mk, P( i w; wy wp t ¢ int/ ADR
(mg)  (mg) ps  (mp) | (Rp)  (AD) Ny &) » (cfly)  adjF
(my, (DOT)
s
nTE X X X
nREG X X
RT-ratio X X
nRTFD X X X
nDOT X X X
mg/TAB X x x| b
mg/100 animals-at- X X
risk
nDDDp X X X x® b X
nDDDvy X X X X
TFupp x? NG X x X x2 x| b X
TFppp X X X X
nADD(kga)/100 x* NG X x4 x* X X X
treated animals
nADD(kgm)/100 X X X x® | b X
treated animals
nDDDv/1,000 animal X X X X X
days-at-risk
nDCDp X X X x® b
nDCDv X X X X

'Superscript letters “a” and “b” are used when there are two choices for a variable in the calculation of an indicator, where “a” indicates the preferred more accurate choice (according to the

indicator’s definition), and “b” indicates the acceptable alternative.

*When calculating the Used Daily Dose (UDD) explained in Table 2, w; is the preferred choice but Wi, is also acceptable.

preferred option is wy, because it represents the farm-specific
average animal body mass. However, users who prefer a less
time-consuming option for estimating wy,,, have privacy concerns
regarding the animal body mass records or do not have the data
available can use one of the available general standards, such as the
FDA-estimated standard body mass of 635.03kg for dairy cows
(FDA, 2022). When calculating ADD-based indicators and TFypp,
the preferred option for the numerator is mpg, but my is
also acceptable.

The most used terms m,, and N, appeared in eight and
thirteen indicators, respectively. Mass-based indicators use m, as
the numerator because they do not account for the mass of
individual active substances. Count-based indicators require Ry
(sum of all standard regimens over a defined period of time T)
because they are based on standard regimens and need to account
for all administrated regimens to quantify AMU. Only ADD-based
indicators require individual dose information for calculation. The
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indicators nDDDv, TFppp, nDCDv, and nDDDv/1,000 animal days-
at-risk need ESVAC and Canada-defined standard daily dose and
course dose, which can be replaced with the U.S.-specific standard
doses when they become available. The number of calendar days
between the first and last administration in a regimen (cflg) is
required for the calculation of nRTFD, knowing the start dates (¢) of
regimen treatments for individual animals is necessary for the
calculation of nTE and, therefore, also for RT-ratio, while the
average days at risk (ADR) is needed for nDDDv/1,000 animal
days-at-risk.

In addition to providing a visual comparison of the required
primary data and derived terms for each indicator, Table 5 provides
the basis for creating education materials to guide farmers and
veterinarians in selecting suitable indicators based on the data they
have available. For example, if a farm only records the total amount
of an active substance used and only has an average animal body
mass at the animal production level rather than at an individual
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animal level, nADD(kg,,)/100 treated animals is an applicable
indicator, but TFypp and nADD(kg,)/100 treated animals cannot
be calculated. Two options of parameters in the same category, e.g.,
Wp and Wp applicable to some indicators, add flexibility and
simplicity. For example, if a farm does not have data to infer the
farm-specific average animal body mass, they can use the FDA-
estimated standard animal body mass to calculate nADD(kg,,,)/100
treated animals. Furthermore, a user can refer to Table 5 to plan
data collection based on the AMU indicator(s) they want to use in
the future.

3.2 Scoring

Heatmaps in Figures 1, 2 show scores for the 16 AMU indicators
against each individual data requirement- and stewardship
information-driven criteria, respectively. A spider plot in Figure 3
shows how the 16 indicators compare to each other with respect to
the effort, privacy, and average scores in accuracy and stewardship
criteria. Dose-based indicators generally scored better than count-
based and mass-based indicators when accuracy criteria were
considered (i.e., ani, ed, and el) (Figure 1). Among dose-based
indicators, nADD(kg,)/100 treated animals, TFypp, nDDDp,
nDCDp, and nADD(kg,,)/100 treated animals have higher accuracy
because they include farm-specific animal body mass and
administered dose information. For example, nADD(kg,)/100
treated animals scored “5” for the three accuracy criteria because it
includes actual body mass and dose for each individual treated
animal, and consequently, can detect extra-label use. Indicators that
use standard dose (nDDDv, TFppp, nDDDvV/1,000 animal days-at-
risk, and nDCDv) or do not include dose information (nTE, nREG,

10.3389/frabi.2023.1176817

RT-ratio, nRTFD, nDOT, mg/TAB, and mg/100 animals-at-risk)
cannot detect extra-label use. TFypp, which scored “4” in the ed
(Exposure data) criterion, does not require the actual dose for each
animal but uses the median/mean used daily dose (UDD)
administered for an animal production category. Mass-based
indicators (mg/TAB and mg/100 animals-at-risk) capture
information about the mass of antimicrobial used but score low
(“2”) in the ed criterion demonstrating the limited value of
antimicrobial mass alone in characterizing antimicrobial exposure.

The scores for Privacy concerns (pc) and Ease of data recording
and calculation (edr or effort criterion) were similar to each other
and negatively correlated with the accuracy criteria (Figure 3).
Indicators with better scores in accuracy criteria (ani, ed, and el)
performed poorly in pc and edr. Accurate indicators need farm-
level actual information on AMU and require more data. Farmers
may have privacy concerns about whether they should record actual
animal and dose information and use that granular information in
the calculation of indicators, and it takes time to record data needed
for all equation terms. In contrast, indicators that include standard
animal body mass or defined dose are less accurate but, with a few
exceptions, score better in pc and edr because they use existing
standard values instead of farm-specific data, which eases the
process of recording data and alleviates privacy concerns since
they reveal less about the farm practices or herd health. Indicators
with standard parameters do not require a prior calculation for the
dose terms, such as UDD and ADD;, which eases their calculation.

Based on the scores for data requirements (Figure 1), nADD
(kg,,)/100 treated animals generally performs well in all criteria
(score range: 3-4). On the other hand, TFypp and nADD(kg,)/100
treated animals have the highest accuracy, while nRTFD, nDOT,
and mass-based indicators perform well in pc and edr.

Criteria
Ease of data
Indicator Anima.l Extra Standardize | Privacy recording and
Information | Exposure label | dparameters | concern | calculation
(ani) data (ed) | use (el) (sp) s (pc) (edr)
nTE 2 3 4 1 2 2
nREG 2 3 4 1 2 2
RT-ratio 1 3 4 1 2 2
nRTFD 2 1 1 1 5 4
nDOT 2 1 1 1 5 4
mg/TAB 4 2 1 4 4 4
mg/100 animals-at-risk 1 2 1 1 4 5
nDDDp 4 4 4 3 3 2
nDDDv 3 3 2 5 4 4
TFupp 5 4 5 1 1 2
TFppp 3 3 2 5 4 4
nADD(kg,)/ 100 treated animals 5 5 5 2 1 1
nADD(kgn)/ 100 treated animals 4 4 3 4 3 3
nDDDv/1,000 animal days-at-risk 3 3 2 5 4 3
nDCDp 4 4 4 3 3 2
nDCDv 3 3 2 5 4 4

FIGURE 1

Heatmap showing antimicrobial drug use indicator scores based on the data requirement criteria (1=worst, 5=best). Colors range from white (worst)
to dark green (best). Criteria are defined in Table 4, and each score is explained in Supplementary Table S3.
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Indicator

nTE

nREG

RT-ratio
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nDOT

mg/TAB

mg/100 animals-at-risk

nDDDp

nDDDv

TFupp

TFppp

nADD(kg,)/ 100 treated animals
nADD(kgm)/ 100 treated animals
nDDDv/1,000 animal days-at-risk
nDCDp

nDCDv

FIGURE 2
Heatmap showing antimicrobial drug use indicator scores based on the stewardship-driven criteria (1=worst, 5=best). Colors range from white
(worst) to dark green (best). Criteria are defined in Table 4, and each score is explained in Supplementary Table S4.
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FIGURE 3
Spider plot showing antimicrobial drug use indicator scores with respect to accuracy (average), effort, privacy and stewardship (average) criteria.
Notations ‘C:’, ‘M:" and 'D:’ respectively represent the count-based, mass -based, and dose-based indicators defined in Table 3.
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As for the stewardship-driven criteria, all indicators except for
RT-ratio have a term describing the treated or total animal
population in an animal production category that changes over
time, so they score well in the population trend criterion (tp)
(Figure 2). The highest scores for nTE, nREG, and TFypp are
because they account for both the treated animal and total
animal population.

Scores for criteria describing the trends regarding the treated
animals (tt) and the antimicrobial substance exposure (texam)
showed similar patterns (Figure 2) because indicators that use
farm-level specific animal information tend to use the farm-
specific dose information; that is, the standard animal body mass
and defined dose usually appear simultaneously in indicators.
Indicators nDDDp, TFypp, nDCDp, nADD(kg,)/100 treated
animals, and nADD(kg,,)/100 treated animals perform well in
these two criteria because they use farm-specific animal body
mass and doses, which allows observation of potential changes
over time. Since TFypp and nADD(kg,)/100 treated animals use
individual animal-level information, they get the best scores in these
two criteria. However, standard parameters negatively influence the
indicators’ ability to monitor trends because they are constant and
cannot reflect the changes in animal body mass and/or dose.

A key goal for an antimicrobial stewardship program is to
promote shorter durations of antimicrobial therapy when clinically
appropriate (Yarrington and Moehring, 2019). The length of
antimicrobial treatments differs over time based on many factors,
such as the type and severity of the diseases, and the type and
effectiveness of the antimicrobial drugs. Therefore, the ability to
follow trends in the length of the received antimicrobial treatment
(texle) is essential to understanding herd health and informing
antimicrobial stewardship. The length of the received antimicrobial
treatment (DOT) is directly implemented in nDOT, nDDDp,
TFupp, and the two ADD-based indicators and is accounted for
via regimens in nTE, nREG, RT-ratio, and nRTFD, resulting in their
overall better scores in texle (Figure 2). For example, nDOT scored a
“5” in the texle criterion because it directly provides information on
the length of AMU exposure, while it received a poor score (“1”) in
the Exposure data (ed) criterion, in the data requirement category,
since it captures no information about the actual amount (mass or
dose) of antimicrobial administrated in the treatment of an
individual animal (according to the definition of the ed criterion
in Table 4).The remaining indicators not mentioned in this
paragraph cannot track treatment length, which results in their
poor scores.

Indicators nTE, nREG, RT-ratio, TFypp, nDDDp, nDCDp and
the two nADD-based indicators either use the population of treated
animals or the regimen information for treated animals in the
calculation, which strengthens them with respect to the criterion
that evaluates the ability to track treatment effort (tte) (Figure 2).
RT-ratio shows the number of antimicrobial regimens by the
number of therapeutic events. As such, this indicator proxies the
extent of antimicrobial administration per treated disease event,
which reflects the level of preference to use antimicrobials to treat
disease, and thus it performs best in tte. Only nTE, nREG, and
TFypp indicators account for treated animals and the total
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population size and track AMU for a given population category,
thus can, to a limited degree, reflect the disease pressure in the herd.

Indicators TFypp and nADD(kg,)/100 treated animals have the
best performance considering the stewardship-driven criteria, as
they can track changes in several aspects relevant to antimicrobial
stewardship (Figure 2). Indicators with better scores in accuracy
tended to have better scores in stewardship (Figure 3). RT-ratio is a
unique indicator; although it does not include animal information,
it can show the level of preference for AMU to treat disease events
and help explore the feasibility of treating disease with less or no
antimicrobials. nRTFD, nDOT, mass-based indicators, and dose-
based indicators using standard parameters are relatively less ideal
indicators to inform stewardship because they either lack important
animal and antimicrobial information or use standard parameters
that cannot capture temporal trends.

4 Discussion

Dairy farmers are under pressure to reduce AMU in animals to
contribute to the fight against AMR within the One Health
initiatives. A number of indicators for tracking farm-level AMU
have been published, but they are challenging to interpret and
compare (Sanders et al,, 2020). Therefore, this study aimed to
standardize and evaluate multiple existing AMU indicators based
on their accuracy, data needs and effort required, privacy concerns,
and ability to inform antimicrobial stewardship in order to aid their
uptake on U.S. dairy farms. Our main findings are that: (i)
standardized variables/parameters in the AMU indicators allow
interchangeable and simultaneous calculation of indicators, (ii)
accuracy vs. effort and accuracy vs. privacy trade-offs characterize
the evaluated AMU indicators, and (iii) the evaluated AMU
indicators can only partially inform antimicrobial stewardship.
These findings are discussed in the following paragraphs.

4.1 Standardized variables and parameters
allow interchangeable and simultaneous
calculation of AMU indicators

We standardized and streamlined the calculation of existing
AMU indicators, contributing to a better understanding, fair
comparison, and easier interpretation of AMU indicators. The
availability of these derived standardized indicators is expected to
aid their use for on-farm AMU monitoring (Sanders et al., 2020).
There have been calls for harmonization and clarification of AMU
indicators and their calculations (Monitoring and Evaluation of
the Global Action Plan on Antimicrobial Resistance; Sanders et al.,
2020; Umair et al., 2021). For example, Umair et al. raised a
concern that different AMU measurement metrics create
difficulties in comparing AMU data from different sources,
which stressed the urgency for developing a globally
harmonized AMU measurement system (Umair et al., 2021).
Interchangeability between standardized indicators will aid
interpretation and allow for more flexibility in their use in
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monitoring AMU. To our knowledge, the standardization of
equations and underlying terms for 16 indicators was an
unparalleled undertaking for AMU in animals that may provide
a template for future AMU indicator harmonization efforts in
other animal species and production categories. The simultaneous
calculation of multiple indicators provides a more holistic view of
AMU on a farm since no single indicator can comprehensively
represent all aspects of antimicrobial decisions, which require
nuanced, complex clinical decision-making, and dynamic changes
over the course of therapy (Yarrington and Moehring, 2019). For
example, some veterinarians perceived that ADD-based indicators
are less intuitive than the treatment duration (Redding et al,
2020). Also, some standard parameters, such as those for the
animal body mass, and the dose and duration of treatment, may
differ significantly from the actual situation and thus limit the
accuracy of indicators calculated from them. Specifically, the
recommended doses of drugs containing the same active
substance and used for the same animal body mass can vary
considerably between countries and even within countries.
Therefore, indicators with actual and updated information
instead of standard parameters have better operational accuracy
(i.e., better capacity to accurately reflect a farm’s AMU) (Collineau
et al., 2017; Mills et al., 2018). However, future research is needed
to evaluate the 16 standardized AMU indicators in a field study.
Additionally, research is needed to develop a dashboard for
simultaneous visualization of multiple AMU indicators and their
trends, and an assessment of the experience of farmers and
veterinarians using it (Taber et al., 2021).

4.2 Evaluated AMU indicators are
characterized by the accuracy vs. effort
and accuracy vs. privacy trade-offs

Accurate indicators for quantifying AMU in dairy cattle are
critical for monitoring trends in animal exposure to antimicrobial
drugs over time. Accuracy is necessary, though not sufficient, for the
indicator’s utility in informing antimicrobial stewardship (Figure 3).
Also, in the long run, accurate indicators will enable researchers to
examine potential associations between AMU and the emergence of
AMR determinants and resistant bacteria in cattle (Brault et al,
2019b). Among the 16 AMU indicators evaluated in this study, we
consider TFypp and nADD(kg,)/100 treated animals to be the most
accurate. However, their accuracy comes with a price in terms of the
increased effort required for data collection (Figure 3); nADD(kg,)/
100 treated animals requires data about the dose and body mass for
each treated animal, the collection of which is not currently feasible
on all farms (Brault et al, 2019a). The data needed for these
indicators could be simplified (Table 5), reducing the required
effort, but at a loss of accuracy and utility for informing
antimicrobial stewardship. Thus, a farmer will need to balance
accuracy and effort in calculating AMU indicators if their goal is to
maximize the private benefits from the AMU indicators for
their farm.
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A recent survey revealed that 69.3% of dairy farmers in the
northeastern U.S. would be interested in knowing how AMU on
their farm compares to the use of antimicrobials on other
comparable dairy farms (Casseri et al., 2022). This suggests that
farmers are not just interested in learning-by-doing (through
private use of AMU indicators for their farms) but also learning
from their social networks, which would require some form of
data sharing (ignoring the possibility of free-riding). For shared
AMU indicators to be useful to other farmers in the social
network, the values of AMU indicators would need to be
accompanied by information that describes the context in terms
of farm characteristics and practices (e.g., farm size, number of
animals and their production categories, herd health and
management, AMU data used for calculation of AMU
indicators, and even any evidence of AMR on the farm). Such
assembled shared database of AMU indicators and contextual data
would provide unprecedented opportunities for data-driven
innovation of antimicrobial stewardship in dairy farming.
However, the requirement for sharing contextual data with
AMU indicators, particularly for more accurate indicators that
are based on granular antimicrobial and animal data, may raise
concerns, such as regarding potential reputational damages,
misuse of data, unauthorized use of data, loss of business
advantage, or legal liabilities (Wiseman et al., 2019; Linsner
et al., 2021). Thus, sharing AMU data among farmers may raise
privacy concerns, creating a trade-off between indicator accuracy
(utility) and privacy implications. The conflict between privacy
and utility is a well-known concept in research about data sharing
(Wirth et al., 2021). Accordingly, sharing accurate indicators
would require limitations in the amount/type of contextual data
shared to provide privacy, while data sharing that protects privacy
would decrease the utility of the data (Wirth et al., 2021). To
alleviate privacy concerns, several data sharing techniques have
been suggested, from combining, perturbing, removing, or
summarizing the data in a way that maintains confidentiality, to
algorithms for differential privacy and federated learning (Ritchie,
2011; Qian et al., 2022). Based on the privacy concern and
accuracy criteria evaluated in this study, farmers may elect to
share nDDDp or nDCDp indicators. These indicators are limited
in answering some questions on stewardship, but do not require
individual animal information for calculation. Regarding data
sharing, recently emerged initiatives work towards setting
principles on data privacy, storage, collection, ownership and
processing in the agriculture systems globally and in the U.S
(Farm Progress; Data Privacy and Use White Paper), as well as
providing educational training for farmers so that farmers can
advance their skills on intelligent systems and protect their data
(Kaur et al., 2022). A recent pilot project in the U.S. has
demonstrated the willingness of swine farms to share AMU data
(Davies and Singer, 2020). A century-old National Cooperative
Dairy Herd Improvement Program (NCDHIP) provides a
roadmap on how to develop a system for cooperative data
governance and sharing of AMU and AMR data in the dairy
sector (Hutchins and Hueth, 2023).
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4.3 Evaluated indicators can only partially
inform antimicrobial stewardship

Antimicrobial stewardship is defined as finding an optimal
approach to sustaining animal health, welfare and production,
minimizing selection for AMR and preserving antimicrobial
efficacy through conscientious oversight (Apley et al, 2018;
American Veterinary Medical Association; Antimicrobial
Stewardship Guidelines). This may involve reductions in
antimicrobials for animals who do not require them or increases
for those who need them; notably, a responsible antimicrobial
stewardship program cannot, and should not, strive towards “zero”
AMU when measuring over large populations of animals (Yarrington
and Moehring, 2019). Unfortunately, based on the information that
makes up the components of AMU indicators, which focus on the
antimicrobials rather than disease information, these indicators
cannot capture the nature of the diseases, the accuracy of diagnosis,
or the stage of the disease when treated. However, while stewardship
has to include knowledge of what disease is being treated and for what
purpose, these indicators contain information regarding some aspects
of antimicrobial stewardship. In our study, all but one (RT-ratio)
evaluated AMU indicator can account for changes in the population
at risk. Several indicators (mg/TAB, nDDDp, TFypp, nADD(kg,)/100
treated animals, nADD(kg,,)/100 treated animals, and nDCDp) can
monitor changes over time in the body mass of treated animals. All
evaluated indicators capture the production category of treated
animals. As such, these indicators can inform stewardship since
body mass of treated animals, the at-risk population, and animal
production category information can potentially be used for
comparisons of AMU among animal groups or to track changes in
the same group over time (Canadian Integrated Program for
Antimicrobial Resistance Surveillance; Brault et al., 2019b). A few
indicators (RT-ratio, nTE, nREG) track antimicrobial treatments, and
as such can directly inform antimicrobial stewardship, especially
when used along with collected antimicrobial amount data (Schrag
et al., 2022). This way, AMU can be associated with specific diseases,
and actionable insights can be gained about the necessity of AMU.
For example, Schrag et al. proposed recording therapeutic events as a
proxy for disease incidence on dairy farms. As a result, they showed
the frequency of AMU per treatment event on each farm and were
able to identify farms with a high AMU (per treatment event); such
farms may be interested in learning about stewardship practices on
farms with a low AMU per treatment event (Schrag et al., 2022).
Additionally, several indicators (mg/TAB, mg/100 animals-at-risk,
nDDDp, nDDDv, TFypp, TFppp, nADD(kg,)/100 treated animals,
nADD(kg,,)/100 treated animals, nDDDvC/1,000 animal days at risk
and nDCDv) can monitor changes in the amount of antimicrobial
administered (either in terms of mass or dose). Mass-based indicators
provide an intuitive interpretation of AMU, are relatively easy to
record, and are frequently used for surveillance (Merle and Meyer-
Kiihling, 2019; Koper et al., 2020; Tiseo et al., 2020). Also, they are
suitable for tracking AMU in specific target populations (e.g., same
animal species and production type), and focusing on the same active
substance and administration route (Collineau et al., 2017). However,
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mass-based indicators are confounded by drug potency (Jensen et al.,,
2004; Brault et al., 2019a). Specifically, if we compare the use of two
antimicrobial products with different potency, the product with
higher potency will have a lower mass of antimicrobial
consumption, but that does not necessarily represent a more
judicious antimicrobial use. Therefore, when mass-based indicators
are used to compare the AMU of drugs with different potency, this
comparison can be misleading (Brault et al., 2019a). In addition, drug
potency reflected by dose and duration of treatment is necessary to
compare treatment effectiveness and selection pressure, which is not
available with mass-based indicators (Chauvin et al., 2001). On the
other hand, dose-based indicators reflect how antimicrobial drugs are
actually used in animals and consequently are better indicators for
informing antimicrobial stewardship efforts (Bright-Ponte, 2020).
Brault et al. effectively demonstrated the contrast of using mass-
and dose-based metrics in a specific case of macrolide use on beef
cattle feedlots, where the use of the mass-based metric resulted in the
interpretation of less macrolide use than if the dose-based metric was
used (Brault et al., 2019b). Their results demonstrated that mass-
based indicators should be used in conjunction with dose-based
indicators for creating effective stewardship strategies, especially for
macrolides and other medically important antimicrobials with
relatively low dose/kg rates (More, 2019). This also demonstrates
the value of standardized AMU indicators resulting from this study
and the value of simultaneous calculation and visualization of
multiple AMU indicators discussed above.

The length of therapeutic effect is important to consider in
planning stewardship efforts (More, 2019) and to study the
association between antimicrobial exposure in animals and
subsequent potential selection of AMR organisms in humans,
animals or the environment. In our study, the texle criterion
focused on indicators’ ability to provide information on the
duration of treatment (DOT). The DOT was also used to
indirectly evaluate the duration of antimicrobial effect (DOE),
which is the period that antimicrobials remain active in an
animal’s body. As the DOE of some antimicrobials in animals
had not been established, using indicators that utilize DOT can
serve to indirectly reflect the DOE of different types and doses of
antimicrobials (Brault et al.,, 2019a). The higher scoring
indicators were identified among the count-based (nRTFD and
nDOT) and dose-based indicators (nDDDp, TFypp, and nADD
(kg,)/100 treated animals). This is unsurprising, since regimens
and doses intrinsically account for DOT in calculation. However,
high scoring indicators in this criterion (texle) should be
interpreted carefully since DOT is affected by how the dose
and/or regimen data are collected. Use of standard doses (DDDv
and DCDv) or standard time intervals (int and adjF), that are
taken directly from treatment protocols or prescriptions, are
unable to capture deviations from the protocol or prescription
(Schrag et al., 2020b). Furthermore, for long-acting
antimicrobials, the actual DOE is not always clear (Brault
et al.,, 2019a). Consequently, these indicators may provide an
imprecise information about the length of antimicrobial
selective pressure.
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It is known that AMU exerts selective pressure on commensal
microflora and pathogens, increasing the risk of recovery of AMR
microorganisms from treated animals during or after the treatment
(Catry et al., 2016; European Centre for Disease Prevention and
Control (ECDC) et al., 2017; Lhermie et al., 2017). However, as
mentioned above, none of the 16 evaluated indicators can quantify
antimicrobial selective pressure. Administration of a single drug
leads to selective pressure and the potential development of
resistance or cross-resistance. Higher doses of antimicrobials and
long treatment times intensify the selective pressure (Raymond,
2019). The antimicrobial administration routes, such as oral
administration and intravenous injection routes, have different
selective pressure effects on resistance (Zhang et al., 2013). Thus,
the antimicrobial drug type, dose, treatment time, and
administration route can all shape selective pressure and
influence the AMR risk. For example, Volkova et al. successfully
established a mathematical model to explore the effect of
pharmacokinetics and biodegradation of parenterally
administered ceftiofur on the dynamics of ceftiofur-resistant
commensal enteric Escherichia coli in cattle (Volkova et al., 2012).
Future research could be directed at building similar models of the
relationship between AMU and selective pressure and the AMR risk
level on a farm and scaling them up for use as a novel
AMU indicator.

While indicators like nTE and RT-ratio can track the treatment
effort on a farm, none of the 16 evaluated indicators can reflect the
true disease burden (in terms of disease incidence and prevalence)
on a farm. That is because these indicators primarily focus on
antimicrobial treatments but do not combine AMU with
information about disease occurrence in individual animals.
Information about the true disease occurrence in an animal
would help avoid misuse of antimicrobials and reduce AMU in
healthy individuals, and expose the absence of AMU in situations
when treatment is indicated (thus protect animal welfare);
therefore, information about true disease occurrence would
improve antimicrobial stewardship (Scott, 2013; Nielsen et al,
2021). Repeated testing of all or even a representative sample of
animals on a farm to determine the true disease occurrence over
time for multiple diseases clearly is not feasible. However, advances
in precision livestock farming that uses sensors and other
technologies to gather data about every animal on a farm and use
that data to optimize herd health management and for early disease
detection, are expected to fill that gap (Monteiro et al., 2021). These
technologies should be investigated as a source of information
about the true disease incidence to improve novel AMU
indicators and contribute to antimicrobial stewardship.

In this study, we reviewed the literature and selected for
standardization and comparison 16 internationally known AMU
indicators suitable for monitoring AMU on U.S. dairy farms. In the
future, the same standardization and evaluation approach could be
applied to other AMU indicators that may have been missed in the
current study. Additionally, future studies should apply the derived
standardized AMU indicators to data from multiple farms to
evaluate their field accuracy and practical utility and to
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statistically compare indicators to improve understanding of the
best approach to using multiple indicators simultaneously. In the
absence of established weights for the criteria used in indicator
scoring, all criteria were given the same weights, which affected our
conclusions. Future research with stakeholders is necessary to
determine whether these criteria should have different weights.
We acknowledge that AMU indicator scores are authors’, and,
thus, by definition, subjective. However, because scoring involved
comparisons of the elements of equations (i.e., presence or absence
of terms or information in the formula), the room for subjective
interpretation of AMU indicators was limited, allowing us to
consider the approach sufficiently objective for their scoring.

5 Conclusion

Standardizing the definitions and formula of the AMU
indicators will facilitate their uptake by farmers and veterinarians
while enabling their interchangeability and fair comparison of
AMU indicators across farms. Accuracy and data availability are
the first factors to consider, particularly because accuracy is
necessary to inform stewardship and for analyses of the
relationship between AMU and AMR. At the same time, privacy
considerations are also crucial for farmers interested in learning
stewardship from their social network, because farmers may be
reluctant to share indicators based on detailed AMU information.
Overall, according to the criteria established in this study, two dose-
based indicators (TFypp and nADD(kg,)/100 treated animals)
scored best in accuracy and ability to inform stewardship, while
two count-based indicators (nRTFD and nDOT) and a mass-based
indicator (mg/100 animals-at-risk) performed best in the effort and
privacy criteria.
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Animals are considered key contributors to the development and spread of
antimicrobial resistance (AMR). However, little is known about the existing AMR
interventions in the animal sector. This scoping review examines the existing
evidence on AMR interventions aimed at livestock, animal health professionals
(AHPs), and farmers, while reviewing their impact, limitations, gaps, and lessons
for future use. The scoping review was conducted following guidelines from the
PRISMA-ScR checklist. The databases, Web of Science, Scopus, PubMed, and
international organisations’ websites (WHO, FAO, WOAH) were searched for
articles reporting interventions targeting livestock, farmers, and AHPs.
Interventions were categorised based on seven pre-defined primary measures
including: change in antimicrobial use (AMU) practices; change in the uptake of
antimicrobial stewardship (AMS); change in development of AMR; change in
knowledge of appropriate AMU practices, AMR, and AMS; change in attitudes and
perceptions concerning AMU, AMR, and AMS; and surveillance strategies. In total,
ninety three sources were included: 66 studies, 20 reports, and 7 webpages. The
reviewed interventions focused mostly on AMU practices (22/90), AMS uptake (8/
90), and reduction of bacterial or resistant strains (30/90). Changes in knowledge
(14/90) and attitude (1/90) were less frequently assessed and were often implicit.
Most interventions were conducted within a select country (83/90) and 7/90
were at a global level. Only 19% (16/83) of interventions were implemented in
low- and middle-income countries (LMICs) and most were at herd level with
many self-reporting changes. Most of the interventions that focused on
surveillance strategies (30/83) were implemented in high-income countries
(62/83). Only one study investigated the financial implications of the
intervention. The study findings provide an overview of existing AMR
interventions and insights into the gaps which can be addressed to guide
future interventions and research. A focus on developing, implementing and
evaluating interventions in LMICs coupled with the use of objective outcome
measures (e.g., measurable outcomes vs. self-reporting) will improve our
understanding of the impact of interventions in these settings. Finally,
assessing the financial benefits of interventions is necessary to inform
feasibility and to encourage uptake of interventions aimed at reducing AMR in
the animal health sector.

KEYWORDS

antimicrobial resistance, interventions, antimicrobial stewardship, antimicrobial usage,
behavioural science, One Health, animal
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1 Introduction

Antimicrobial resistance (AMR) is a critical issue for both
human and animal health (O’Neill, 2016). Globally, an estimated
1.27 million human deaths in 2019 were attributed to AMR
(Murray et al.,, 2022). This is predicted to rise to 10 million in
2050 if no action is taken (O’Neill, 2016). AMR-attributed deaths in
humans have been linked to the transfer of AMR- bacteria and
AMR genes from animals to humans (Rhouma et al., 2022). The
antimicrobials considered of high priority and essential for humans,
Highest Priority Critically Important Antimicrobials (HPCIAs), are
often used to treat resistant infections in animals (World Health
Organization, 2018). The continued use of critically important
antimicrobials (CIAs) in animals poses the risk of developing
AMR, and onward transmission of CIA-resistant bacteria to
humans which can reduce the effectiveness of the available CIAs
(Tang et al., 2017). Other sources of AMR bacteria are community
and hospital-acquired infections that can develop after misuse or
overuse of antimicrobials in humans, lack of sanitation and
diagnostics (e.g., lack of sensitivity testing and toilet/hand
washing facility), and failure to use appropriate infection control
measures in hospitals (World Health Organization, 2019). AMR
infections can also be acquired from contaminated environments
(World Health Organization, 2019; Stanton et al., 2022).

Despite success in reducing antimicrobial usage (AMU) in some
countries (Lam et al., 2017; DANMAP, 2022), AMU is anticipated
to rise around the world. Antimicrobial consumption in food-
producing animals is projected to reach over 100,000 tonnes per
annum by 2030, a 67% increase since 2015, with an estimated
99,502 tonnes used in 2020 (Van Boeckel et al., 2015; Tiseo et al.,
2020; Mulchandaniid et al., 2023). In the United Kingdom alone,
the use of CIAs on pig farms doubled from 2015 to 2019. The use of
aminoglycosides, deemed critically important, rose from 2.607 to
5.957 mg per kilogram of body weight in pigs (Mahase, 2021). In the
United States of America, 54% of antimicrobials used for livestock
are CIAs. After a reduction in the use of CIAs by 27% from 2009 to
2017, this rose again by 8% from 5.6 million kilograms in 2017 to
6.0 million kilograms of antibiotic active ingredient in 2020 (US
Food and Drug Administration Center for Veterinary
Medicine, 2020).

The problem with AMR is that it knows no country boundaries,
so reducing it globally is essential (Ruckert et al., 2020). At the

Abbreviations: AHP, Animal Health Professional; AmpC, AmpC Beta-
lactamases; AMR, Antimicrobial Resistance; AMS, Antimicrobial Stewardship;
AMU, Antimicrobial Use; CIA, Critically important antimicrobials; DANMAP,
Danish Integrated Antimicrobial Resistance Monitoring and Research
Programme; E. coli, Escherichia coli; EFSA, European Food Safety Authority;
ESBL, Extended Spectrum Beta-Lactamase; ESVAC, European Surveillance of
Veterinary Antimicrobial Consumption; EU, European Union; FAO, Food and
Agriculture Organization; HPCIA, Highest Priority Critically Important
Antimicrobials; LMICs, Low- and middle-income countries; NARMS, National
Antimicrobial Resistance Monitoring SystemSulfa; TMP, Sulfadiazine and
Trimethoprim; UNEP, United Nations Environment Programme; Vet-LIRN,
Veterinary Laboratory Investigation and Response Network; WHO, World
Health Organization; WOAH, World Organisation of Animal Health.
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global and country levels, there are varying efforts and interventions
to preserve the repertoire of antimicrobials available for human use
and to reduce the development and spread of AMR. The
quadripartite, consisting of the World Health Organisation, Food,
and Agriculture Organisation of the United Nations (FAO), World
Organisation for Animal Health (WOAH), and United Nations
Environment Programme (UNEP) calls for a reduction in
antimicrobial usage (AMU) and AMR while enhancing
antimicrobial stewardship (AMS), within the human medical and
animal industry (FAO UNEP WHO and WOAH, 2022). This will
mean enhanced research and understanding, One Health
collaboration, and implementation of action plans to ensure best
practices globally (FAO UNEP WHO and WOAH, 2022).

Working across sectors to reduce AMU and the development
and transmission of AMR is essential to reduce the increasing
burden and mortality attributed to AMR. Within human medicine,
most AMR interventions are implemented in high income
countries, with only, an estimated, 1 — 2% focusing on low- and
middle-income countries (LMICs) (Cox et al., 2017). A similar
trend likely occurs in the animal health sector. In high income
countries such as The Netherlands and Denmark, interventions at
the national levels have contributed to reductions in AMU in the
animal health sector. For example, The Netherlands implemented a
strategy aimed primarily at farmers based on the RESET mindset
(rules and regulation, education, and information, social pressure,
economics, and tools) to reduce AMU and the use of HPCIAs (Lam
et al,, 2017). This included obligatory aspects such as transitioning
from the use of HPCIAs to less critical antimicrobials, having a
registered herd veterinarian to discuss herd health with, and
voluntary aspects such as lectures and study groups for farmers
and animal health professionals (AHPs). This intervention resulted
in a reduction in AMU of 47% between 2009 to 2015 (Lam et al.,
2017). In Denmark, since 1995 DANMAP, the Danish Integrated
Antimicrobial Resistance Monitoring and Research Programme,
has monitored both AMU (grouped by antimicrobial class) by
farmers, AHPs, and human medical professionals and AMR in
both animals and humans. Coupled with other initiatives,
DANMAP has led to an overall reduction in prescriptions and
use of HPCIAs within all livestock sectors and eradication of
HPCIA use within pig production. The monitoring of AMR of
indicator bacterial isolates has shown a fluctuating trend for
different bacteria. Full sensitivity to antimicrobials increased in
E.coli isolated from broilers during 2014 - 2019, but the upward
trend was not the same for pigs and cattle (DANMAP, 2022).

The burden of AMR is unevenly distributed across the globe.
In 2019, high income countries had nearly 50% fewer deaths
attributed to AMR (13.0 out of 100,000 deaths) compared to
Africa which had the highest rate globally (23.7 out of 100,000
deaths), nearly 1.5 times higher than the global average (16.4 out
0f 100,000 deaths) (Murray et al., 2022). With a rising middle class
and growing population in LMICs, there is increased demand to
intensify food production which can lead to higher levels of AMU
to sustain the high level of production (Manyi-Loh et al., 2018).
The increased intensive farming in LMICs highlights the
importance of identifying viable solutions to reduce AMU in
livestock production.
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There is limited data on existing interventions on AMR, AMS,
and AMU in the animal health sector, particularly in LMICs. A few
studies attempted to explore these aspects, but the scope was
narrow. The aspects investigated in previous review studies
included AMS in AHPs (Gozdzielewska et al., 2020), resistance
genes within broiler production (Becker et al., 2021), and levels of
transmission of AMR to humans after AMU in animals (Tang et al.,
2017). An understanding of existing interventions focused on
reducing AMU and AMR and increasing AMS within AHPs,
farmers, and livestock, globally and in LMICs, is important. To
address this gap, we have undertaken a scoping review with the
intent of providing a broad overview and categorisation of
interventions about AMR in the animal health sector within the
last decade. The scoping review provides an overview map of
existing evidence on AMR interventions in the animal health
sector, and the related impact, current gaps, and limitations.
Findings from the review can be used to inform and shape new
interventions and to tailor future research on AMR interventions.

2 Methods
2.1 Study approach

A scoping review was conducted following the PRISMA-ScR
checklist (Tricco et al,, 2018). The focus of the review was AMR
interventions in the animal health sector, specifically interventions
aimed at reducing inappropriate AMU, increasing/enhancing
uptake of AMS, and/or reducing the risk of development and
spread of AMR. The groups of interest to which the AMR
interventions were applied included AHPs (veterinarians and
para-veterinarians), farmers, and livestock (poultry, cattle, goats,
sheep, swine, and aquaculture).

2.2 Data sources

The databases PUBMED, Scopus, and Web of Science were
searched (Appendix 1). The websites of the World Health
Organization (WHO), Food and Agriculture Organization of the
United Nations (FAO), and World Organisation for Animal Health
(WOAH), were also searched. Backward citation tracking was
performed on articles including reviews that were otherwise excluded.

2.3 Search strategy, inclusion, and
exclusion criteria

A combination of words relating to Africa, America, Animal,
Antibiotic, Antimicrobial, Asia, Australia, Bacteria, Environment,
Europe, Farmer, Intervention, North, Para-veterinarian, South,
Surveillance, Veterinarian, and Veterinary was used for the article
search (Appendix 1).

No limits were set on study design, the language was set as
English and only papers published from the 1% of January 2013
through 31°" of December 2022 were included. Reviews were

Frontiers in Antibiotics

10.3389/frabi.2023.1233698

excluded but were accessed for citations. Studies focusing on
interventions at various levels were included: global, continent,
country, regional (area within a country), or small-scale (multiple
or singular herds or farms). Studies were excluded if they solely
focused on human, environmental, or human and environmental
aspects. Single cross-sectional studies, focusing on opinions or
current practices only, and reports with a focus on providing
singular time point surveillance data with no intervention action
were excluded.

2.4 Study screening

The article search was performed in January 2023. Titles and
abstracts of identified records were screened against the above
inclusion and exclusion criteria. Eligible records were exported to
Mendeley and then screened by the author (AJ). Articles that met
the inclusion and exclusion criteria were included in the review.
References from the full-text searches of articles deemed relevant
were also screened against the inclusion and exclusion criteria and
included in the review if relevant.

2.5 Data extraction

For each article, the following data were extracted into an excel
file: author, year of publication, country where activity was
implemented, level of intervention (small scale, regional, national,
continental, international), study design, study population (AHPs,
farmers, or livestock), results relevant to the primary intervention
outcome measures (Figure 1, Appendix 1), outcomes of the
intervention, impact of the interventions, strengths, and
limitations. Extraction was performed by one reviewer (AJ) for all
eligible articles and a second reviewer (AE) evaluated a subset of
20% of the extracted articles.

2.6 Synthesis and reporting results

A key aim of this study was to characterise the reported AMR
interventions in the animal health sector, which focused on either
livestock or AHPs or farmers. For the purpose of this study,
interventions were grouped into seven categories based on
primary outcome measures: 1) change in AMU practices of
animal health professionals (AHPs) and farmers, 2) change in the
uptake of AMS by AHPs and farmers, 3) change in development
and/or spread/distribution of AMR, 4) change in knowledge of
appropriate AMU practices, AMR and AMS, 5) change in attitudes
and perceptions concerning AMU, AMR, and AMS, 6) surveillance
strategies (with a focus on animals and either both or one of the
following: environment, and/or humans), and 7) Other. For each of
the above seven categories, primary and secondary outcome
measures were defined (Figure 1). Details of defined primary and
secondary measures are provided in Appendix 2. For purposes of
interpretation, the reported interventions were also categorised by
level of the geographical area covered as follows: small-scale (e.g.,
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FIGURE 1
Pr\mary outcome measures.

(i.e., singular or multiple herds or farms), regional (region within a
country), national (country-level), continental (across an entire
continent), and international (across continents) interventions.
Due to this review article being a scoping review, and the variety
of study designs, a light touch study design assessment
was performed.

2.7 Study design appraisal

For intervention studies, a light touch quality review of the
study design and subjectivity of outcome measurements was
performed within the research group (AJ & JO) by asking the
questions: (1) what design was used for the intervention? and (2)
were the outcome measurements subjective or objective?
Interventions were evaluated on a six-point scale based on the
above two questions. For question 1, a maximum of four points
could be obtained for study design: use of randomisation with
control group (4 points), control group with no randomisation (3
points), two time points at which the intervention was measured
(pre and post intervention) and with no control group (2 points),
description of intervention without use of pre-and post-
intervention measurement and no control group (1 point). For
question 2, a maximum of two points could be obtained: including
objective outcome measurements (2 points) or only subjective
outcome measurements (1 point). No points were obtained if
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outcomes were not included. Outcome measurements were
considered objective if were directly measurable (e.g., AMU, AMR
genes, bacterial strains) and considered subjective if there was
potential bias in reporting by participants (e.g., self-reporting of
change). The interventions were split into 3 categories, high,
medium, and low quality, based on the combined points
(maximum of six points): high = 5 or 6 points, medium = 3 or 4
points, or low = 1 or 2 points. Surveillance reports were not
included in this intervention design appraisal.

3 Findings

The database search identified 10069 articles, including
duplicates, for inclusion. After title and abstract screening, 59
articles were deemed to fall within the inclusion criteria
(Figure 2). Among the 59 articles duplicates were checked for and
none were found. Of the 59 articles, 57 were successfully retrieved
and 2 that were not available from online databases were accessed
through intra-library loans. Six of the 59 articles were reviews and
were therefore excluded resulting in 53 eligible articles. Through
citation search, 28 additional sources were found (13 articles, 10
reports, and 5 webpages). International Organisation websites were
searched for interventions that fit within the scope of the primary
outcome measures and 10 reports and 2 webpages were included. In
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Prisma-ScR Flowchart.

total 93 sources were included - 66 articles, 20 reports, and 7
webpages (Figure 2).

The ninety-three studies and reports resulted in 90 interventions
(66 articles, 20 reports, and 7 webpages. The distribution of primary
outcome measures for interventions assessed in this study was broad
(Figure 3), with some overlap between measures. The reported
interventions focused mostly on surveillance strategies (30/90),
change in development and/or spread of AMR (30/90), change in
AMU practices (22/90), change in knowledge (14/90), and change in
the uptake of AMS (8/90). Studies reporting change in attitude and
perceptions were nearly non-existent (1/90). Six (6/90) sources were
categorised as ‘Other’.

The interventions were implemented at various levels including
small-scale (singular or multiple herds or farms), regional (region
within a country), national (country-level), continental (across an
entire continent), and international (across continents). Most
interventions were implemented on a small scale (51/90) or
national/country level (24/90), with fewer on an international
(across continents) (7/90), continental (4/90), or regional level
(area within a country) (4/90).

National interventions mostly took place in countries in Europe
(14/24), North America (5/24), and Asia (5/24), whereas all

continental interventions took place in Europe (4/4). Small-scale
interventions were mostly implemented in countries in Europe (23/
51), North America (14/51) and Asia (8/51). Of the country level
studies, 16/83 were performed in LMICs (international studies are
excluded from the denominator).

Intervention design appraisal was performed on 62/90 of the
included studies. Of these, 25/62 were categorised as high quality,
32/62 were of medium, and 5/62 of low quality (Tables 1-7). The
distribution of studies based on design quality in LMICs was high
(2/13), medium (9/13), and low (2/13).

Throughout the key findings described in the sub-sections
below, studies were highlighted as examples to illustrate the main
themes of the outcomes. Further information on all the included
studies can be found in Tables 1-7.

3.1 Change in AMU practices of AHPs
and farmers

Change in AMU practices of AHPs was reported in 22
interventions across 24 studies (Table 1). The most frequent
aspects measured were reduction of volume/weight of AMU at

Change in antimicrobial use practices of animal health professionals 2

Change in uptake and use of antimicrobial stewardship by animal health professionals 8

Change in development and/or spread of AMR 30

Change in of appropri ial use practi

Change in attitudes and with respect to

FIGURE 3

AMR, and antimi i i 14

ial use, AMR, and antimicrobial stewardship 1

Surveillance strategies 30

Other 6

0 10 20 30 40
Number of interventions

Interventions grouped by primary outcome measurements. Interventions are counted in more than one group if they incorporated more than one

primary outcome measurement
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TABLE 1 Change in antimicrobial use practices of animal health professionals.

. Target Secondar S : ualit
Tool/Intervention 9¢ y Outcome Strengths Limitations Location Quality
population  outcome Grade
The
European
Parliament
Regulation (EU) 2019/6 Not voluntary -
and The eguf K,m ( )e dici /1 Ban on preventative AMU to groups or Highlights the 0, vot ur'l Ay tive/ Onl d withi
on veterinary medicinal easier to incentive, used within
Continental | Council of 3 K Farmers, AHP  Area via food, reinforce AMU for growth need for methods . td Europe N/A
the products and repealing romotion is banned to reduce AMU. create repercussions the EU.
Directive 2001/82/EC. P ’ ' for non-compliance.
European
Union,
2022
Reduction in
i Between 2003 - 2015, ceftiofur resistant ceftiofur resistant X
Agunos Canadian Integrated Long time frame, all
X Salmonella decreased by 7 % at farm Salmonella and E. A i .
. et al, 2017, Program for AHP, Broilers, . R . . R testing performed at No detailed risk . .
National S . Area level. Ceftiofur resistant E. coli coli. Increase in E. K . Canadian Medium
Agunos Antimicrobial Resistance = Turkey . L national reference factor analysis
. decreased by 16%, 11%, 8 %, in farm, coli resistance to
et al, 2018 Surveillance. . . . . lab.
abattoir and retail samples respectively. gentamycin and S/
TMP.
Same intervention as
B t al 2017.
Nraetei(r)lnil E:nastitis control Multiple outcomes around AMU and Increased training
. AMS incl. 400 AHP and Farmers trained. and knowledge for . Letter in journal, .
. Bradley scheme: AHDB Dairy AHP, Farmers L . No evidence . United .
National . Area, DDx 40% reduction in intramammary lactating farmers and AHPs, no evidence or i Medium
et al, 2017 Mastitis Control Plan & Cattle L . presented. . Kingdom
. cow use. 20 % reduction in clinic mastitis reduced AMU for evaluation.
(DMCP) (includes rates dairy cattle
surveillance and ' Y '
actions).
Same intervention as
Bradley et al 2017.
ra<.i ey etatad Easy to follow
National mastitis control .
K i . control plan, using i .
X Breen et al., scheme: AHDB Dairy AHP, Farmers Reduction from Total DDD of 14.59 to Reduction of AMU Single herd United .
National e Area, DDx . . . . parameters that are . Medium
2017 Mastitis Control Plan & Cattle 6.99 in 600 dairy cattle herd. in Dairy herd. example. Kingdom
) already evaluated as
(DMCP) (includes
R reference.
surveillance and
actions).
38.4 - 56.2 % reduction mg active National programme Factors only
D ’ Yellow card scheme. AHIP. farmers ingredients/pig/day (37.2 - 53.6 % AMU reduction in R s nl': legs'ze measured in herds
upon > > . . . . arge sai 1Z¢€, . .
National o :I 2017 Same intervention as swine Area reduction in ADDs/100pigs/day). both high and low evef with P with >10 % Denmark Medium
’ Jensen et al., 2014. Biggest perceived factors: Vaccines usage herds. . antimicrobial
i o exclusions). X
increased; herd medication decreased reduction.
Yell d scheme. Short time fr
. Jensen ¢ 0“,’ card s 'eme AHP, farmers, 27 % (weaner) and 53 % (finisher) Reduction of AMU = National programme ort time frame .
National Same intervention as . HPCIA . . . compared to Denmark Medium
et al, 2014 swine reduction ADDD25 per pig produced of | HPCIA. (large sample size,
Dupont et al., 2017. Dupont et al., 2017
(Continued)
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TABLE 1 Continued

q Target Secondar S .
Source Tool/Intervention 9¢ y Outcome Strengths Limitations Location
populatlon outcome
macrolides and pleuromutilins 2009 - even with
2011 exclusions).
Reduced AMU
M Livestock n:t'zrcleall in National project - Article looking to
oura i i
National Vet-AMNet. AHPs Area, HPCIA Reduction of 70.8% kg in AMU. U both voluntary and validate system, Netherlands Medium
et al., 2022 Netherlands for L
Farmers . legislation. not outcomes.
dairy cattle.
ViParc (Education of L
K Reduction in AMU
small-scale broiler X K X . i i Not evaluated on
. . 66% decrease in AMU (p=0.002) from a | while decreasing Simple illustration of | | . .
. Phu et al,, Farmers, antimicrobial Farmers, . . . . . intensive farming. . .
National . Herd baseline of 343.4 Animal Daily Doses mortality and educational X Vietnam Medium
2021 replacement products, Broilers X i R X K Only applicable for
. . per 1,000 chicken-days. increasing body intervention.
designated project . . small scale farms.
. weight of broilers.
veterinarian for herds).
HPCIA reduction from 14,258 - 21,528 Sienificant Sales data does not
Millar et al Regulation restricting Farmer. AHP Canadian Defined Course Doses for rei ction of show actual usage. Quebec
1 = . > > L . . &l > .
Regional use of HPCIAs in HPCIA cattle (DCDbovCA) /month to a range . Large sample size. No reflection on Medium
2022 X cattle HPCIA on dairy L Canada
animals. of 1,494 - 4,707 DCDbovCA/month herd potential increase
erds.
(Sales data). in other AMU.
Outdoor Veal: 1)
Transported directly to
fe ith Treatment intensity defined daily d Requires flat land
'arm m .no reatment intensi y efine al)i ose AMU reduced Reduced AMU, equires flat lan,
intermingling, 2) method (TIDDD) in days per animal L | i and access to
Becker o . significantly in mortality, and no i R . i
Small Scale Vaccination against AHP, cattle Herd year was 5.3-fold lower (5.9+6.5 vs. 31.5 . isolation transport  Switzerland High
et al., 2020 X . outdoor veal calf compromise to
pneumonia and 3-week +27.4 days per animal year; p<0.001) . and hutches. No
R L herds. animal health. i
quarantine, 3) Raised in than control group. mention of costs.
hutches with max 10
cattle.
Personalised
Median 47% reduction in AMU Reduction of AMU i L intervention: time Belgium,
i : i . . . Big variation in net
Collineau Herd specific i (treatment incidents), without increased across countries and economy Germany, R
Small Scale . . Farmer, Swine = Herd X . X X profit post . . Medium
et al, 2017 intervention plans. mortality. No correlation to type or and intervention . . considerations France,
. . intervention.
number of interventions. types. need for broader Sweden.
scale.
1) AMU reduction 2)
Dorado- .
Garcia Improving personnel
Small Scale D’ b ’ and farm hygiene 3) Farmer, Swine =~ Herd See Table 3: Change in development and/or spread/distribution of AMR. Netherlands Medium
ohmen, .
Change animal contact
et al, 2015
structures.
Gerber 17 interventions from Herd, DDx, AMU reduced by an udder or uterine Uterine and udder Gave Farmers choice | Intervention vs. . .
Small scale Farmer, Cattle . X X . R Switzerland High
et al, 2021 three groups 1) Udder 2) HPCIA health strategy (p < 0.04), including strategies saw a in intervention. control group
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TABLE 1 Continued

Source

Tool/Intervention

Uterine health 3) Calf
health. Farmers had to
pick at least one.

Management

Target
population

Secondary

outcome

QOutcome

HPCIA for udder strategies (p = 0.05).
Calf health interventions no reduction.

AMU reduced from 85% to 18% of

reduction in AMU
and HPCIA while
calf strategies did
not.

AMU reduced

Strengths

Included education —

Limitations

vastly different in
breed, herd size
and milk yield
(selection bias
across both).

Control was prior

Location

Quality
Grade

Gomez diarrhoea calves being treated with AM, significantly in Ontario, .
Small scale ’ modification, health Farmer, Cattle = DDx ) ) 8 L 6 Y this exists beyond to intervention, Medium
et al., 2021 o i with mortality and diarrhoea incidence outdoor veal calf X K Canada
training and algorithm. . intervention frame. not concurrent.
staying the same. herds.
T lgorithms looki; Good le size,
wo & gfm s looking Cumulative Incidence Risk (CIR) of Use of the 00, Sampe st 'e The two .
Gomez at calf diarrhoea and . i K replicated. Algorithm R R Ontario, R
Small scale o . Farmer, Cattle =~ DDx antimicrobial treatment rates 80% lower | algorithm reduced algorithms did not Medium
et al., 2017 AMU incidence rate in i X o can be used Canada
after implementation. incidence of AMU. run concurrently.
herd. elsewhere.
Actively guided f
< l v‘e Y sut .e use o ADDD reduced earlier in study for Reduction in AMU
antibiotics, biannual . . Role of herd health
. . X . guided group than control (n=2) groups  and differences Case control study, -
Kuipers meetings with project Farmers, Herd, DDx, . . o and veterinarian .
Small scale & less overall use. Mean guided = 5.45. both pre-post taking trends in time Netherlands High
et al., 2016 members and a cattle Area o i X not analysed as a
L. Control groups = 6.34 & 5.63. Variation | study but also in into account.
veterinarian, AMU factor.
between herds decreased. control groups.
feedback reports.
Morg: Facilitated f: ti F 3 United
Small Scale organs actifated farmer action armers HPCIA See Table 4: Change in knowledge of appropriate AMU practices, AMR, and AMS 'm ¢ Medium
et al,, 2021 groups. cattle Kingdom
Increased knowledge in post
intervention t:s,t cfm arl:;d to pre-test Increased
. P P understanding of Holistic approach. Cannot randomly
AMS training for and control group (CG) (p= 0.05). R B . !
. . . . . AMS, increased Test" to evaluate allocate farms. Bias
Pempek farmers in two parts: Farmers Correct identification of cases 50% (73/ correct increased due to farms with
Small scale P didactic presentations, ? Herd 146) of the cases vs. 14.3% (9/63) in GC X X . i . K Ohio, USA High
et al., 2022 X e Cattle X identification of understanding, interest in AMS/
calf-side training, and (p=0.002). (Increased later in N
L . . . cases” need for rather than farmer AMR. Small
veterinarian feedback. intervention compared to earlier also i X
. AMU, and perception. sample size.
(p< 0.001). 50 % decrease in AMU R
decrease in AMU
compared to CG.
Same intervention as
Rojo-Gi t al.,
2016, Herd specific Looked stAMU for
. 1 eterinarians
intervention P lans Decrease of 52% in AMU (from birth till different age groups. reluctant to
Small Scale Postma (includin h:i d Swine, Herd. HPCIA slaughter) and 32% for breeding animals, Decrease in AMU Personalised rovide Belgium Medium
et al., 2017 mana emgent Farmers ? based on treatment incidences. Ceftiofur and HPCIA. interventions that fn formation on 8
> . . i 1e s 1
. & . L long-acting AMU in sucklers reduced 83%. work for individual .
biosecurity, vaccination herds curative AMU.
strategy, anti-helminthic '
therapy, and AMU).
(Continued)
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TABLE 1 Continued

Source

Tool/Intervention

Herd specific
intervention plans
(includes biosecurity,

Target
population

Secondary
outcome

QOutcome

93% median compliance of participants.

Strengths

Looked at AMU for
different age groups

Limitations

Control herd also
changes over a
year period,

Location

. Median 35% reduction in AMU Belgium
vaccination, changes of i X . and DDx. therefore own
Raasch K Farmers, treatment in % of expected lifespan. Decrease in AMU i Germany i
Small scale feeding schemes or K Herd, HPCIA i Personalised control. External Medium
et al., 2020 drinking water quality Swine Reduction from 35 % to 16 % (p< and HPCIA. interventions that factors impact over France
i 0.001). HPCIA reduced 69% pol i Swed.
health and welfare care, < 0)0 o1 Tetrarce clll'(:e 49‘; (po yglg;n work for individual a year. Farmer weden
.001. i =0.01).
stable climate and P ¥ ° P herds. with AMR interest
zootechnical measures). participate.
. . Little data on
Same intervention as . .
antimicrobial
Postma et al., 2017. groups and usage
roups and u
Herd specific
. . P . Profit focused, of these. No follow
Rojo- intervention plans Farmers. Median reduction of 7.68 euro/sow/year Increased net economic trade off up post
Small Scale Gimeno (including herd i ? Herd . ¥ profit while X 'p P X Belgium Medium
swine spent on AMU prophylaxis. . important for intervention,
et al,, 2016 management, reducing AMU. L
K . o farmers. veterinarians
biosecurity, vaccination
. L. reluctant to
strategy, anti-helminthic rovide curative
therapy, and AMU). P
AMU data.
Reduction in AMU | S i
A number of farms did not use any cduction in R ome coml.)arlson
Health plan and . X X i on some farms in and reflection
. . X antimicrobial after intervention cycle 1 . . Netherlands,
Schreuder improved biosecurity Farmers, Cyprus but mean between countries, Only descriptive .
Small Scale R . i Herd (n = 4) and 2 (n=5). Mean days of . o Greece, Medium
et al., 2022 personalised, multiple broilers 8 i days of treatment impact of statistics for AMU.
. . treatment pre-post intervention cycles . L Cyprus
intervention cycle. . . stayed the same in personalisation
did not change in any country. . .
all countries. varies.
. AMU was
Farm selection was .
. measured via
No significant from group with rescription not
. 8 higher AMU load P P
difference . i N usage, does not
. . . . L. . . . signalling zone”.
Speksnijder  Animal Health Planning  Farmers, DDDA of antimicrobial - 19% vs. 14% (intervention vs. . account for .
Small Scale Herd R R Good reflection on Nederlands High
et al, 2017 Program. Cattle in control group after 1 year. control) in AMU . wastage/
. needing real world .
reduction (P = A . stockpiling.
reduction, potentially R
0.498). X . Participating bias
reducing participant . i
. if interested in
bias.
AMU/AMR.
Intervention in 3 parts: Decrease for all
1) awareness of Ai/IR '2) DDD/slaughter pig 43% post indicators on Study had both a Small sample size,
war s . . . . . .
Toya et al,, . . Farmers, intervention of what it was pre intervention farms, | control group and bias due to .
Small scale consent for diagnosis Herd . . . . . Japan High
2022 cattle intervention (910.2 vs. 397). Non- while there was an | pre-post intervention | voluntary
and treatment, and 3) intervention farms 146.2% (531 vs. 777). | i trol I ticipati
intervention far . vs. . | increase on control assessments. articipation.
Reduce AMU. ° partictp
farms.
(Continued)
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herd level (12/22), reduction in the volume of HPCIAs used (9/22),
reduction of volume of AMU for a specific diagnosis (5/22), and

Quality
Grade

High

reduction of volume of AMU for livestock animals at regional,
national, or continental level (5/22). Nine of the twenty-two (9/22)
interventions that assessed change in AMU practices were aimed at
AHPs and 20/22 were aimed at farmers. Most of the interventions

Location
United
Kingdom

in this category were implemented in Europe (15/22), followed by
North America (5/22) and Asia (2/22). The geographical coverage
of the interventions varied from continental (1/22), national (3/22),
and regional (1/22) to small scale (17/22). The quality of the
intervention studies design was considered high (7/24) and
medium (17/24).

The following subsections further describe the interventions in

Limitations
All farms under
care of one
veterinary practice.

which change in AMU practices was assessed, and the related
impacts, limitations, and gaps.

(%)
<
=}
(o)}
c
[
=
=)
v

Multifaceted
approach.

3.1.1 Reductions in AMU at herd level

Herd-specific interventions showed a reduction in AMU. These
interventions focussed on implementation of farmers and AHP
education, increased health and welfare care (e.g., stable climate,
management), biosecurity (external and/or internal), and vaccine
strategy (Collineau et al., 2017; Speksnijder et al., 2017; Raasch et al.,
2020; Gerber et al., 2021; Gomez et al., 2021; Phu et al,, 2021;
Pempek et al,, 2022; Schreuder et al., 2022). The targeted study
groups included cattle farmers, swine farmers, broiler farmers, and
AHPs (Collineau et al., 2017; Speksnijder et al., 2017; Raasch et al.,
2020; Gerber et al., 2021; Gomez et al., 2021; Phu et al., 2021;
Pempek et al., 2022; Schreuder et al., 2022).

As a first example of herd-specific interventions, Raasch et al.
(2020) measured the reduction of AMU and HPCIAs among a
swine farmer population in Belgium, Germany, France, and

of HPCIA use on

Complete cessation
farms.

Outcome

Sweden. A significant median reduction of AMU of 35% was

HPCIA on farms reduced from 7.2

ADD (41%) to none.

reported. After the intervention was implemented, the duration
for which pigs were treated reduced from 25% of their expected
lifespan (200 days) to 16% (Raasch et al, 2020). The authors
reported a compliance rate of 93% with the intervention plans by

Secondary
outcome

HPCIA

the target population. The strengths of this intervention were
customised interventions for each herd and a broken-down
assessment of AMU by diagnosis and age group. However, no

Target
population

control group was used on the basis that this group could change
over the year (Raasch et al., 2020). This means it was not possible to

Farmers,
swine

adjust results for external factors that otherwise might be seen in a
control group.

In a second example, reduction in AMU at the herd level was
assessed for cattle farmers in Ohio, USA. A 50% reduction in AMU
for calves was accomplished through didactic presentations, calf-

Tool/Intervention

side training, and veterinarian feedback for farmers. There was also

Farmer meetings, herd
health planning meeting,
change of treatment
protocols, no HPCIAs
without prescriptions.

an increased understanding of AMS and higher correct
identification of cases in need of AMU (50%, 73/146) vs. the
control group (14.3%, 9/63) (p=0.002) (Rojo-Gimeno et al., 2016;
Pempek et al., 2022). This intervention allowed for an integrated
approach looking at both AMU but also testing farmer knowledge

Source
et al., 2018

Turner

and not relying on self-reporting. The observed weaknesses in that
study were that the control and test groups were not randomly

Small Scale

HPCIA, Reduction in volume of use of Critically Important Antimicrobials for Human Medicine.

Area, Reduction of volume of AMU for livestock animals on regional, national, or continental level.
Sulfa/TMP, Sulfadiazine/Trimethoprim.

Herd, Reduction of volume/weight of AMU on herd level.
DDx, Reduction of volume of AMU for a specific diagnosis.

DDDA, Yearly moving average total antimicrobial use.

ADDD, Animal defined daily doses.
E. coli, Escherichia coli.

AHP, Animal Health professional.
DDD, Defined daily dose.

TABLE 1 Continued

AMU, Antimicrobial use.

AMR, Antimicrobial resistance.
AMS, Antimicrobial stewardship.
ADD, Animal daily dose.

allocated, and both were presumed to have an increased interest in
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TABLE 2 Change in uptake and use of antimicrobial stewardship by animal health professionals.

Source

The European

Tool/Intervention

Target
population

Secondary
outcome

Outcome

Impact

Limitations

Strengths

Location

Quality
Grade

Parli t
ariri I;l,?:n Regulation (EU) 2019/6 on veterinary Farmers
Continental . medicinal products and repealing ’ Px See Table 1: Change in antimicrobial use practices of animal health professionals. Europe N/A
Council of the . AHP
) Directive 2001/82/EC.
European
Union, 2022
Dupont et al AHP,
National 201[; b Yellow card scheme. farmers, Px, Other See Table 1: Change in antimicrobial use practices of animal health professionals. Denmark Medium
swine
Reported increases Low response rate & most
- . 0 i 1 i M
Senate Bill 27 - Prescription required . . S.elf reported: 29.4% changed n preve.ntatlve Law bill, ?‘kely only those mterésted .
. Abdelfattah i i Farmers, Diagnostic, disease management, 26.8 % report alternatives and in AMS responded. Did not California, i
Regional for medically important R o R i X not o Medium
et al,, 2022 o AHP Other using antimicrobial preventative changed disease report factors within USA
antimicrobials. . . voluntary. .
alternatives. prevention/ categories or actual AMU
management. changes.
The Arwain Vet Cymru Project -
Rees et al Veterinary Prescribing Champions Px Wales,
Regional ) v Y 1oIng P AHP . See Table 4: Change in knowledge of appropriate AMU practices, AMR, and AMS. United Low
2021 (VPC) (incl. webinars, workshops, guidelines X
. . Kingdom
discussion).
Morgans et al., - . Farmers, . . . United .
Small Scale Facilitated farmer action groups. Other See Table 4: Change in knowledge of appropriate AMU practices, AMR, and AMS. . Medium
2021 cattle Kingdom
O
Of health professionals (%) ne
Px, reported improved: handwashing Improved Health
One Health training - knowled ; ’ h, L rticipation of AHP
Musoke et al., ne Heallh training owledge on AHP, guidelines, (57.3 %), guideline use (52.9 %), practices and approac ow participation o
Small Scale AMR, sanitation (case studies, group . . R . part of compared to MHP. Self- Uganda Low
2020 discussions) MHP diagnostics, treatment based on diagnostics knowledge of alread reporting of improvement
| Other (44.1%) + reduction in unnecessary = AMS. existiny P 8 P ’
AMU (513 %). &
structure.
Pempek et al AMS training for farmers in two parts: Farmers
Small scale 202 2p v didactic presentations, calf-side Cattle ’ Other See Table 1: Change in antimicrobial use practices of animal health professionals. Ohio, USA | High
training, and veterinarian feedback.
Knowledge and innovations for: 1)
prudent AMU (tape measures &
Roulette et al, | d harts (calculate weight f
Small Scale owettecta osage charts (calculate weight for Farmers Other See Table 4: Change in knowledge of appropriate AMU practices, AMR, and AMS. Tanzania Medium

2017

more accurate dosage), 2)
pasteurization milk (thermometers) to
reduce resistant E. coli.

AMU, Antimicrobial use;

AMR, Antimicrobial resistance;
AMS, Antimicrobial stewardship;
AHP, Animal Health professional;

MHP, Medical Health Professional;
Px, Change in prescribing habits (define the prescribing habits for which change will be measured).

Guidelines, Increased adherence to guidelines.
Diagnostics, Increase in frequency of use of diagnostics e.g., sensitivity testing.
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TABLE 3 Change in development and/or spread/distribution of AMR.

T: li
Source Tool/Intervention arget . secondary Outcome Impact Strengths Limitations Location QUEl7
population = outcome Grade
Agunos .
et al.. 2017 Canadian Integrated Program AHP, B strain. R
National N ’ for Antimicrobial Resistance Broilers, o See Table 1: Change in antimicrobial use practices of animal health professionals. Canada Medium
Agunos Surveillance Turke: strain, Area
et al, 2018 : Y
Reduction of Longitudinal study. No
. . . . . Assessed
Hiki et al Voluntary reduction of Reduction of cephalosporin resistant E. coli cephalosporin multiple control group to assess
National v X ry X Broilers R strain from 16.8% (27/161) to 4.6% (6/131) resistant E. coli A P for confounding. No Japan Medium
2015 ceftiofur in hatcheries. . resistance .
(p=0.001). after ceftiofur assessments of mortality
. genes. .
reduction. or animal health.
Fly screen placement on Beducnon in prevalence of Campylobacter spp - Reduction in 4-year data set, = No data collected on
Small Bahrndorff . i . . in flocks from 41.4 % to 10.3 % (p < 0.001). prevalence of i .
broiler houses, which remove Broilers B strain use of a poultry disease levels or Denmark Medium
scale et al,, 2013 . (Control house reduced from 41.8 % to 36 % Campylobacter
95% of fly population. control. end meat product.
(p = 0.454). spp among flocks.
Reducing Shiga toxin gene in Used steers
hide samples, washing abattoir from high
pens using 1) electrolytically 1) Pre - post intervention 96.6% vs. 16.6% Reduction of intensity breed | High chlorine levels
Small Brusa et al,  generated hXPOChIOFOHS acid, Cattle R strain Rositive safn-ples (p< 0.()01)‘2) 9.4 tixjnes less Shiga toxin in ‘farms to might not be‘ allowed in Argentina Medium
Scale 2019 and 2) chlorinated water, risk of positive sample post intervention (p = samples post increase some countries. Small
electrolytically generated 0.003). intervention. probability of sample size.
hypochlorous acid, and high bacterial
isochlor. load.
Statistically
. S . . . significant
A d biot t Excretion: 1.17 CFU/g f fect d Tested
Small Ceccarelli viguar (probio 1‘c) given to . . xeretion: 2.7 Vg facces (infectious an reduction in ested every Only tested for 13 days .
two chick groups: infectious Broilers R strain susceptible chicks) vs. control 5.68 CFU/g (p . day. Multiple . Netherlands = High
Scale et al,, 2017 . transmission + R after ESBL-E.coli given.
and susceptible. < 0.001). X scenarios used.
excretion of
ESBL- E. coli.
L f
E. coli in cloacal swabs was 11% lower (17%) €8s p‘r'evalence ° . .
. S . . . . - . e E. coli in cloacal Trialled in The reported data on
Small Chinwe No antibiotic feed additives . R strain, B in flocks with no antimicrobial feed additives. o L .
. . Broilers R . . S samples and LMIC farm carriage is not clear/ Nigeria High
Scale et al,, 2014 given and assessed for E. coli. strain Higher number of susceptible E. coli isolates i . i g
. . resistant E. coli environment. confusing.
across all antimicrobials assessed. .
isolates.
Reduced
- . . prevaile'n (.:e of Provides data Few farms from each
. . Methicillin resistance coagulase negative methicillin
Cicconi- .. . . on AMR area, very general
Small R . X X staphylococci in 2 % of organic and 5 % of resistance R X X
Hogan Organic certification. Cattle R strain . ) . . specific overview. Only Farmers USA High
Scale conventional bulk tank milk, MRSA in 0.3 % coagulase negative o
et al., 2014 . > (MRSA) with interest (already low
organic. staphylococci in . i
: information. levels).
organic bulk tank
milk.
Trialled No data collected
Small Dame- Competitive exclusion: 1) Broiler, R strain Challenge on day 0 CEP + SYN no effect. Competitive dirfEreent (z)ulta 4 dci(s)e:sceeleVZE or Netherlands | High
Scale Korevaar, fermented intestinal bacteria chicks Challenge day 5 CEP + SYN prevented CTX- exclusion reduced pouitry &
challenge end meat product.
(Continued)
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TABLE 3 Continued

Source

Tool/Intervention

Target
population

Secondary
outcome

Outcome

Strengths

Limitations Location

Quality
Grade

Fischer, (CEP), 2) selection of pre- M-1-E.coli. excretion (up to -1.60 loglOcfu/g),  prevalence of points - day 0
et al,, 2020 and probiotics (SYN). and caecal content (up to -2.80 log10cfu/g). CTX-M-1-E.coli. and 5.
Dame- Competitive Detailed Performed with stringent
Small Korevaar, Competitive exclusion in R X 0/200 broilers CTX-M-1-E. coli positive on exclusion reduced X X biosecurity, outcome R
. o Broiler R strain o microbiota . Netherlands | High
Scale Kers, et al., semi-field conditions. day 21 vs. Control 187/200 positive. prevalence of composition might vary by field
2020 CTX-M-1-E.coli. P : environment.
Reduced AMU
. . . and MRSA Assessed
Dorado- Intervention with multiple ositive isolates, multiple
L, steps: 1) reduce AMU, 2) 44% decrease in AMU (DDDA/Y) and P, v P Pooled samples in
Small Garcia, . . Farmer, . o with a correlation factors and R . .
improving personnel and . R strain decrease of MRSA positive farms from 31 to . testing, short time frame Netherlands =~ Medium
Scale Dohmen, N Swine to avoiding teeth retested over 4
farm hygiene, and 3) change 29. L R for MRSA.
et al,, 2015 . clipping and intervals of
animal contact structures. . . . .
keeping sows in intervention.
stable groups.
Multiple areas
isticall
2 - 3 times higher level of MRSA in veal cattle fitartxlisf::ﬁtylower of swabbing
Two intervention groups: 1) in Control & RAB-CD than RAB at 12 weeks 8 . within .
Dorado- . : . . . levels of MRSA in . Different sample
, Reducing AMU with protocol . in both cycles of intervention (p value = 0.5 populations to . .
Small Garcla, R strain, st nd X RAB cattle X X techniques in first and .
(RAB) and 2) RAB + Cattle . and < 0.01, 1% and 2" cycle respectively). . . see if reduction Netherlands | High
Scale Graveland, . . . environment o intervention . second cycle. Only 12
Cleaning and disinfection Human nasal samples not statistically R in cattle R i
et al.,, 2015 i L R population but i weeks of intervention.
(CD). Testing for MRSA. significant, and environmental samples were reflects in
. . not human
negatively impacted by CD. human
workers.
workers.
Slightly acidic water for E. coli Reduction in
Small Hao et al,, and Salmonella reduction (pH . B strain, Number E. coli and Salmonella positive swabs . Swabbing large | Intervention not feasible . .
. R Broilers . presence of E.coli China Medium
Scale 2013 5.0 - 6.5) with chlorine Environment reduced by 16%. . . range of area. on cage floor.
. in broiler house.
concentration (300mg/L).
. Only tested RWA turkey
Intervention .
had hich and chicken, small
Poult 15.7% of conventional raw meat samples No MRSA isolates successg rate for sample size. Does not
Small Haskell RWA for MRSA. Catt tler,y, Food conta?n MRSA, 0% of RWA .turkey or chicken = from R'WA turke'y MRSA even reflect \A'rork.er . Utah, USA High
Scale et al, 2018 . contained MRSA. However, increased level of ~ and chicken retail . contamination in
swine with some .
MSSA. meat. MSSA relation to MRSA
revalence prevalence in herd. RWA
P ’ comes with ethical issues.
i Small sample size, no
Spray wash reduced aerobic plate count of Both seaweed and | Range of information to determine
Small Kannan Dietary brown seaweed +/- . E.coli on skin (3.65 vs. 4.30 logl0CFU cm?). spray resulted in samples used. . ) Georgia, .
. . Goat B strain . . . if rumen E. coli High
Scale et al.,, 2019 spray with chlorinated water. Rumen E.coli count reduced with seaweed reduction of Seaweed good USA
diet (p < 0.05) E.coli. food source translates to less AMR or
p =28 ot : AMU.
Lower presence of ciprofloxacin, Showed i
Small K Reduced Only th fe
ma assem Organic certification. Broilers R strain erythromycin, and tylosin resistance (p < ecuced presence differences Oy Three organic s - gpio Usa High
Scale etal, 2017 . in Campylobacter investigated and one
0.05) in faecal Campylobacter samples. between
(Continued)
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TABLE 3 Continued

Source

Tool/Intervention

Target
population

Secondary
outcome

Outcome

resistance genes
on some farms.

Strengths

management,
and
biosecurity.

Limitations

farm varied widely from
other two farms.

Location

Quality
Grade

No significant

No significant difference in Campylobacter in differences Illustrates how
conventional vs. organic in France and between interventions Oreanic definition differs
Small Kempf Oreanic certification Swine B strain, R Sweden. France: 43/58 (74%); 43/56 (77%) Campylobacter might work in de gen ding on country/ France, High
Scale et al, 2017 & : strain and Sweden: 24/36 (67%); 20/36 (56%). spp but there some countries cofltinentg T Sweden 8
Erythromycin resistance in conventional vs. were differences in | but not in ’
organic in France: 62 (50%) and 25 (18%). AMR gene others.
prevalence.
Both
litati
Sanitation and education i qualitative data
. . . . . Reduction of from farmers -
Small Lee et al,, intervention about cleaning Farmers, . 40% log reduction of Staphylococcus aureus in . No statistics on whether . .
. . B strain : bacteria in fresh and o . Malaysia Medium
Scale 2017 milking equipment and cattle fresh milk sample. X o statistically significant.
milk. quantitative
udders.
data from
milk.
Followed more
Two generations than one
of RWA were not generation. .
o Lo - Pooling of faecal
Small Loayza- No statistically significant reduction in enough to see a Control group. samples. Could onl
Villa et al., RWA for two generations. Swine R strain antimicrobial-resistant coliforms in faecal reduction in Randomised. ples. .Y Ecuador High
Scale . . follow two generations as
2021 samples compared to control group. antimicrobial Looked at .
. pigs sent for slaughter.
resistant range of
coliforms. resistance
genes.
Multiple
leaning P Is for E.coli
Small Luvcs (izr:egrci:ftsz(l:ztisor?r col Number of E. coli positive swabs reduced by Reduction in cleaning No differentiating
N y . . Broilers B strain 86% (1 - 3% difference depending on soaking presence of E.coli protocols and between ESBL and Belgium Medium
Scale et al,, 2015 containing sodium . .
. & water temperature). in broiler house. factors others.
hydroxide).
assessed.
Trialled
. . . different doses Artificial contamination
Four trials - most comparisons between Limited effect on R . X
Small Mourand . L i i X N | i of ED1a, with pathogenic E.coli .
E. coli pro-biotic strain EDla Swine R strain control and intervention groups showed no shedding of ESBL- . . . France High
Scale et al,, 2017 e . across multiple | strain. Might not reflect
statistical significance. E.coli. i . X
data points for | real world situation.
each group.
Non-invasive,
Small Methner Competitive exposure (CE) Difference in EEC between CE culture and Reduced load of not ongoing. Birds needs
Scale et al.. 2019 culture for ESBL and AmpC Broilers R strain untreated controls: 4.0 vs. 5.0 log10 units on EEC in birds One off broad range of probiotic | Germany Medium
v E.coli (EEC). day 37 of age. treated with EC. colonisation strains for protection.
with bacteria.
(Continued)
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TABLE 3 Continued

T: li
Source Tool/Intervention arget . Secondary Outcome Strengths Limitations Location Quality
population = outcome Grade
Reduced Checked effect
Small Nuotio Competitive exposure (CE) Reduced prevalence of resistant isolates in revalence of of already Study only continued 5
(BROILACT). for ESBL and Broilers R strain P pre . implemented days after challenge with Finland Medium
scale et al,, 2013 AmpC E.coli ceca samples. resistance isolates exstin Ecoli
pAmpL £. in ceca of chicks. X 8 X B
intervention.
No significant Extended
Small Pedroso No statistically significant reduction in difference in length of Two farms only
Scale et al ‘2013 RWA, Pro- and Pre-biotics. Broilers R strain tetracycline-resistant E. coli or class 1 resistance isolates study. Many considered; third farm USA High
v integron resistance element. between the aspects were testing not considered.
groups. compared.
Reduction in Cost effective Lo .
coliforms (p = intervention. Testing in experimental
. Allostatic modulator in tap 10h feed withdrawal produced 0.29 log10 . setting and not a
Rubio- . . . . 0.014) and total Swabs taken at K .
Small L, drinking water (48h before i B strain, CFU/ml carcass rinse coliforms. 16h feed . K production setting. . X
Garcia . . Broilers . aerobic production Mexico Medium
scale shipment) with 10h or 16h Food withdrawal produced ~0.92 log10 CFU/ml s R Swabs only taken at
et al.,, 2015 i R | . mesophilic give indication R oo
feed withdrawal for coliforms. coliforms at carcass rinse R R K production not in live
bacteria (p = of residue in birds
0.0001). meat. ’
Resistant Salmonella Kentucky isolates less Antibiotic Compared
prevalent in litter, water, and feed on organic resistant detection of All farms under one feed
Small Sapkota . . . . . farms: amoxicillin-clavulanate (p= 0.049), Salmonella Salmonella mill and small area. All .
fi . Broil USA High
scale et al,, 2014 Organic certification rotiers R strain ampicillin (p= 0.042), cefoxitin (p= 0.042), Kentucky less Kentucky control group farms, no 18
ceftiofur (p= 0.043) and ceftriaxone (p= prevalent on isolates across pre-post interventions.
0.042) organic farms. the farms.
encions i B
Reducti f -1 fe 81% to 239 li 1
Cessation of colistin as a feed R strain, eduction of mer=? on farms (81% to 23% p mcr-1-positive E. sampling poo Sampled same 3-month
Small C. Shen " . . < 0.0001), in pork (52% to 29%, p < 0.0001) ) . both in terms . . . .
additive to reduce mcr-1 Swine environment, ; coli after cessation ) period each time so may | China Medium
scale et al., 2020 K i i as well as soil and water around . of provinces K X
resistance in E.coli food of colistin as a miss seasonal differences.
slaughterhouses (49% to 27%, p < 0.0001). o and sample
feed additive for K
. populations.
swine.
Poultry, No statisticall Larger sample Cannot differentiate pre/
Small Thapaliya Cattle, 04% (n = 2/530) of RWA meats, and 1.4% (n significant lowyr]er sizegthan ogler post slaughter ’
RWA testing for MRSA. ine, Food = 39/2760) of tional t MRSA A High
Scale et al, 2017 esting for iwﬁl: o0 osit/ive ) of conventional meat were MRS levels of MRSA in | RWA meat contamination. Limited us '8
4 P ’ RWA meat. studies. RWA meat.
culture
ESBL/AmpC blaCMY-2 and blaCTX-M genes  Decrease in
reduced by 7% and 6%, respectively, in resistance genes
. . meconium after cessation of ceftiofur, 0% and  after stopping .
Cessat f ceftiofu S  test
Small Verrette essarion of eettiotur use . . 20% respectively in faeces of broilers, 0% and ceftiofur in ovo everal testing Whole flocks pooled for .
from hatcheries to reduce Broilers R strain . . . methods . Canada Medium
scale et al,, 2019 . 6% respectively in faeces of breeders. but increase after sampling, trends.
resistance . . . performed.
However, increased to or above levels prior replacement with
with introduction of lincomycin- lincomycin-
spectinomycin. spectinomycin.
(Continued)
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TABLE 3 Continued

T: li
Source Tool/Intervention arget . Secondary Outcome Strengths Limitations Location Quality
population = outcome Grade
Considerable
Reduced number of
BT . . . . Faeces not collected and
. Non antimicrobial treated Erythromycin-resistant Enterococcus sp. erythromycin resistance :
Small Vikram . L . tested at processing plant .
cattle (RWA) for a range of Cattle R strain concentrations in faeces. RWA 61% less than resistance but not | genes assessed . USA High
scale et al,, 2017 . to assess risk of
AMs control (p < 0.01). MLS or not just L
. ) exposure/contamination.
tetracycline. bacterial
strains.
Intervention: RWA testing
tetracycline resistance of
Clamydia Suis (C. suis) with 2 i
Provides i
controls. Absence of details on who No evaluation of
Control 1) herd level At the start and end of intervention 0% of C. tetracvcline erformed statistical significance.
Small Wanninger  prophylactic oral AMU Swine R strain Suis isolates resistant in RWA. Control 1) treatrZent led to f; catments: vet Small population. Switzerland | Hich
scale et al., 2016 (trimethoprim, sulfadimidine, 67% (start) and 0% (end) Control 2) 38% : Control group 2 was 8
the absence of vs. para-

and sulfathiazole (TSS)
Control 2) herd treatment
with chlortetracycline +/-
tylosin and sulfadimidine
(CTS).

(start) and 83% (end).

resistant insolates.

veterinarian vs.

other.

unable to treat C. suis on
herd level.

AMU, Antimicrobial use;

AMR, Antimicrobial resistance;

AMS, Antimicrobial stewardship;

CE, Competitive Exposure;

CFU, Colony forming unit;

ESBL, Extended spectrum beta lactamase;

E. coli, Escherichia coli;

MRSA, Methicillin resistant staphylococcus aureus;
RWA, Raised without antimicrobials;

B strain, Reduced frequency of bacterial strain;

R strain, Reduced frequency of resistance genes within bacterial strain;

Area, Reduced frequency of resistance genes detected/isolated in livestock spp at regional, national, or continental level.

Environment, Reduced frequency of resistance genes detected/isolated within herd/environment around herd.

Food, Reduced frequency of resistance genes detected/isolated in food products (meat, milk, egg, etc).

DDDAYY, defined daily dosages animal per year.
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TABLE 4 Change in knowledge of appropriate AMU practices, AMR, and AMS.

Ti li
Source Tool/Intervention arge‘t Secondary Outcome Impact Strengths Limitations Location Quality
population outcome Grade
Food and
Agriculture
FAO-PMP-AMR - Hel, i
International | Organization 0 . P countries to AMU See Table 6: Surveillance strategies. N/A
. create national action plans (NAPs).
of the United
Nations, n.d.-
World 25% of countries reporting
. . AMU to WOAH use tool to Defined targets for national Limited
) Organisation OIE Calculation Tool, helps © . Presence of i .
International . K collect AMU product AMR surveillance in food and information N/A
for Animal countries calculate AMU. . . . tool.
information and calculate agriculture sectors. about tool.
Health, 2021 Lo .
active ingredients.
National mastitis control scheme: AHP
. Bradley et al., | AHDB Dairy Mastitis Control Plan ’ AMR, . Lo . . . United .
1 : X
Nationa 2017 (DMCP) (includes surveillance and f:zrttll:rs & AMS See Table 1: Change in antimicrobial use practices of animal health professionals Kingdom Medium
actions).
One Health AMR education One Health Limited
at Cornwall Veterinary . approach evaluation of
I d knowledge target 11,
. Powell et al., Cornwall One Health Antimicrobial AHP AMR, Association conference. AMU ncreasec xnowlecge targeling creating interventions. Co1"nwa
Regional . AHP and MHP. Reduction in . L United Low
2017 Resistance Group. (+MHP) AMS decreased among MHP by collaboration Limited X
i i human AMU. i Kingdom
12.8% (in primary care). No and veterinary
data on AHP. understanding. involvement.
Labour intensive
The Arwai Project -
N 'rwaln Vet (._“,y.mru o) ec.t . . Increased AMS knowledge in Using peers to for creators and Wales,
X Rees et al., Veterinary Prescribing Champions AMU, 43 veterinarians being VPCs X K R . . X
Regional . . AHP . VPCs with the aim to disseminate participators. United Low
2021 (VPC) (incl. webinars, workshops, AMS with knowledge about AMS. . . . . X
X A disseminate this to practices. knowledge. Impact rather Kingdom
discussion).
than research led.
Targeting
AMS programme in veterina Surveillance of AMU and t/?lI;IP:t:;fore Did not measure
Feves et al teachiﬂ Eos tal based on threy cpe AMU, AMR, aim for students to Surveillance data on AMU and raZticin impact or Ohio
Small Scale 20}2,1 o 7 core eglemei ts of hospital AMS AHP AMR, have knowledge of AMS, AMR. Impact on other aims/ go efull & outcome for most Us A’ Low
P AMS AMR, and correct AMU outcomes not reported in article. P X Y of AMS
program. (quidelines) creating good Foramme
& ' habsits from the | P8 ’
start.
Sanitation and education
Lee et al., . . . S Farmers, . PP . .
Small Scale 2017 intervention about cleaning milking cattle Other See Table 3: Change in development and/or spread/distribution of AMR. Malaysia Medium
equipment and udders.
Median reduction in HPCIA No control erou
use was 3.484 mg/kg s N . Generates group
. . Statistically significant reduction . used.
AMU, (p<0.001) Median reduction X R conversation . . .
Morgans . . Farmers, . in HPCIA but not in general Intervention time United .
Small Scale Facilitated farmer action groups AMR, in General AMU was 0.360 . and . . Medium
et al,, 2021 cattle AMS mg/kg (p = 0.719). Qualitive AMU. An increased knowledge understandin consuming (meet  Kingdom
&/%g (p = 7.729). 4 on AMR, AMU, and AMS. _ B8 every 6 - 8
assessment showed increase not just action.
weeks).
knowledge.
(Continued)
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TABLE 4 Continued

T li
Source Tool/Intervention arge‘t Secondary Outcome Strengths Limitations Location Quality
population outcome Grade
Musoke One Health tr-aini-ng - knowledge on | up AMS, ‘ ' ' -
Small Scale AMR and sanitation (case studies, See Table 2: Change in uptake and use of AMS by animal health professionals. Uganda Medium
et al., 2020 . . (MHP) AMU
group discussions).
AMS training for farmers in two
Pempek parts: didactic presentations, calf- Farmers, . Lo . . . Ohio, .
11 scal h Table 1: Ch, t 1 t I health . High
Small scale etal,, 2022 side training, and veterinarian Cattle Other See Table 1: Change in antimicrobial use practices of animal health professionals, USA ig]
feedback.
Knowledge and innovations for: 1) 70% of women used their Cultural values
. . Assessed
prudent AMU (tape measures & innovations correctly X X need to be
K Two months after innovation whether i i
dosage charts (calculate weight for (thermometer), men incorporated in
Roulette some knowledge on AMR was knowledge was . . . .
Small Scale more accurate dosage) and 2) Farmers AMR performed only 18% of dosage R . interventions Tanzania Medium
et al, 2017 o < | retained and some use of retained and i
pasteurization of milk steps correctly. Men retained innovation was still present had impact on (data from this
(thermometers). Aim was to reduce AMR knowledge (0.30) vs. P : . P can be used going
. . action.
resistant E. coli. women (0.14). forward).
Raising AMR awareness. Two X Knowledge score of farmers is
. . Knowledge scores higher . L .
intervention steps performed 1) . higher when given information . Only post
. . amongst farmers participating . . Trialling . .
Sharma et al Focus group and information pack 1 Farmers in intervention meetings on animal health or animal varions intervention data
Small Scale 7| of 4 about AMR, animal health, ’ AMR . health plus AMR compared to . considered. Focus  India Medium
2022 i AHP (p<0.05) and received R . ) material vs. no )
animal health and AMR or focus . . those that just participated in . group findings
intervention 20 (p=0.03) or 3) R . . material. k
group only and (2) Follow up meeting or had information on not considered.
. . (p=0.01).
questionnaire. AMR.
Only half of
Repetiti fi hy
One year of health education-based ?pe.tltlon armers at the
. . L . . within start of the
interventions (training sessions, Increase in knowledge around L. . . . . . .
L. Shen et al., Farmers, K .. No significant increase in farmer intervention intervention X .
Small Scale speakerphone messages, poster, and . AMU pigs and AMU not statistically . . . . China Medium
2021 . . swine o knowledge on AMU in swine. and process raised swine
handbooks) to improve AMU in significant. .
. evaluation through to the
pigs and humans. .
during year. end of the
intervention.
an Dilk Participating in AM . E ! .
Small Scale van 2 ar't lclpatm.g in AMU reduction armers AMU See Table 5: Change in attitudes and perceptions to AMU, AMR, and AMS. U'nlted Low
et al, 2017 policy making. AHP Kingdom
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AHP, Animal Health Professional;

AMU, Antimicrobial use;

AMR, Antimicrobial resistance;

AMS, Antimicrobial stewardship;

FAO, Food and Agriculture Organisation of the United Nations;

MHP, Medical Health Professional;

Within ‘Secondary outcome’:

AMU, Change in knowledge of appropriate antimicrobial use practices;

AMR, Change in knowledge of AMR (e.g., increased understanding of AMR (microbiological, public health), how AMR spreads and what it effects, the role of farmers/animal health professions in reduction of AMR.
AMS, Knowledge of antimicrobial stewardship.
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AMR, potentially biasing the outcomes. There was also no follow-
up post-intervention measurement performed to evaluate if
improvement was ongoing, and this was made difficult by
veterinarians being reluctant to provide information on
curative antimicrobials.

In the final example, Gerber et al. (2021) measured general
AMU, diagnosis-specific usage, and HPCIAs usage amongst cattle
farmers in Switzerland. Farmers picked the interventions to
implement in their herds/farms from a pre-defined list of 17
udder, uterine, or calf health interventions. Udder or uterine
health strategies resulted in a reduction in AMU (p < 0.04). Calf
health interventions did not result in reduction in AMU. Allowing
the farmers to choose herd-specific interventions from a pre-
defined list allowed farmers to have partial autonomy. Observed
weaknesses were the test and control groups were of different herd-
sizes, breeds, and milk yields, which made comparison and
interpretation of outcomes challenging. In addition, no
information was collected on why the farmers chose their specific
interventions (Gerber et al., 2021).

The financial benefit of AMU reduction was only explored in
one intervention in two papers (Rojo-Gimeno et al., 2016; Postma
et al,, 2017). Increased net profit was recorded for a broad
intervention that included herd management, biosecurity, and
vaccination strategy customised to age groups of swine. At the
same time, a decrease in treatment incidence of 52% and 32%, from
birth to slaughter and for breeding animals, respectively,
was reported.

3.1.2 Interventions reporting reduction in HPCIAs

Reduction in the use of HPCIAs (n = 9/22) was reported as part
of broader interventions (Kuipers et al., 2016; Postma et al., 2017;
Gerber et al., 2021; Morgans et al., 2021; Moura et al., 2022). Postma
etal. (2017) noted a reduction of long-acting ceftiofur in sucklers by
83% and Gerber et al. (2021) reported a reduction in HPCIAs for
treatment of udder related ailments (p = 0.05). However, reduction
in use of HPCIAs was not always coupled with a general AMU
reduction. An intervention targeting cattle-farmer-facilitated action
groups assessed both general AMU and use of HPCIAs in cattle
farmers in the United Kingdom and reported a reduction in use of
HPCIAs of 3.484 mg/kg (p<0.001) but an overall median AMU
reduction of 0.360 mg/kg (p = 0.719) (Morgans et al., 2021). In the
same study, participant knowledge about AMR, AMS, and AMU at
pre and post intervention was assessed qualitatively and an increase
in the measured outcomes was reported. The noted study
limitations were the lack of a control group and a societal push
for AMR awareness at the time (Morgans et al., 2021).

3.1.3 Reduction of volume of AMU for a
specific diagnosis

Five interventions (5/22) were implemented at the regional,
national, or continental level and all five addressed a specific
diagnosis (5/20) (Table 1). Four of the 5 interventions were at the
regional, national, or continental level and measured the following:
AMU in European farmers and AHPs (The European Parliament
and The Council of the European Union, n.d.), reduction in

frontiersin.org
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TABLE 6 Surveillance strategies.

Food and

Tool/Interven-
tion

Target
population

Secondary
outcome

Outcome

Aim to increase awareness,

Strengths

Limitations

Location

(O]V1113Y2
Grade

. FAO-PMP-AMR - surveillance & research, . Working toward
Agriculture Help countries to romote responsible AMU Individual country unified goal/
International =~ Organization of P . . AMU, AMR p P impact not § Limited information about tool. N/A
. create national action (strengthen governance and framework of
the United evaluated.
. plans (NAPs). allocate resources on NAP.
Nations, n.d.
country level).
Monitoring of zoonotic Data available for Supranational
Antimicrobial and indicator bacteria for AMR for both programme,
Resistance in AMR with data from 27 humans and overview of EU - Does not include clinical break
Continental EFSA, 2022 . Livestock AMR v . v verview . nae et Europe N/A
zoonotic and EU member states (incl. animals of reflection and points.
indicator bacteria. Salmonella, E.coli (ESBL/ zoonotic and discussion of
AmpC). indicator bacteria. each strain.
; . Leverage point
European Surveillance Overview of and
European of Veterinary Collation of veterinary veterinary o
. . . . R . S . accountability by X
Continental Medicines Antimicrobial AHP, farmers AMU antibiotic sales in 31 EU antibiotic sales in other EU nations Sales to not equate usage directly. Europe N/A
i
Agency, 2022 Consumption countries. EU by country and by havin
(ESVACQ). antimicrobial class. Y . i
overview.
European
Antimicrobial Aim to create surveillance
Mader et al,, Resist: t d collat Not yet fully i Not yet fully i
Continental adereta ests 'ance Livestock AMR RN eTn an C_O, ate © },’e ym ° },’e wym Not yet fully in practice. Europe N/A
2021, 2022 Surveillance network veterinary clinical AMR practice. practice.
in veterinary isolates from EU countries.
medicine (EARS-Vet).
Data on
lobact d
i Campylobacter and AMU campy.o ac eli an Joint L -
Austrian Report on L . AMU in veterinary L Limited ability to compare
. - . Farmer, AHP monitoring for veterinary/ coordination .
National AURES, 2017 Antimicrobial AMR, AMU sector + data on human and veterinary due to Europe N/A
R (MHP) food sector (also human between human X
Resistance. AMU and other K different tests and cut offs.
sector). X R and veterinary.
resistance in
human.
National mastitis
control scheme:
AHDB Dairy Mastiti
i Bradley et al., airy Mastitis AHP, Farmers X L X i i X United i
National Control Plan AMU See Table 1: Change in antimicrobial use practices of animal health professionals. X Medium
2017 K & Cattle Kingdom
(DMCP) (includes
surveillance and
actions).
National mastitis
B t al., AHP, F: United
National reeneta control scheme: AMES 1 AMU See Table 1: Change in antimicrobial use practices of animal health professionals. 'm ¢ Medium
2017 R . & Cattle Kingdom
AHDB Dairy Mastitis
(Continued)
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Tool/Interven- Target Secondar o . ualit
Source . ge y Outcome Strengths Limitations Location Q y
tion population =~ outcome Grade
Control Plan
(DMCP) (includes
surveillance and
actions).
Training runs
Resapath - French . annually to try
Dat: 1
surveillance network AMR from 14 bacteria ata on resistance and align result
T . . levels from a range | | . . .
i Cazeau et al., for antimicrobial i (incl. E.coli, S. aureus, ) interpretation at Voluntary submission. Testing
National . K . Livestock AMR ) of veterinary France N/A
2022 resistance in bacteria Streptococcus) monitored bacterial partner labs. run by partner labs.
from diseased across species. Broad/extensive
i pathogens. K
animals. resistance
monitoring.
National Data on resistance
Centers for Antimicrobial . AMR monitoring from levels in bacteria
. N . Livestock . . Data or reports from 2015
X Disease Control Resistance R bacteria incl. Salmonella, incl. Salmonella, Whole genome .
National X . (retail meat, AMR i . _ forward available through other USA N/A
and Prevention, Monitoring System Shigella, Campylobacter, E. Shigella, sequencing.
A A humans) N . sources.
2015 for Enteric Bacteria coli 0157, Vibrio. Campylobacter, E.
(NARMS). coli 0157, Vibrio.
Danisk R« ti f AMU d
arus.l €por 1ngf) ; (an . Available on herd . .
Veterinary and other medication) for food Data available for level for AHP AMU data not publicly available
v
National Food VetStat Farmers, AHP = AMU producing animals from AMU of food and farmers to (through some published through | Denmark N/A
Administration, farmers, AHPs and producing animals. DANMAP).
. assess Own usage.
n.d. pharmacists.
Danish Integrated
Aa?s i nl:glia ¢ Farmers, Data available for Available and AMU reported indl. purchase
_ DANMAP, ntimicrobia AHP, AMR and AMU AMU and AMR | accessible P - purch
National Resistance X AMU, AMR L ) data, may not reflect species Denmark N/A
2022 L livestock monitoring. for both humans materials and L
Monitoring and . . prescription or amount used.
(humans) and animals. methods section.
Research Programme.
D t et al., AHP, f: 5 . Lo . . . . :
National 20111;;on o Yellow card scheme swine amers: 1 AMu See Table 1: Change in antimicrobial use practices of animal health professionals. Denmark Medium
F 1 Offi Monitori f i f
ederal Office Federal Office of . onitoring of zoonoses . Varlous.stages o
of Consumer c Protecti (incl. salmonella, L. Data available of production Not presented alongside human
onsumer Protection w
National Protection and Livestock AMR monocytogenes, E. coli) and AMR within evaluated - allows P & Germany N/A
and Food Safety, . R . data.
Food Safety, 2020 AMR within these in Z00noses. tracking along
2020 ’ annual reports. food chain.
‘ Usage of Antibiotics ' Monitoring of zoonoses Data aviaila'ble of Sampling from
Federal Office and Occurrence of Livestock, (incl. salmonella, L. AMR within both healthy Sales do does not equate usage.
National of Public Health Antibiotic Resist AHP, farmers AMU, AMR monocytogenes, E. coli) and zoonoses, indicator animals and Mg/kg also does not reflect doses Switzerland N/A
ntibiotic Resistance
FOPH, 2015 i X (and human) AMR within these along bacteria as well as diagnostic (no defined DDD for animals).
in Bacteria from e . .. .
with indicator bacteria and antimicrobial sales. | samples.
(Continued)
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TABLE 6 Continued

Source

Tool/Interven-
tion

Humans and Animals
in Switzerland.

Target
population

Secondary
outcome

Outcome

veterinary antimicrobial
sales in annual reports.

Strengths

Limitations

Location

Finnish Veterinary

Populati
Antimicrobial Monitoring AMR of Data on AMR of a:l)'i 1;2 c;os:les Narrow resistance testing. Sales
National Finnish Food Resistance Livestock, AMU. AMR zoonoses, indicator bacteria | zoonoses and mJ active ’ does not equate usage. Mg/kg also Finland N/A
Authority, 2022 Monitoring and AHP, farmers ? as well as antimicrobial indicator bacteria ingre dient per does not reflect doses (no defined
Consumption of sales in annual reports. & AMU. & P DDD for animals).
. . PCU (mg/PCU).
Antimicrobial Agents.
Laboratory-based
surveillance of AMR
in fisheries and
a uacultlure- 1) AMR Farmers. Aim to establish Seemly not yet Lack of Lack of information on the
National INFAAR, 2020 q . > AMR surveillance of AMR in Y ¥ information on India N/A
from healthy fish, and | aquaculture . completed. programme.
. fisheries. the programme.
2) improve AMR
awareness in
community.
Data on AMU
Monitoring AMU .
) consumption and
. consumption (sales), . .
Japanese Veterinary X i i resistance in both
Antimicrobial Farmers, Resistance in zoonotic and indicator and No data on food product isolate
u
National JVARM, n.d. K AHP, AMU, AMR indicator bacteria in X . . P R Japan N/A
Resistance . . . zoonotic bacteria testing as part of surveillance.
L livestock healthy animals. Resistance X
Monitoring System. i L as well as isolates
in pathogens in diseased .
. from diseased
animals. .
animals.
Korean
Veterinary Korean Veterina Data on AMR and
Antimicrobial o N mary Farmers, Monitoring AMR in antimicrobial sales
X Antimicrobial K . Unable to find X X
National Usage and K AHP, AMU, AMR animals and carcass and available on R K Unable to find data in English. Korea N/A
) Resistance . o ) . data in English.
Resistance . livestock antimicrobial sales. interactive
. Monitoring System.
Monitoring, database.
2022
Data on AMR
Monitoring of Farmers Monitoring AMR of food- from food-borne
Antimicrobial AHP ? borne pathogens, indicator pathogens, Dual reporting Limited resistance testing. Sales
i Resistance and o bacteria and indicator bacteria (however no does not equate usage. Mg/kg also
National MARAN, 2021 L i Livestock AMU, AMR . i Netherlands =~ N/A
Antibiotic Usage in (companion Enterobacteriaceae plus and comparison of does not reflect doses (no defined
Animals in the ) P antimicrobial sales in Enterobacteriaceae isolates). DDD for animals).
animals)
Netherlands. annual reports. as well as
antimicrobial sales.
(Continued)
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TABLE 6 Continued

Source

Tool/Interven-
tion

Target
population

Secondary
outcome

Outcome

Strengths

Limitations

Location

Data on AMR
Usage of Monitoring of AMR in from zoonotic . . .
o . Farmers, i . Limited resistance testing. Sales
Simonsen et al Antimicrobial Agents AHP zoonotic pathogens, pathogens, Comprehensive does not equate usage. Me/ke also
National ! and Occurrence of o AMU, AMR indicator bacteria, clinical indicator bacteria dual reporting to g g Mg/ke Norway N/A
2022 . K livestock i . i . does not reflect doses (no defined
Antimicrobial isolates, and antimicrobial and clinical same agency. .
K R (humans) R DDD for animals).
Resistance in Norway. sales. isolates and
antimicrobial sales.
Data on AMR
Public Health C ti
Hble Healty SVARM - Sales of Monitoring of AMR in from zoonotic ompf:\ra e
Agency of . . analysis between
antibiotics and Farmers, zoonotic pathogens, pathogens,
i Sweden and . g . T . human and R
National National occurrence of AHP, AMU, AMR indicator bacteria, clinical indicator bacteria imal Sales to not equate usage directly. | Sweden N/A
ational animal
. antibiotic resistance Livestock isolates, and antimicrobial and clinical o i
Veterinary in Sweden sales isolates and antimicrobial
Institute, 2022 ’ ’ o . sales & AMR.
antimicrobial sales.
Thorough Different antimicrobials tested so
lysis of data set could not be analysed.
National AMR surveillance Data on AMR in jn:c?;f l;)acteria N?I?Zss ean(:‘loantigi(:)tices?llslceyst?bilit
X Teng et al., VISAVET Health i of AMR in food producing Salmonella from P K ? K P Y X
National R Swine AMR i . multiple testing changed over the years. Spain N/A
2022 Surveillance Centre. pigs through faecal samples | Swine for a 16- . . . .
. . resistance genes Only high-capacity abattoirs
at abattoir. year period. . .
and testing included, does not reflect farms
methods. not collaborating with them.
uU.s. National studies on health One Health -
Department of and health management of Integrated report/
Agriculture National Animal livestock and poultry. Nine Available national data presentation
National Animal and Health Monitoring Livestock AMU, AMR studies on AMU, AMS, and data on AMS, for comparison, USA N/A
Plant Health System (NAHMS). AMR (generally Salmonella, = AMR, AMU. broader overview
Inspection Campylobacter, E. coli, and of health with
Service, 2022 Enterococcus). AMU.
The National Monitori t f AMR Int: ted dat
U.S. Food & e' ? 1on. . . ont or'mg S¥s e.m © . . ntegra e. ata Emphasis on clinical illness
b Antimicrobial Livestock in enteric bacteria from ill Data on resistance presentation for solates onlv from humans and
ru, i w
National g‘ . X Resistance (retail meat AMR people (CDC), retail meats levels in enteric comparison, X Y i USA N/A
Administration, L K R R companion animals (and less on
2002 Monitoring System and human) (FDA) and food animals bacteria. partner with Vet- food produci imal
a 0od producing animals.
(NARMS). (USDA). LIRN. L &
U.S. Food & Veterinary Laborato Available material/ Laboratory
S. vai
Dru Investi a?i’on and R Track AMR, create AMS AMR educational network that all More emphasis on clinical illness
National g‘ . X & Livestock AMR material, and promote AMS test to same isolates only from humans and USA N/A
Administration, Response Network ithin veterinary hospitals resources and standard partner companion animals
wi Vi . X
2022 -LI . king AMR.
022b (Vet-LIRN) tracking R with NARMS.
Veterinary Veterinary Farmers, Monitoring AMR of Data available on Antimicrobial Some antimicrobials sold to feed
National Medicines Antimicrobial AHP, AMU, AMR zoonoses, commensal AMR in both sales but also mills and exported. AMR within UK N/A
Directorate, n.d. | Resistance and Sales livestock, bacteria of healthy healthy animals AMU reported diagnostic samples not
(Continued)
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TABLE 6 Continued

Source

Tool/Interven-
tion

Target

population

Outcome

Impact

Strengths

on electronic

Limitations

Surveillance - UK swine, slaughter animals, and and diagnostics as representative of entire
VARSS. poultry, clinical AMR surveillance well as medicine books population.
companion as well as antimicrobial antimicrobial by AHP &
animals sales and usage in annual sales. farmers.
reports.
AMS programme in
veterinary teaching
F tal, hospital based on th
Small Scale 2;;:5 e C(;gl7 coizeele(;;lentz AHP See Table 2: Change in uptake and use of AMS by animal health professionals.
of hospital AMS
program.
Sales data of veteri 3 weeks extrapolated to 1 -
Created App for drug e,s 'a 2 (,) velenmary Data available for w'ee' ¥ ex' rapolatec fo © yeat
antimicrobials collected R - variations in year not accounted
stores to report . veterinary drug Ability for o .
. from veterinary drug stores for. No indication of compliance
Small Scale Ha et al,, 2021 veterinary drug sales Farmer, AHP i N sales from government to
. using App (on provided . levels. Sales does not equate
in over 3-week R veterinary drug collect sales data. .
. tablets) from veterinary usage. No feed additives counted
period. stores. .
drug shops. this way.
Offers farms a
iSIKHNAS way to track Only covers most developed
(Indonesia’s Surveillance system for Self-reported data when there is not | island - not true picture of
Yusuf et al., A . Farmers, . . .
Small Scale 2018 integrated animal livestock farmers to report medical available on AMU a national remote areas. Not true number of

health information
system).

usage and disease.

for livestock farms.

system. Offers
data for future
research.

animals in which antimicrobial is
used.

AM, Antimicrobial;

AMU, Antimicrobial use;

AMR, Antimicrobial resistance;
AMS, Antimicrobial stewardship;
AHP, Animal Health Professional;

FAO, Food and Agriculture Organization of the United Nations;

MHP, Medical health professional;
Within ‘Secondary outcome’:

AMU, Surveillance of AMU/AM sales;
AMR, Surveillance of AMR.
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TABLE 7 Other.

Tool/Interven- Target Secondar S ualit
. get Y Outcome Strengths Limitations Country OREIIL
tion population = outcome Grade
Food and FAO Assessment . Defined targets for
Agricult Tool for Laboratori Review of Lab tional AMR
riculture ool for Laboratories nation:
i 5 L and AMR 28 countries have had K K Availability of a Limited information about
International | Organization and AMR . surveillance in food . N/A
. i surveillance assessments performed. . working tool. tool.
of the United Surveillance Systems § and agriculture
systems
Nations, 2020 | (FAO-ATLASS). b4 sectors.
Self-reporting requires
World Assessment of R X p 6 red .
o OIE-Performance of . . Tool/score for Standardised scoring | countries to choose to submit.
i Organisation ) X animal health Self-reported review/score of K ) . .
International . Veterinary Services L . . countries to work system for all Risk of participation bias as N/A
for Animal situation, incl. animal health in country. K K i i i
(PVS) Pathway. towards improving. countries. only countries with resources
Health, 2019 AMR ) ) L.
and interest might participate.
AMR Aim for countries to review Overview of nations’ | Self-reporting requires
Tripartite AMR o . . Standardised p 6 red .
Monitoring progress in implementing effort, evaluate own countries to choose to submit.
i country self- i progress reports for A o X
International =~ WHO, 2022 and actions to address AMR at the K efforts, see other Risk of participation bias as N/A
assessment survey . . countries to address } L
Surveillance national level, and to report countries efforts, only countries with resources
(TrACSS). AMR. ) : | ou
network annually at the global level. multisectoral. and interest might participate.
. Knowledge about
Report for 137 countries on
World i i L i gaps and weaknesses
o Veterinary Assessment of veterinary legislation that is X i i
. Organisation . R . . . of veterinary Knowledge sharing Report/review does not equal
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ceftiofur use by AHPs and poultry farmers in Canada (Agunos et al.,
2017; Agunos et al.,, 2018), AMU and HPCIAs reduction in AHPs
and swine farmers in Denmark (Jensen et al., 2014; Dupont et al.,
2017), and general AMU, AMR, diagnostic specific AMU reduction
in dairy cattle farmers in the United Kingdom (Bradley et al., 2017;
Breen et al,, 2017), and HPCIAs reduction in dairy cattle farmers
and AHPs in the Netherlands (Moura et al., 2022).

A fifth intervention, ‘Yellow Card System’, was at the national
level and was aimed at reducing AMU and HPCIAs use in swine
farmers and AHPs in Denmark (Jensen et al., 2014; Dupont et al.,
2017). The intervention required swine farms to reduce their AMU
to pre-set levels and resulted in 38.4 - 56.2% reduction of mg active
ingredients/pig/day with increased use of vaccines, and decreased
herd medication was reported as the biggest perceived influencing
factor (Jensen et al., 2014; Dupont et al., 2017). However, these
factors were only assessed in herds with > 10% reduction in AMU
and self-reported by farmers and AHPs. This study included a large
national sample size and excluded herds with < 10% reduction in
AMU. Other national interventions overlapped with diagnostic-
specific interventions. A national mastitis control scheme assessed
AMU by AHPs and dairy cattle farmers in the United Kingdom
(Bradley et al., 2017; Breen et al., 2017). This intervention resulted
in a 40% reduction in use of intramammary medication in lactating
cows and a 20% reduction in clinic mastitis rates, achieved through
AHP and farmer training. However, this intervention was only
noted in a letter and conference proceedings and no information
was provided on strengths and limitations (Bradley et al., 2017;
Breen et al., 2017).

3.1.4 Summary of change in AMU practices of
AHPs and farmers

This category of interventions primarily focused on farmers and
used herd-specific interventions to reduce AMU with success
reported for both overall AMU reduction and reduction in use of
HPCIAs. One study required farmers to select interventions from a
pre-set list (Gerber et al., 2021). There was overlap of the primary
outcomes measured across interventions and many studies also
featured other primary outcome measures. Diagnosis-specific
interventions were aimed at changing AMU in cases of mastitis
and calf diarrhoea (Bradley et al.,, 2017; Gomez et al., 2017; Bailey
et al., 2019). Studies involved pre- and post-intervention
measurement of outcomes. Only a few studies reported use of
control groups to account for other external influences (Kuipers
et al., 2016; Becker et al., 2020).

3.2 Change in uptake and use of AMS by
AHPs and farmers

Within this primary outcome, change in prescribing habits
(n=4/8) was the most frequently measured, followed by increased
adherence to guidelines (n=2/8) and increased use of diagnostics
(n=2/8) (Table 2). There were additional aspects from ‘Other’
category of interventions reported within this primary outcome
(n=6/8). Farmers (6/8) and AHPs (5/8) were almost equally
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targeted. Four interventions were implemented in Europe (4/8),
two in Africa (2/8), and two in North America (2/8). The
interventions were distributed across the levels: continental (1/8),
national (1/8), regional (2/8), and small-scale (4/8). Of these
interventions, two (2/8) were legislative interventions. The quality
of intervention design ranged from high (1/7), medium (4/7), to low
(2/7). The interventions, impact, outcome, and limitations are
described in Table 2.

3.2.1 Change in prescribing habits

The studies reporting change in prescribing habits focussed on
herd health plans and educational interventions. As an example, a
study in Uganda used a One Health approach and focused on
change in prescribing, guideline use, and diagnostic use in medical,
healthcare, and AHPs (Musoke et al., 2020). Medical health
professionals self-reported improved handwashing (57.3%),
guideline use (52.9%), treatment based on diagnostics (44.1%),
and reduction in unnecessary AMU (51.3%). Participation of
AHPs was low compared to medical health professionals (Musoke
etal., 2020). A disadvantage of self-reporting is perception may not
translate to actual action; just because the participant says they are
doing something, it does not mean they are. The other interventions
surrounding prescribing habits, including the intervention of
prescribing champions and herd health plans, are discussed in
other sections (Raasch et al., 2020; Rees et al., 2021; Pempek
et al.,, 2022).

3.2.2 Change of AMS through legislation

Change in AMS through legislation was reported. Two
examples are the ‘California State Bill 27’ aimed at farmers in
California, USA (Abdelfattah et al., 2022), and Regulation (EU)
2019/6 on veterinary medicinal products and repealing Directive
2001/82/EC aimed at both farmers and AHPs in Europe (The
European Parliament and The Council of the European Union,
n.d.). The ‘California State Bill 27 states that usage of antimicrobials
of medical importance for humans for livestock requires a
prescription. Assessment of this intervention indicated self-
reported change in disease management including increased use
of diagnostics (29.4%) and an increased use of alternatives to
antimicrobials (26.8%) (Abdelfattah et al., 2022). This study was
limited by a low response rate and possible response bias. As
mentioned previously, self-reporting change may not translate to
action. There was no report on AMU suggesting it was not evident
whether self-reported change resulted in action (Abdelfattah et al.,
2022). The latter, EU regulation, bans medication through feed or to
groups for livestock use (The European Parliament and The
Council of the European Union, n.d. ). No data was presented
within the legislation about the effect of this legislation (The
European Parliament and The Council of the European Union,
n.d. ). In general, there were few studies evaluating legislation/bills.

3.2.3 Other reported aspects

Other aspects were reported under the primary outcome
measure, change in uptake and use of AMS by AHPs and
farmers. The first aspect was improving sanitation (i.e., improving
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hand washing and biosecurity) in both AHPs in Uganda and
California (Musoke et al., 2020; Abdelfattah et al., 2022). The
second aspect was improving dosage accuracy in cattle farmers in
Ohio, USA (Pempek et al., 2022). These interventions were
described in earlier sections and under the primary outcome
measure ‘change in AMU of AHPs.’

3.2.4 Summary of change in uptake and use of
AMS by AHPs and farmers

The interventions reported under this category illustrated how
both voluntary programmes and legislation can create an impact on
AMS. However, it is important to note the impact of many of these
interventions were self-reported (Musoke et al., 2020; Abdelfattah
et al., 2022). This carries the risk of response bias. Social and moral
responsibility perceived by the reporting individuals may therefore
influence the responses (Bradburn et al., 2004).

3.3 Change in development and/or spread
of AMR

Change in development and/or spread of AMR was reported.
The most frequent aspect measured was the reduced frequency of
resistance genes within detected strains (21/30) followed by reduced
frequency of bacterial strains (9/30), reduced frequency of
resistance genes detected/isolated in food products (meat, milk,
egg, etc) (5/30), and reduced frequency of resistance genes detected/
isolated within the herd environment (3/30) (Table 3). The
interventions were conducted in Europe (12/30), North America
(10/30), Asia (4/30), South America (3/30), and Africa (1/30). The
interventions were primarily small-scale (28/30) with two
interventions conducted on a national level (2/30). The quality of
study design was split between high (17/30) and medium (13/
30) (Table 3).

3.3.1 Reduction in resistance strains

Reduced frequency of resistance genes within bacterial strains
(19/26) was reported primarily at a small-scale level (17/19) and
twice at a national level (2/19). Findings from the interventions at
the national level are presented separately from the small-
scale interventions.

3.3.1.1 National projects

Two interventions conducted at a national level focused
primarily on ceftiofur resistance in broilers. The first intervention
reported a voluntary reduction of ceftiofur and assessed the
reduction of resistant strains in Japanese hatcheries (Hiki et al.,
2015). Testing was performed on one faecal sample per farm with
commercially available kits and to country standards. This
longitudinal study did not have a control group or assess
confounding but evaluated multiple resistance genes (Hiki et al.,
2015). The second intervention, the Canadian Integrated Program
for Antimicrobial Resistance Surveillance, tested for ceftiofur and
other resistance genes in farms, abattoirs, and retail products
(Agunos et al., 2017). All isolates were tested at national reference
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laboratories for continuity and to allow for comparison of results
(Agunos et al., 2017). Neither intervention performed assessments
of mortality or animal health. Both interventions used different
reduction strategies and testing methods, but both reported reduced
ceftiofur resistance in broiler production.

3.3.1.2 Small scale

Small-scale interventions were also reported and mainly
focused on resistant strains in broilers (14/21), along with swine
(7/21), cattle (5/21), goats (1/21), and a range of end meat products
(1/21). The interventions assessed a range of parameters including
biosecurity/sanitation (4/21) (Hao et al., 2013; Dorado-Garcla et al.,
2015a; Dorado-Garcia et al., 2015b; Wanninger et al., 2016; Brusa
et al,, 2019), animals raised without antibiotics (6/21) (Pedroso
et al., 2013; Wanninger et al., 2016; Thapaliya et al., 2017; Vikram
et al,, 2017; Haskell et al., 2018; Loayza-Villa et al., 2021), cessation
of antimicrobials in feed (3/21) (Chinwe et al., 2014; Verrette et al.,
2019; Shen et al,, 2020) and competitive exposure (7/21) (Nuotio
et al., 2013; Pedroso et al., 2013; Ceccarelli et al., 2017; Mourand
et al., 2017; Methner et al,, 2019; Dame-Korevaar et al., 2020a;
Dame-Korevaar et al., 2020b). The distribution of the various
interventions is summarised in Figure 4.

Competitive exposure was one of the interventions used in
broilers and included use of commercial products, pre-and
probiotics, as well as specifically created bacterial compositions
with positive effects (Nuotio et al., 2013; Pedroso et al., 2013;
Ceccarelli et al., 2017; Mourand et al., 2017; Methner et al., 2019;
Dame-Korevaar et al., 2020a; Dame-Korevaar et al., 2020b). Two
specific examples of interventions involving competitive exposure
were the use of unselected fermented intestinal bacterial and/or a
selection of pre- and pro/biotics in broilers in the Netherlands
(Dame-Korevaar et al., 2020a), and use of a commercial natural live
intestinal flora, Aviguard, to target ESBL-E.coli in broilers in The
Netherlands (Dame-Korevaar et al., 2020b). The former
intervention had no effect when unselected fermented intestinal
bacterial and a selection of pre- and pro/biotics were given on the
same day (Day 0) as the challenge ESBL E.coli (Dame-Korevaar
et al,, 2020a). A reduced excretion of CTX-M-1- E.coli was seen
when the challenge was given on day 5 after unselected fermented
intestinal bacterial and a selection of pre- and pro/biotics. The study
was limited by the short time frame (5 days) and experimental
conditions. There is a gap in information on whether reduction in
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FIGURE 4

Distribution of interventions that assessed change in development of
AMR with a focus on reducing AMR resistance genes. ‘Other’ in RWA
accounts for intervention that includes broilers, swine, and cattle,
and meat products.
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resistance is linked to disease or end meat contamination (Dame-
Korevaar et al., 2020a).

In the latter study, Aviguard was administered to chicks right
after hatching and challenged with CTX-M-1-E.coli on day 5
(Dame-Korevaar et al., 2020b). Of the test group, 0/200 broilers
were CTX-M-1-E.coli positive on day 21 vs. the control with 187/
200 positive. Multiple scenarios were tested and CTX-M-1-E.coli
swabbing occurred every day. A potential limitation of this study
was performance in semi-field conditions under stringent
biosecurity means results may not translate to field conditions
(Dame-Korevaar et al., 2020b). Like the previous report, disease
and end meat levels were not assessed. This study suggested
competitive exposure was successful within certain criteria such
as high biosecurity and short time frames, but more knowledge is
needed on the effect of longer timeframes and mechanism of
human transmission.

A reduction in resistance levels following herd management and
sanitation interventions in livestock was reported. A study in the
Netherlands reported a reduction of 31 MRSA-positive herds to 29,
and a 44% reduction in AMU, defined daily dosages animal per
year, in swine (Dorado-Garcia et al., 2015a). This was achieved by
improving personnel and farm hygiene as well as changing animal
contact structure. Having separate water pipes from medication
pipes, specific rooms for deliveries, and designated sow groups, were
all positively correlated with reducing MRSA. A limited
intervention period (18 months) and pooling of samples may
however lead to inaccuracies in measurement of outcomes
(Dorado-Garcia et al., 2015a).

3.3.2 Reduction in bacterial strains

The range of interventions focused on reducing bacterial strains
(Figure 5) was similar to those for resistant strains (Figure 4).
Broilers were the most frequently targeted animal group (5/9).
Others were cattle (1/9) and goats (1/9). Unlike interventions
focused on resistance genes, there was a larger emphasis on feed/
water additives (4/9) (Hao et al., 2013; Rubio-Garcia et al., 2015;
Wanninger et al., 2016; Kannan et al., 2019), on cessation of
antimicrobials (1/9) (Chinwe et al., 2014), and biosecurity/
sanitation (3/9) (Bahrndorff et al., 2013; Luyckx et al., 2015; Lee
et al, 2017; Kannan et al., 2019) (Figure 5).
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FIGURE 5

Distribution of interventions that assessed change in development of
AMR with a focus on reducing bacterial strains. ‘Other’ in
‘biosecurity/sanitation/herd management’ and ‘feed/water additive’
is same intervention
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Two examples of feed and drink additives used in the
interventions were dietary brown seaweed used to reduce rumen
E.coli in goats (Kannan et al,, 2019) and an allostatic modulator in
drinking water and feed withdrawal from broilers to reduce
coliforms (Rubio-Garcia et al.,, 2015). The first intervention
investigated microbiological contamination of goat carcasses in
Georgia, USA (Kannan et al, 2019). To determine the effect of
brown seaweed and chlorinated wash on microbiological
contamination of carcasses, bucks were fed seaweed as a
supplement and the feed was sprayed with 50 mg/L chlorinated
water. Rumen but not skin E.coli count was reduced following
feeding with seaweed (p <0.05). Skin count was reduced after
chlorinated wash (p < 0.05) (Kannan et al.,, 2019). No
information was provided on the contamination of meat in a
production (abattoir) setting or transmission to humans. The
second intervention aimed to reduce coliforms in broilers and
end meat in Mexico (Rubio-Garcia et al,, 2015). Broilers were
given an allostatic modulator in tap drinking water and a ten- or
sixteen-hour feed withdrawal before slaughter shipment. The
allostatic modulator contained electrolytes, acetylsalicylic acid,
and ascorbic acid. Allostatic modulators aim to reduce allostasis
(chronic stress). Reduction in coliforms (p = 0.014) and total
aerobic mesophilic bacteria (p = 0.0001) were reported and the
intervention was considered financially reasonable and accessible. A
limitation of this study was it was performed under experimental
conditions only (Rubio-Garcia et al., 2015).

Two interventions on biosecurity and sanitation were reported
and these included implementation of education and cleaning
protocols. In the first intervention conducted in Belgium, the
reduction of bacterial strains detected in broilers was assessed
through on-farm cleaning protocols used by farmers (Luyckx
et al., 2015). Sanitation of the broiler houses with commercial
products containing sodium hydroxide resulted in 86% reduction
in the number of E. coli-positive swabs (1-3% difference depending
on soaking and water temperature) (Luyckx et al, 2015). The
second intervention investigated the reduction in bacterial strains
in fresh milk samples of cattle in Malaysia (Lee et al., 2017). The
intervention was education of farmers on udder and machine
sanitation and resulted in a 40% log reduction of Staphylococcus
aureus in fresh milk samples (Lee et al., 2017). A limitation of this
study was that statistical significance was not reported and a clear
description of how the training was performed was not provided.

3.3.3 AMR in the environment and food

Articles reported on interventions focussed on the environment
(n = 3) and food products (n = 4). Three studies focused on the
environment and area around herds. The first study investigated
bacterial strains in broilers and the environment in China (Hao
etal,, 2013). This intervention focused on sanitation, specifically the
use of acidic water (pH 5.0 - 6.0) wash containing chlorine to
reduce Salmonella spp. and E.coli in broiler houses and resulted in a
16% reduction in Salmonella spp and E.coli in broiler houses (Hao
etal, 2013). A limitation of this study was the intervention was not
applicable to bird housing with cages. The second intervention
focused on both sanitation and reducing AMU and investigated
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resistant bacterial strains in veal cattle in the Netherlands (Dorado-
Garcia et al.,, 2015b). The intervention reported that cleaning and
disinfecting negatively impacted the MRSA burden in the
environment around veal cattle (Dorado-Garcia et al., 2015b).
This intervention was implemented for two production cycles
with different techniques and under short time frames (12 weeks)
making comparison of results difficult. A third study investigated
bacterial strains on swine farms, in the surrounding farm
environment, and in meat products in China (Shen et al., 2020).
There were significant reductions in MCR-1-positive E. coli after the
cessation of colistin as a feed additive. This was both at farm level (p
< 0.0001), in food (pork) (p < 0.0001), and in the environment (soil
and water around slaughterhouses) (p < 0.0001).

3.3.4 Summary of change in development and/or
spread of AMR

The design of interventions under this category varied. Some
interventions measured outcomes at pre and post intervention to
assess change in outcomes, whereas other interventions used
control herds. Experimental studies were used to evaluate
outcomes within this category, more than for any other primary
outcome measurement. Findings from experimental studies do not
necessarily translate to or are feasible in field conditions. Replicating
these findings in field conditions is an important next step to assess
if the interventions work in the real-world situations. Some of the
reported interventions run for a short time frame and no indication
of disease level, transmission to humans, or end meat
contamination was assessed (Dame-Korevaar et al., 2020a; Dame-
Korevaar et al., 2020b; Shen et al., 2020).

3.4 Change in knowledge of appropriate
AMU practices, AMR, and AMS

There were 14 reported interventions within the primary
outcome, change in knowledge of appropriate AMU practices,
AMR, and AMS. These included change in knowledge of
appropriate AMU practices (n = 9), change in knowledge of
AMR (n = 6), and change in knowledge of AMS (n = 6), with
overlapping observed within the interventions (Figure 6). There
were also interventions with aspects that did not fit within the
predefined groupings (3/14). AHPs and farmers were targeted in 6/
14 and 8/14 of the interventions. The interventions were conducted
in high income countries in Europe (5/14) and North America (2/
14) and less in LMICs within Africa (2/14), and Asia (3/14).
Interventions featured across all levels; international (2/14),
national (1/14), regional (2/14), and small scale (9/14) (Table 4).
A description of interventions in high income countries and LMICs
is provided below. The quality of design of these studies were scored
as medium (7/12), low (4/12) and high (1/12).

3.4.1 Change in knowledge in high
income countries

Interventions in this primary outcome measure were mostly in
high income countries (Bradley et al., 2017; Powell et al., 2017; van
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FIGURE 6

Distribution of interventions that assessed change in knowledge
with a focus on AMU practices, AMR, and AMS within secondary
outcome measurements.

Dijk et al., 2017; Feyes et al., 2021; Morgans et al., 2021; Rees et al.,
2021) and overlapped with other primary outcomes. For example,
the use of farmer-facilitated groups reduced AMU while increasing
knowledge around AMU, AMR, and AMS for dairy farmers in the
United Kingdom (Morgans et al., 2021). This intervention was
considered time-consuming as required meetings every 6 — 8 weeks
but allowed for conversation and discussion to create
understanding (Morgans et al., 2021). In another study, the
Arwain Vet Cymru Project created veterinary prescribing
champions with the aim of changing the behaviour of AHPs in
Wales and increasing knowledge of AMU and AMS through
webinars, workshops, and discussions (Rees et al., 2021). The
impact and limitations of the dissemination were not reported.
This intervention was reported to be labour-intensive for the
creators and participants (Rees et al., 2021). In another
intervention, increased knowledge of farmers and reduction in
AMU in calves in Ohio, USA was achieved through didactic
presentations and calf-side training (Pempek et al., 2022).
Limitations were not reported regarding knowledge acquisition,
but other limitations were reported as noted earlier in the section on
change in AMU practices of AHPs.

3.4.2 Change in knowledge in LMICs

Interventions focussed on knowledge acquisition were also
conducted in LMICs (Roulette et al., 2017; Musoke et al., 2020;
Shen et al., 2021; Sharma et al., 2022). While knowledge acquisition
was part of a broad intervention in high income countries, this was
conducted as a single activity in LMICs. Two interventions that
focused on assessing knowledge about AMR were reported in
LMICs. The first intervention assess knowledge on AMR and
animal health among farmers and AHPs in India (Sharma et al.,
2022). The target participants attended meetings and were given
‘knowledge packs’ on AMR and/or animal health, to raise AMR
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awareness. Higher knowledge scores were reported for farmers that
participated in the meetings (p<0.05) and received information on
animal health (p=0.03) or animal health and AMR (p=0.01). A key
limitation of this study was it did not include translation of
knowledge to actions or compare a pre-post intervention
knowledge score (Sharma et al., 2022). In the second intervention,
AMR was assessed after education on AMR was given to farmers in
Tanzanian Masai communities (Roulette et al., 2017). Additionally,
tape measures and antimicrobial dosage charts were given to men,
and women received thermometers for milk pasteurization. At a 2-
month follow-up, men retained more AMR knowledge (30%)
compared to women (14%). However, 70% of women used their
innovations correctly (thermometer) whereas men only performed
18% of dosage steps correctly (Roulette et al., 2017). A strength of
this study was that cultural aspects and gender roles were taken into
consideration. A limitation of this study was knowledge retention
about AMR and innovation use were not evaluated as potential
influences of each other. In general, there was limited information
on interventions focussed on change in knowledge in LMICs and no
demonstrated evidence of knowledge translating to action.

3.4.3 A summary of the change in knowledge of
appropriate AMU practices, AMR, and AMS

The reported interventions illustrate that knowledge on AMR can
be learned and retained (Roulette et al., 2017; Sharma et al., 2022) and
assessed using pre- and post-intervention testing. However, there is
need to gain more understanding of whether knowledge provided to
farmers and AHPs translates to action and if there is sustainable
change. The intervention conducted by Morgans et al. (2021) aimed
to create sustained change through peer-to-peer learning and
prescribing champions. However, there was no measurement of
outcomes. Interventions evaluating outcome measurements are
needed to understand the impact of these interventions.

3.5 Change in attitudes and perceptions to
AMU, AMR, and AMS

Only one article investigated the change in attitudes and
perceptions (n = 1) and did so as a small-scale qualitative
assessment of farmers and AHPs in the United Kingdom (van Dijk
et al,, 2017) (Table 5). After participating in the creation of an AMU
reduction policy, farmers and AHPs provided thoughts on their AMU
practices and how these could be incorporated into their herd health
plans. The responses were individual statements on an ad hoc basis
(van Dijk et al, 2017). This study suggests that using stakeholders
(such as AHPs and farmers) that will directly be impacted by policy to
create policy could result in the stakeholders feeling more included
and motivated potentially resulting in better policy outcomes.

3.6 Surveillance strategies

Interventions involving surveillance strategies (30/90) were
primarily conducted on a continental (3/30) and national (23/30)
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level. Most of the surveillance strategies focused on both AMU and
AMR (12/30), some focused solely on AMR (9/30), or AMU (4/30).
Of those focussing on both AMU and AMR, some considered a One
Health approach and provided human data (6/12). The largest
number of surveillance strategies were reported in Europe (17/30)
and less in Asia (5/30) and North America (5/30). No surveillance
strategies were reported in Africa or South America. A detailed
description of surveillance involving a One Health approach or
focussed on AMU and AMR is provided below. Small-scale
interventions (3/30) are presented separately.

3.6.1 One Health-focused strategies

Within national surveillance activities involving AMR and
AMU, there was a focus on One Health. The most comprehensive
surveillance strategies included AMR in zoonotic pathogens,
indicator bacteria, and clinical isolates for both humans and
animals along with antimicrobial sales in annual reports. These
strategies were most reported in Europe and Asia. Half (6/12) of the
reported strategies provided a comparison of human and veterinary
isolates (JVARM, ; Federal Office of Public Health FOPH, 2015;
MARAN, 2021; DANMAP, 2022; Korean Veterinary Antimicrobial
Usage and Resistance Monitoring, 2022; Simonsen et al., 2022).

3.6.2 AMU-focused strategies

In other countries that did not report AMU and AMR together,
surveillance strategies were split, or reported aspects on AMU or
AMR or human and veterinary isolates, separately. Surveillance
strategies focusing on AMU used medical sales data. As an example,
on a continental level, the European Surveillance of Veterinary
Antimicrobial Consumption (ESVAC) collates antimicrobial sales
data from 31 European Union (EU) countries, offering an overview
and accountability for usage (European Medicines Agency, 2022).
These exist at country level in Europe (Danish Veterinary and Food
Administration, n.d.; Finnish Food Authority, 2022).

3.6.3 AMR-focused strategies

Surveillance of AMR on its own exists in multiple forms, on
both a national and continental level primarily in Europe and North
America. On a continental level, the EU collates AMR data through
The European Food Safety Authority (EFSA). Monitoring is
conducted for zoonotic and indicator bacteria for AMR (incl.
Salmonella spp., E.coli (Extended Spectrum Beta-Lactamase
(ESBL)/AmpC beta-lactamases (AmpC)) with data from both
human and livestock isolates from 27 EU member states (EFSA,
2022). Under creation is the European Antimicrobial Resistance
Surveillance Network in veterinary medicine (EARS-Vet) which
will register veterinary clinical isolates (Mader et al., 2021). Clinical
isolates from livestock are currently not collected by many
surveillance systems. The French surveillance network for
antimicrobial resistance in bacteria from diseased animals
(RESAPATH) in France offers the voluntary submission of 14
clinical isolates (Cazeau et al., 2022). Another large surveillance
strategy exists in the US. Data on resistant isolates are collected
through the Veterinary Laboratory Investigation and Response
Network (Vet-LIRN) in partnership with The National
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Antimicrobial Resistance Monitoring System (NARMS) (U.S. Food
and Drug Administration, 2022a; U.S. Food and Drug
Administration, 2022b). NARMS monitors and publishes reports
of AMR data from enteric isolates from retail meats, food animals,
ill people, and companion animals.

3.6.4 Surveillance on a small scale

There were only three surveillance strategies that were
considered small-scale. Two interventions were conducted in
LMICs (Indonesia and Vietnam) (Yusuf et al,, 2018; Ha et al,
2021) and one at a large veterinary teaching hospital in the USA
(Ohio) (Feyes et al., 2021). Of the two studies in LMICs, the first
study investigated AMU using sales data of veterinary
antimicrobials from drug stores in Indonesia (Ha et al., 2021). An
app was created for pharmacists to report sales data allowing them
to monitor sales and making data available to monitor on a larger
scale. The study acknowledges multiple limitations. Three weeks of
sales data was extrapolated to 1 year and as such did not account for
variations throughout the year. Furthermore, sales do not equate to
usage, and no feed additives were accounted for (Ha et al., 2021).
The second surveillance strategy measuring AMU was a self-
reporting system for farmers in Vietnam (Yusuf et al., 2018). It
involved reporting medical usage and disease via a tablet. This
offered farmers a way to track their AMU, without a national
system. The study followed farmers on the main island for 2 years,
excluding rural settings (Yusuf et al., 2018). Two limitations were
observed in this study; there was room for reporting inaccuracies
and compliance levels were not reported.

3.6.5 Summary of surveillance strategies

Most surveillance strategies within the scope of this review were
based in high income countries suggesting there is little data from
LMICs - most likely due to the requirements for financial
investment and infrastructure. Within the surveillance strategies
that do exist, mandatory reporting at the national level appears
widespread which helps ensure that isolates received reflect AMR
distribution in each setting. However, reporting especially of clinical
isolates is voluntary within systems (Cazeau et al., 2022) which risks
a fractured picture of the clinical isolate presence and distribution.
Another aspect of surveillance that operates with a margin of error
is using sales data as a measure of AMU, as it does not account for
off-label use and unused medication. Few surveillance interventions
that are considered small-scale were reported, and with
varying limitations.

3.7 Other interventions

The ‘other’ category of interventions (n = 6) included tools
provided by the quadripartite to help countries with surveillance
systems or self-assessment of their AMR situation (5/6) and one
small-scale intervention that focused on policy related to reducing
AMU by farmers and AHPs in the United Kingdom. Two examples
of the tools from the quadripartite are the FAO Assessment Tool for
Laboratories and AMR Surveillance Systems (FAO-ATLASS) (Food
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and Agriculture Organization of the United Nations, 2020) and
WHO Tool for a Situation Analysis of AMR risks in the Food and
Agriculture Sectors on a national level (Food and Agriculture
Organisation of the United Nations, n.d.).

Using the FAO Assessment Tool, either in surveillance mode or
laboratory mode, a baseline level of the country’s setup can be
assessed, steps for specific improvement identified, and progress
made monitorable (Food and Agriculture Organization of the
United Nations, 2020). There is limited information on the
related impact or outcomes at national levels. The WHO Tool
creates a national report on AMR risk and improvements aiming to
provide a picture of the current situation and guide decisions based
on One Health principles (Food and Agriculture Organisation of
the United Nations, n.d.). There may be a gap between receiving a
report and actioning change. These tools do not have a primary
effect on the target population but generally offer guidance to a
country’s AMR plan.

4 Discussion

This scoping review summarises the existing evidence on
interventions focussed on AMR, AMU and AMS in the animal
health sector and provides insights into their impact, gaps, and
limitations. Interventions targeting AHPs, farmers, and livestock
were of interest. The review included 90 studies that reported
interventions from around the world, with 19% of those in
LMICs. Within the defined primary outcome measurements,
there was a broad range of animal sector interventions. The
reported interventions mainly focused on changing AMU levels
and changing the development and spread of AMR. Within the
primary outcome focused on reducing AMU, herd specific
interventions with pre and post intervention measurements were
common. Interventions aiming to reduce AMR were often
experimental with few investigating the environment or end meat
levels. There were few interventions focused on changing
knowledge and/or attitudes and perceptions. Retention of
knowledge and self-reported change was assessed in some of the
reported interventions. Interventions involving surveillance were
conducted at the national level and reported AMU determined from
sales data and AMR based on detection of indicator bacteria.

Although interventions focusing on AMU were reported, it is
important to note that a reduction in AMU does not automatically
mean a reduction in AMR. Nonetheless, change in AMU is used as a
measurement of impact. Evidence on the linkage between a
reduction in AMU and AMR is mixed (Bennani et al., 2020).
AMU is used, likely because it is more easily quantifiable and the
data requires less resource to collect compared to that of resistant
isolates (Bennani et al., 2020). The potential mismatch between
AMU and AMR should be considered when assessing the impact of
an intervention. Ideally, when assessing a reduction in AMU, the
presence of AMR should also be measured.

None of the studies that investigated AMU practices assessed
the duration of therapy in animals. Although there is a shortage of
veterinary data, data in the human medicine sector indicates a
change in therapy can have an impact on AMR without affecting
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treatment efficacy (Llor and Bjerrum, 2014; de Waele and Martin-
Loeches, 2018; Spellberg and Rice, 2019). Furthermore, the lack of
data on duration of therapy may indicate that a reduction in AMU
could be due to fewer animals being treated, or the same number of
animals being treated for a shorter period, unless number of
animals is accounted for. This aspect requires closer examination
in interventions assessing AMU practices.

Interventions assessing changes in development and/or spread
of AMR were carried out in both field and experimental conditions
in different livestock (cattle, swine, broilers, goats). Although
experimental conditions can negate the limitations of field
conditions, interventions garnering results in these conditions
may not do so in field conditions. For interventions involving
experimental conditions, it is important to account for these
differences or to follow up the experimental studies with field
studies to reflect real-world conditions.

In general, the interventions focussed on change in behaviour,
knowledge, and attitude were few or lacking. Aspects on attitude,
behaviour, and knowledge were often implicit parts of interventions
but not outcome measurements. Interventions that investigated
these aspects featured one or two time points or a set knowledge
‘bank’ without determining if the change in knowledge translated
into actions or long-term change. Beyond assessing change in
knowledge, it is important to investigate if increased knowledge
translates to actions that reduce AMR.

In the current review, the animal health interventions in LMICs
were scarce; only 19% (16/83) were performed in LMICs. This is a
higher percentage compared to the estimate in human medicine of 1
- 2% (Cox et al,, 2017). All the animal health related interventions
in LMICs were on a small scale (at herd or farm level). The design of
the interventions were mostly deemed of low quality, only one study
was of high quality. The reasons for the low number of
interventions in LMICs are unclear, but it is possible lack of
resources is a contributing factor. The quadripartite and other key
players at the global level are making efforts to lessen the gap in
skills and resources between LMICs and high-income countries. For
example, there are several stewardship tools and road maps that
were developed and made available to LMICs to facilitate the
implementation of AMR policy and interventions at a national
level (World Health Organisation, 2016; Seale et al.,, 2017). Two
examples of these are the Wellcome Trust Road Map for LMICs to
participate in the global antimicrobial surveillance system (Seale
et al, 2017) and the WHO manual for LMICs to implement
national action plans to reduce AMR in both human and animal
sectors (World Health Organisation, 2016). These tools need to be
coupled with research and to focus on barriers while tailoring the
AMR interventions to specific country socioeconomic needs and
ensuring the output trickles down to farmers and AHPs.

Differences in the target population (farmers, AHPs, etc) and
access to antimicrobials were observed in interventions performed
in LMICs vs. high-income countries. Within the reviewed studies,
more heterogeneity of the target population (farmers, AHP, etc) was
found in LMICs. The farmers in high-income countries run mainly
large farms. However, in LMICs, there were small-holdings or
small-scale farmers (Phu et al.,, 2021) and communities that keep
livestock for their own consumption (Roulette et al, 2017). In
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general, in high-income countries, the AHPs encompassed licensed
and registered veterinarians but in LMICs, this also included
unregistered practitioners prescribing antimicrobials. The access
to antimicrobials varied across the targeted populations. Access to
over-the-counter antimicrobials (Ha et al., 2021), which is not legal
in most high-income countries, and through feed mills (Chinwe
et al, 2014) exists in LMICs. This contrasts with high-income
countries such as in the EU where access to over the counter is
restricted and there is a ban on growth promotors (The European
Parliament and The Council of the European Union, n.d. ). These
nuances in the target population and the access to antimicrobials
make for a complex environment to promote AMS and to
implement related interventions. The above findings suggest there
is a need to tailor interventions aimed at restricting access to
antimicrobials and promoting AMS to the local LMIC settings
and to the targeted population and regulatory environment.

The AMR surveillance strategies were primarily at a national level
and were reported mainly in high-income countries. AMR surveillance
strategies often involve collection and testing of a range of isolates. The
capacity of laboratories, along with infrastructure, technology and
human resources can be a major limitation of surveillance activities
at a national level. Increasing the capacity and capability of these
aspects in LMICs may provide the opportunity for models applied in
high-income countries to be used more globally (Fall et al, 2019;
Jayatilleke, 2020). Understanding of the current resistance patterns in
given settings could help focus and tailor resources to where they are
most needed to reduce AMR and to guide the type of interventions
needed to change AMR levels.

Cost, or perceived cost of testing and monitoring can serve as a
barrier to efforts to tackle AMR. This may be more pronounced for
farmers and AHPs who depend largely on livestock for their livelihood
(Golding et al., 2019). Only one herd health intervention on Flemish
pig farms reported financial related data with respect to interventions,
specifically increased profit, and production parameters (Rojo-Gimeno
et al,, 2016; Postma et al., 2017). Most studies included in this review
did not include financial calculations. This information is relevant for
farmers, AHPs, and other key players, to assess if given interventions
are financially feasible. Demonstrating that an intervention is of value
or of benefit in terms of financial gain or improvement of other
parameters (e.g., herd health, feed conversion), can facilitate evidence-
based decision making and may encourage the uptake and
implementation of interventions considered of value by AHPs and
farmers. Ensuring financial and practical feasibility in real-world
situations and reducing barriers to uptake within AHPs and farming
communities are therefore useful targets to consider when exploring
strategies to reduce AMR in the animal health sector.

The assessment of AMU in surveillance strategies was mainly
performed using sales data. A limitation with use of sales data is that it
does not directly translate to usage of antimicrobials. Medicine can be
used for a different animal group than it was licensed and sold for.
Wastage or unused medicine is not accounted for either. This means
the actual usage could be vastly different from the calculated usage.
Furthermore, milligram per millilitre (mg/mL) differs between
antibiotics resulting in a different number of doses per mL. Some
interventions focused on reducing AMU addressed this issue by using
dose instead. However, there is no universal way of denoting dose
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amounts. The European Medicines Agency has defined daily dose
based on active substance and administration route based on a mean.
Other studies used other dose denominations. These do not account
for discrepancies between different drugs and individual doses. Having
a universal dose denomination for animal medicines would help make
data comparable globally like it is in human medicine (World Health
Organization, n.d.).

The findings in the current study should be viewed with
limitations in mind. General overview searches across multiple
sources (databases and websites of organisation) were performed
using defined search terms. Even with such a broad search, articles
could be missed. To get an increased sensitivity, all the searches could
be performed on a country basis. However, this is not feasible within a
reasonable time frame considering all the countries at a global level.
The quality of the data has not been evaluated in depth. A light touch
review of study design has been performed to ensure some level of
quality assessment. The quality of some of the literature is limited as
some interventions were based on self-reported information. Self-
assessment comes with a social desirability bias (Bradburn et al., 2004).
For example, participants reporting that they have changed behaviour
as the result of an intervention does not necessary mean that this is the
case. People tend to over-report “good behaviour” (Bradburn et al.,
2004). Understanding the gap between what is reportedly happening
and what is happening in relation to change in AMR is critical for
generating reliable outcome measurement in AMR interventions.

In addition to self-assessment and social desirability bias, volunteer
bias can be a factor in intervention studies. This is especially plausible
in those studies assessing knowledge and/or behaviour change with
voluntary participation. Many of the studies addressed this limitation
but did not correct for it. It is possible that smaller-scale studies with
presumed volunteer bias may have had different outcomes than
broader mandatory national/regional interventions (Salkind, 2010).

This scoping review only included interventions that reported
change in measured outcomes whether successful or not. It is
possible additional unsuccessful or even successful interventions
were not being published and therefore not accessed or reviewed.
There was a range of study designs and types, with some studies
performed in field conditions while others were performed in
environments created solely for the intervention. This illustrates
the importance of understanding and interpreting intervention
outcomes within different settings and contexts.

In conclusion, changes in AMU practices of AHPs and farmers
and changes in the development and/or spread of AMR were the
most frequent primary outcomes measured in the reviewed studies.
Change in uptake and use of AMS, along with change in attitude
and knowledge changes were measured less. Small-scale and
national-level interventions were more common compared to
continental or international interventions. Most interventions
were performed in field conditions while some AMR
interventions were conducted in experimental conditions. Only
19% of interventions took place in LMICs and were conducted
primarily on a small scale. Analysis of the financial aspect of
interventions was limited along with an understanding of
compliance levels. Self-assessment to measure impact was
commonly performed which increases the risk of volunteer bias.
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Going forward, a focus on implementing and evaluating
interventions in LMICs is warranted to ensure that this
underrepresented group is included in the international
conversation on AMR. Robust interventions that include objective
outcome measures (e.g., measurable outcomes vs. self-reporting)
both in LMICs and around the world can increase the
understanding of the true impact of AMR interventions. Studies
that investigate the benefits and financial implications of
interventions are necessary to inform feasibility and the impact of
interventions and to encourage uptake of AMR interventions by
animal health professionals and farmers.
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The fly route of extended-
spectrum-B-lactamase-
producing Enterobacteriaceae
dissemination in a cattle farm:
from the ecosystem to the
molecular scale
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and Séverine Ferdinand™

Transmission, Reservoir and Diversity of Pathogens Unit, Institut Pasteur, Les Abymes, France,
2Tropical Platform for Animal Experiments, Institut National de Recherche pour ['Agriculture,
l'Alimentation et 'Environnement (INRAE), Le Moule, France, *Tropical Agroecology, Genetics and
Livestock Systems Research Unit, Institut National de Recherche pour ['Agriculture, lAlimentation et
l'Environnement (INRAE), Petit-Bourg, France

Introduction: This study aimed to understand the origin and to explain the
maintenance of extended-spectrum B-lactamase (ESBL) Enterobacteriaceae
isolated from food-producing animals in a third-generation cephalosporin (3GC)-
free farm.

Methods: Culture and molecular approaches were used to test molecules other than
3GC such as antibiotics (tetracycline and oxytetracycline), antiparasitics (ivermectin,
flumethrin, fenbendazol, and amitraz), heavy metal [arsenic, HNOs, aluminum, HNO3,
cadmium (CdSOy), zinc (ZnCl,), copper (CuSO4), iron (FeCls), and aluminum (AlLSO4)],
and antioxidant (butylated hydroxytoluene) as sources of selective pressure. Whole-
genome sequencing using short read (Illumina™) and long read (Nanopore™)
technologies was performed on 34 genomes. In silico gene screening and
comparative analyses were used to characterize the genetic determinants of
resistance, their mobility, and the genomic relatedness among isolates.

Results: Our analysis unveiled a low diversity among the animal ESBL-producing
strains. Notably, E. coli ST3268 was recurrently isolated from both flies (n = 9) and
cattle (n = 5). These E. coli ST3268/blactx-m-15/blatem-18 have accumulated multiple
plasmids and genes, thereby representing a reservoir of resistance and virulence
factors. Our findings suggest that flies could act as effective mechanical vectors for
antimicrobial gene transfer and are capable of transporting resistant bacteria across
different environments and to multiple hosts, facilitating the spread of pathogenic
traits. A significantly higher mean minimum inhibitory concentration of
oxytetracycline (841.4 + 323.5 mg/L vs. 36.0 + 52.6 mg/L, p = 0.0022) in ESBL E.
coli than in non-ESBL E. coli and blactx-m-15 gene overexpression in
oxytetracycline-treated vs. untreated ESBL E. coli (RQoy, = 3.593, p = 0.024)
confirmed oxytetracycline as a source of selective pressure in ESBL E. coli.
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Discussion: The occurrence of ESBL E. coli in a farm without 3GC use is probably
due to an as yet undefined human origin of Enterobacteriaceae blacty-m-15 gene
transmission to animals in close contact with cattle farm workers and the
maintenance of the local ESBL E. coli reservoir by a high fly diversity and
oxytetracycline selective pressure. These findings highlight the critical need for
stringent vector control to mitigate antimicrobial resistance spread for preserving
public health. Addressing this issue necessitates a multifaceted approach
combining microbial genetics, vector ecology, and farm management practices.

KEYWORDS

ESBL, Enterobacteriaceae, ST3268, oxytetracycline, selective pressure

OBJECTIVE
To assess the origin of ESBL-Enterobacteriaceae in food-producing animals farm free of 3GC use and to explain their maintenance
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1 Introduction

Antimicrobial resistance (AMR) is currently one of the most
important public health problems in the world (O’'Neill, 2014). It
has dramatically increased morbidity and mortality in both humans
and animals (Eurosurveillance editorial team, 2015). The
emergence of AMR is mainly due to the selective pressure of
antibiotics used in both human and veterinary medicine (Nobrega
and Brocchi, 2014).

Food-producing animals are not only potential reservoirs of
AMR but also central conduits through which resistance can be
transmitted to humans. This transmission occurs via several
vectors: the food chain (Antunes et al., 2020), direct contact,
environmental contamination through waste (Heuer et al., 2011),
and even indirectly through water sources (Juhna et al, 2007;
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Dierikx et al., 2013). Flies have been suggested to be involved in
the dissemination of clones of antimicrobial-resistant bacteria and
in the widespread dissemination of plasmids containing
antimicrobial resistance genes between farms (Usui et al., 2015).
Furthermore, it has been suggested that flies act as reservoirs of
antimicrobial-resistant bacteria throughout their life cycle and may
therefore be involved in their maintenance and circulation in the
farm environment (Fukuda et al., 2019). However, the role of
insects such as flies as vectors in the transmission of resistant
bacteria within the complex ecosystem of a cattle farm has not been
extensively studied. This gap is of particular importance given the
ability of flies to bridge diverse ecological niches and move between
animal waste, livestock, and human habitations, potentially serving
as a critical conduit for pathogen spread. Studies have documented
the transfer of extended-spectrum [-lactamase (ESBL) E. coli and
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genes from animals to farm workers, highlighting the complexity of
these pathways (Dahms et al., 2015).

The threat posed by Enterobacteriaceae carrying ESBLs is
alarming and global, with E. coli identified as the predominant
species harboring ESBLs across in both humans (Ewers et al., 2012;
Dahms et al., 2015) and animals (Dahms et al., 2015; Alonso et al.,
2017). The presence of plasmids from distinct Inc groups (Michael
et al, 2015) and phylogenetic lineages underscores the ability of
these bacteria to spread efficiently and acquire resistance traits
(Ewers et al., 2012; Lupo et al., 2018). In addition to antibiotics,
other agents used in agriculture such as heavy metals and biocides
(Wales and Davies, 2015) may also exert selective pressures that
contribute to resistance.

Our study focuses on a cattle farm with a hotspot of ESBL E. coli
blactx.m.15 carriers despite rational antimicrobial use and the
absence of 3GC treatments (Gruel et al., 2021). Indeed the
proportion of ESBL E. coli was significantly higher in this farm
than in other farms (47.1% vs. 7,1%, p = 0.003). This result was
difficult to explain. Furthermore, we demonstrated the role of
animal food production systems as a reservoir of mobile genetic
elements carrying multiple resistance determinants. However, the
origin, spread, and maintenance of resistance were not established,
and further studies are warranted to better define the genetic
background of ESBL E. coli isolates and the context of antibiotic
resistance in Guadeloupe, especially in food-producing animals not
exposed to third-generation cephalosporins. Mechanisms other
than the selective pressure of these antimicrobials in the
emergence of antibiotic resistance remain to be elucidated. We
investigate the hypothesis that other selective pressures, such as
oxytetracycline and environmental factors, may play a role in the
persistence of ESBL Enterobacteriaceae. Moreover, we explore the
potential for human-animal transfer as a source of AMR. This work
aims to elucidate the origins and maintenance mechanisms of AMR
in cattle, potentially offering insights into mitigation strategies that
address these resistance pathways at the ecosystem level.

2 Materials and methods
2.1 Sampling and collection

A total of 16 farms were visited and sampled between February
2018 and November 2019 (Supplementary Data Set S1). We focused
our investigations on one farm, number 13, which had the highest
rate of ESBL E. coli (Gruel et al., 2021). Between February 2018 and
May 2019, 74 samples were collected only once at that farm. Fresh
fecal samples were randomly collected from cattle living in the stall
(n = 32) or in the field (n = 13) and from stalled goats (n = 10)
immediately after defecation. We did not actually sample manure or
goat feed. Flies that landed around cattle feces (n = 1), manure (n =
1), or goat breastfeeding food (pool #n = 4) and adult mosquitoes in
unused goat feeders (pool n = 1) were trapped using a 6-V
mechanical aspirator. The mechanical aspiration technique used
allowed the collection of pools of several flies: around cattle feces (n
= 1) yielded 42 flies, manure (n = 1) yielded 81 flies, and goat
breastfeeding food (n = 4) yielded 34 flies. A total of 157 flies were
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collected from six samples. Drinking water (n = 3) and untreated
agricultural water (n = 2) were sampled. Wastewater samples (n =
3) were collected downstream of the administration building. Cattle
feed (n = 1), solubilized goat milk (# = 1), milk powder (n = 1), and
pellets (n = 1) were collected aseptically. All samples were stored
and transported in sterile cups or bags on ice to the laboratory of the
Institut Pasteur within 4 h.

2.2 Isolation and identification of bacteria

A 10-pL loop of each fecal sample was mixed in 10 mL of Luria-
Bertani (LB) broth (BD DifcoTM, Humeau, La Chapelle-sur-Erdre,
France). Suspensions of pellet, powdered milk, and food were
prepared by mixing 30 g in 200 mL of LB. The flies and
mosquitoes were crushed manually with a micropestle in 1 mL
LB. A volume of 1 mL of wastewater sample was suspended in 10
mL of LB. The water (500 mL) was filtered through a 0.45-um
membrane (Millipore, Guyancourt, France), and the filter was
incubated in 10 mL LB with 4 mg/L ceftriaxone for enrichment.
The suspensions were supplemented with or without 4 mg/L
ceftriaxone and incubated at 37°C for 24 h. Selective enrichments
with 4 mg/L ceftriaxone were streaked onto chromogenic coliform
agar plates (CHROMagarTM, Paris, France) supplemented with 4
mg/L ceftriaxone. Non-selective enrichments were streaked onto
chromogenic coliform agar plates without 4 mg/L ceftriaxone. All
plates were incubated at 37°C for 24 h. Metallic blue colonies were
randomly picked from the non-selective (n = 1) and selective (n = 4)
chromogenic coliform agar, respectively. These isolates were then
identified by matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry on an Axima high-performance
spectrometer (Shimadzu Corp, Osaka, Japan). The susceptibility
of all isolates to 17 antimicrobials in six different classes was
assessed by the standard disk diffusion method on Mueller-
Hinton agar, as previously described (Gruel et al., 2021).

2.3 Measurement of minimum
inhibitory concentration

Minimum inhibitory concentration (MIC) values were used to
compare the relative resistance levels of ESBL isolates with those of
non-ESBL isolates. The MIC was determined using the EUCAST
reference broth microdilution method (https://www.eucast.org/
publications_and_documents/consultations/). Antibiotics
(cefotaxime, ceftriaxone, tetracycline, and oxytetracycline),
antiparasitics (ivermectin, flumethrin, fenbendazol, and amitraz),
heavy metal [arsenic, HNOj3, aluminum, HNO3;, cadmium (CdSO,),
zinc (ZnCl,), copper (CuSQOy), iron (FeCls), aluminum (Al,SO4)],
and antioxidant (butylated hydroxytoluene) molecules were tested.
Serial dilutions were inoculated with a pure bacterial suspension at
0.5 McFarland turbidity within 2 h of preparation. After overnight
incubation at 37°C, the optical density at 620 nm (ODgpo) was
measured using a microplate reader (Multiscan' ™' FC, Thermo
Fisher Scientific). The MICs were read as the lowest
concentrations that produced no visible growth. E. coli ATCC
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25922 was used as the control strain. The listed MIC values
presented are the mean of three independent experiments.

2.4 Molecular identification of flies

Flies (n = 157) from the sample pool were divided into eight
groups based on their morphological characteristics. The taxonomic
assignment of the fly species was performed on one fly from each of
the eight morphotype groups. DNA was extracted individually from
seven morphologically different flies using NucleoSpin® Tissue
DNA Extraction Kit (Macherey-Nagel, Hoerdt, France) according
to the manufacturer’s instructions. A fragment of the genes
encoding cytochrome oxidase I (COI) (710 bp) was amplified in
all flies as previously described (Folmer et al., 1994). Amplified PCR
products were sequenced (Eurofins, Cologne, Germany) and
compared to known COI gene sequences in the GenBank
database by multiple sequence alignment using BLASTn (http://
blast.ncbi.nlm.nih.gov/Blast.cgi). All matching sequences were
submitted to the phylogenetic tree reconstruction pipelines
available on the Phylogeny.fr platform (Dereeper et al., 2008).
The tree was constructed using the “Advanced” option, which
allows the statistical evaluation of branch support values using
100 bootstraps, and plotted using iTOL (Letunic and Bork,
2021) v6.7.4.

2.5 blactx-m-15 gene expression

To assess the selective advantage of ESBL E. coli under
oxytetracycline, ivermectin, and copper selective pressure, blacrx.
M.15 gene expression was quantified and compared between treated
and untreated isolates. The blactx m.15 gene expression was
determined in 14 ESBL E. coli isolates using a two-step RT-qPCR
strategy described in detail in Supplementary Material M1. Briefly,
bacterial samples were obtained from overnight-cultured ESBL and
non-ESBL E. coli in Luria-Bertani broth media supplemented or
not with oxytetracycline at a subinhibitory concentration. The
bacterial density was measured by using a photometer and
pelleted to adjust the concentration to 10® cells/mL. Total RNA
was extracted immediately using the NucleoSpin® RNA isolation
kit following the manufacturer’s recommendations (Macherey-
Nagel). A maximum of 2 ug of RNA was then reverse-transcribed
to the corresponding cDNA using the SuperScriptTM viLo™
Master Mix (Thermo Fisher Scientific), in a total volume of 20 ul,
according to the manufacturer’s instructions. cDNA was then used
in qPCR using the TaqManTM Gene Expression Master Mix and
thanks to a 7500 Real-Time PCR system (Thermo Fisher Scientific).
16S was the reference gene. For each run, a standard curve was
generated in duplicate using a 10-fold serial dilution of a
quantification calibrator of untreated E. coli cDNA. The 2744¢T
algorithm was used to estimate the relative expression level of
blactx m.15 transcripts for the two populations studied using the
RQ application module on the Thermo Fisher Cloud. Each real-
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time PCR run included the gene expression measurements of the
endogenous 16S rRNA gene and the target blactx v 15 gene in the
corresponding samples.

2.6 Whole-genome and multiplex long
read sequencing

A total of 34 genomes of E. coli isolates (n = 23) and
Enterobacter cloacae complex Taxon 4 (n = 11) were obtained
from farm number 13. To assess the genomic relatedness and
dynamics of ESBL transmission, high-throughput whole-genome
sequencing (WGS) of 79 isolates [34 ESBL Escherichia coli (n = 23)
and E. cloacae complex Taxon 4 (n = 11) isolates from farm number
13 and 45 from other farms in Guadeloupe (Gruel et al., 2021)] was
performed at the Biomics Platform, C2RT (Institut Pasteur, Paris,
France). The preparation of the WGS libraries, the sequencing
process, and the detailed analysis are described in Supplementary
Material M2. Briefly, libraries were prepared using the Nextera XT
kit (Illumina), and sequencing was performed on the NextSeq 500
system (Illumina), generating 35-151-bp paired-end reads for an
average depth of coverage of 85-fold (minimum 78-fold, maximum
92-fold). The reads were trimmed and filtered. The genomes were
assembled, and final quality was assessed. Annotation of the
assembled genomes was performed, and then a core genome was
extracted. Maximum likelihood phylogenetic reconstruction was
performed and plotted on a tree. In silico screening and annotation
of replicon plasmid types, antimicrobial resistance, virulence genes,
and multilocus sequence typing (MLST) were performed. The same
software tools were used to characterize plasmids (Chen et al., 2005;
Wirth et al., 2006; Zankari et al., 2012; Carattoli and Hasman, 2020).
The phylogenetic tree was constructed as described above. Genomic
identification of Enterobacter strains was performed using the
different approaches described in our previous manuscript (Pot
et al, 2022). To fully reconstruct and characterize the major
plasmids, 14 blacrx1s ESBL E. coli isolates were sequenced
using Oxford Nanopore sequencing long-reads technology on a
MinION device. The preparation of the MinION libraries, the
sequencing procedure, and the detailed analysis are described in
Supplementary Material M3. Briefly, libraries were constructed
from 1 pg of unfragmented bacterial gDNA following the
protocol instructions for native barcoded genomic DNA (using
EXP-NBD104, EXP-NBD114, and SQK-LSK109). The final library
was loaded onto a R9.4.1 flow cell (FLO-MIN106D) according to
the manufacturer’s instructions and run on a laptop (MinKNOW
Core v3.6.5). Single-flow cell sequencing data from multiplexed
barcoded isolates were run on the MinION for 48 h. Base calling of
MinION raw signals was performed. Fastq files were extracted and
split by barcode. De novo genome assembly was performed using a
hybrid strategy on combined nanopore long reads and previously
available Illumina short reads. The fully resolved assemblies were
generated and visualized. Quality control of nanopore data was
performed. The plasmids were aligned graphically and annotated.
Mobilization module characterization was performed.
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3 Results

3.1 ESBL Enterobacteria carriage in
wastewater, cattle, and fly species

A total of 12 out of 74 samples (16.2%) were ESBL-positive. Of
these, 25 ESBL Enterobacteria were isolated: 14 E. coli (Table 1,
Figure 1) were isolated mainly from cattle in stalls and from five
different fly species (Supplementary Figure S1) collected around goat
breastfeeding food and manure. No ESBL isolates were detected
elsewhere in the environmental samples from farm number 13. A
total of 11 ESBL-producing Enterobacter isolated from wastewater
downstream of the administration building were identified as
belonging to E. cloacae complex Taxon 4 species according to the
latest nomenclature (Feng et al,, 2021). Their sequence type (ST) was
ST598, and they differed from one to 23 single-nucleotide
polymorphism (SNPs) (Supplementary Figure S2).

10.3389/frabi.2024.1367936

3.2 A reservoir of blactx-m-15 ESBL isolates

A total of 25 ESBL Enterobacteriaceae genomes were sequenced
from the 12 ESBL-positive samples, and nine additional genomes
were provided from ESBL-negative samples. The 25 ESBL genomes
from the 12 ESBL-positive samples were distributed as follows: five
E. coli genomes from two pooled fly samples, nine E. coli genomes
from nine cattle, and 11 E. cloacae genomes from one human
wastewater sample. A total of 34 genomes of E. coli isolates (n = 23)
and E. cloacae (n = 11) from farm number 13 were sequenced.
Among the ESBL producers (n = 25), most of them carried the
blacrx .15 gene (21/25, 84.0%), followed by the blacrx a1 gene (5/
25, 20.0%; Table 2). Replicon genes from incompatible FIB group
plasmids were found in all ESBL isolates from the three biotopes
(25/25, 100.0%). However, there were differences between bacterial
species (Figure 1). The IncFIB [F-:A-:B42] and IncFIB [F-:A-:B70]
replicon sequence types were found in ESBL E. coli and ESBL E.

TABLE 1 Description of samples and ESBL enterobacteria collected from the farm environment.

Sample Isolate

n (%) Total (n = 74) ESBL + (n = 12) Total® (n = 34) ESBL + (n = 25) Taxonomy

Cattle feces Escherichia coli
In stall 32 (43.2) 9 (12.2) 18 (52.9) 9 (26.5)
In field 13 (17.6) 0 (0.0) 0 (0.0) 0 (0.0)

Goat feces Escherichia coli
In stabulation 10 (13.5) 0 (0.0) 0 (0.0) 0 (0.0)

Flies Escherichia coli
Around cattle feces 1 (1.4) 0 (0.0) 0 (0.0) 0 (0.0)
Around manure 1 (1.4) 1 (1.4) 4 (11.8) 4 (11.8)
Around goat breastfeeding food 4 (5.4) 1 (1.4) 1 (2.9) 1 (2.9)

Mosquitoes Escherichia coli
In goat feeder 1 (1.4) 0 (0.0) 0 (0.0) 0 (0.0)

Water Escherichia coli
Agricultural 2 (2.7) 0 (0.0) 0 (0.0) 0 (0.0)
Drinking 3 (4.1) 0 (0.0) 0 (0.0) 0 (0.0)

Milk Escherichia coli
Solubilized 1 (1.4) 0 (0.0) 0 (0.0) 0 (0.0)
Powder 1 (1.4) 0 (0.0) 0 (0.0) 0 (0.0)

Food Escherichia coli
Pellets 1 (1.4) 0 (0.0) 0 (0.0) 0 (0.0)
Grass 1 (1.4) 0 (0.0) 0 (0.0) 0 (0.0)

Wastewater Enterobacter cloacae

Administration building 3 (4.1) 1 (1.4) 11 (32.4) 11 (32.4)

ESBL, extended-spectrum [B-lactamase producer; +, positive sample or isolate from corresponding sample.
“Isolates resistant to at least one of the following antibiotics: ampicillin, streptomycin, nalidixic acid, tetracycline, and trimethoprime-sulfamethoxazol.

Frontiers in Antibiotics

113

frontiersin.org


https://doi.org/10.3389/frabi.2024.1367936
https://www.frontiersin.org/journals/antibiotics
https://www.frontiersin.org

Caderhoussin et al.

Tree scale: 0.01

Origin
m Cattle
Fly

Phenotype

m Sensitive

W ESBL

¥ Resistant

FIGURE 1

10.3389/frabi.2024.1367936

2 g 33 =
g
S | g 2
§fiiis @ S
EC276 2019 13 sts273 [ O [Fs7:A-B23)
EC356 2019 13 C sT23 [F24:A-B1]
EC329 2019 13 A sT7010 [F-A-B40]
EC202 2019 13 81 ST345 [F-A-B]
EC394 2019 13 B1 ST155 (O [F57:A6:B43)
st 0« [l oo 3 Faonen
Ec317 2019 13 st stiss O Fea-s)
EC290 2019 13 B1 ST2351 | | () IFs6:A6:854]
EC275 2019 13 B1 sT1727 [ | O [F57:A-B42)
Ecs2s 2019 13 81 st2016 | | O Fas)
EC330 2019 13 81 sTi04 || O FABl
ECos4 2019 13 6 sto1 || O F2aBg
EC402 2019 13 o stiis [l O [Fa5:A-B
EC318 2019 13 D sTaes [ | O [F-A=B42)
EC307 2019 13 D sT3es || O [FABaz
EC335 2019 13 D sTaes || O [FaBaz
EC338 2019 13 D sTazes [ | (O [FAB42]
EC347 2019 13 D sTa268 @ (FAB42
BCA26.1 2019 13 D sTaz8 [F104:A-B42)
BCA37G 2019 13 D ST3268 [F-A-B42)
BCA37K 2019 13 D ST3268 [F-A-B42)
BCA37H 2019 13 D sTaes [ | O [F-A-B42]
BCA37F 2019 13 D sTaes [ | O [F-A-B42]

Core genome maximum likelihood phylogenetic tree of 23 E. coli isolates from farm number 13. Clusters ST3268 and ST155 represent groups of
similar core genomes (0 to 25 single-nucleotide polymorphism difference). Hosts and antimicrobial susceptibility phenotypes are indicated by
vertical colored stripes. The resistant phenotype is assigned to isolates that are resistant to at least one of the 17 antimicrobials tested. ST, sequenced
type based on the Achtman MLST scheme (Wirth et al.,, 2006). Corresponding B-lactamase-associated resistance-coding genes are indicated by
black squares and plasmids by black circles. IncF, plasmid incompatibility group F; RST, replicon typing system.

cloacae complex Taxon 4, respectively. The IncN-pST3 replicon
type was found only in cattle and fly ESBL E. coli ST3268.

3.3 An ecosystem with a high potential for
resistance spread and persistence

Sequence assembly using long reads revealed that the blacrx m-
15 gene of fly and bovine ESBL E. coli and wastewater ESBL E.
cloacae was carried on the IncFIB [F-:A-:B42] and IncFIB [F-:A-:
B70] replicon types, which differed in size and gene composition
(Supplementary Figure S3). At the molecular level, plasmid
reconstruction allowed the clustered ST3268 isolates to be divided
into two new subclusters. Cluster ST3268.1 included the ST3268
isolates EC347 from cattle and BCA26.1 from flies, which
simultaneously harbored three major plasmid backbones, and the
ST3268.2 isolates (EC307, EC318, EC338 cattle and BCA37F, -G,
-H, -K flies; Figure 2), which shared two plasmids with ST3268.1.

The blactx m.15 gene was located in a transposon carried by a
non-mobilizing multi-replicative plasmid IncFIB(K)
_1_Kpn3_JN233704 (560 bp)/IncFIB(AP001918)_1_AP001918,
cointegrated with a truncated IncN_1_AY046276 (85,190 bp),
containing many mobile genetic elements (transposons, integrons,
and insertion sequences) and several associated resistance genes.
The conjugative replicon plasmid (IncN_1_AY046276-pST3,
50,979 bp), absent in ST3268.2, carrying the blatgy 1 gene with

a cassette of resistance genes and virulence genes involved in the
type IV secretion system (T4SS) was carried by ESBL E. coli strains
common to cattle and flies. The third, a phage plasmid (47,973 bp),
contained prophage regions from Vibrio and Bacillus without
resistance genes and a toxin HigB/antitoxin HigA system involved
in pathogenicity regulation. The EC335 isolates shared only the
IncF 85,190-bp plasmid (not shown in Figure 2) with the other
isolates from ST3268. ESBL E. coli ST3268-blacrx-m-15/TEM-1B WS
found here in cattle and flies (Figures 1, 2). These results revealed an
ESBL E. coli ST3268 cluster containing multiple plasmid backbones
(Supplementary Figure S3), some of which are mobilizable with
multiple associated resistance and virulence genes.

3.4 A first described IncF replicon [F-:A-:
B42] in ST3268 ESBL E. coli

The collection of ST3268 isolates from other geographical
origins found on Enterobase presents only ESBL producers (n =
22) (Supplementary Figure 54). Of these strains, 68.2% were isolated
from humans (15/22). This sequence type was identified in many
countries and was also found in wild and domestic animals with a
blactx m 15 gene. However, it has never been identified in insects,
and the IncF replicon [F-:A-:B42] was only identified in farm
number 13. No clonal relationship was found between the
Guadeloupean isolates and those identified internationally.

TABLE 2 Distribution of blactx-m gene and replicon type in extended-spectrum B-lactamase isolates.

blactx-m-15
(n=21)
Cattle 9 ‘ (36.0) 5 ‘ (20.0)
Fly 5 ‘ (20.0) 5 ‘ (20.0)
Wastewater 11 ‘ (44.0) 11 ‘ (44.0)

bla, B-lactamase.
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blactx-m-1 IncFIB

(n=4) (n = 25)
4 ‘ (16.0) 9 ‘ (36.0) 1 ‘ (4.0)
0 ‘ (0.0) 5 ‘ (20.0) 1 ‘ (4.0)
0 ‘ (0.0) 11 ‘ (44.0) 0 ‘ (0.0)

frontiersin.org


https://doi.org/10.3389/frabi.2024.1367936
https://www.frontiersin.org/journals/antibiotics
https://www.frontiersin.org

Caderhoussin et al.

10.3389/frabi.2024.1367936

‘[)"/.
/5T3268.1 EC347

IncFIB(K)_1_Kpn3

Non mobilizable

Replicative
(85,190 bp) ~—
blaresi1s

IncFIB(AP001918) 1 N\

o

blacrxas

IneN 1°

/

Conjugative
Replicative
(50,979 bp)

BCA26.1 \

HigA/HigB

Non mobilizable!
Non replicative
(47,973bp)

Tas

Bacillus phage

=

. Vibrio phage

@268.2 EC307, EC318, EC338

IncFIB(K) 1 _Kpn3

IneN_ 17

Non mobilizable
Replicative
(85,190 bp)

—
blargsgin

AN

blacry s

IncFIB(AP001918)_1

\_

BCA37F, -G, -H, -K \

HigA/HigB

Non mobilizable
Non replicative
(47,973 bp)

Bacillus phage

=

Vibrio phage

FIGURE 2

Schematic representation showing two combinations of the ultrastructural genetic background of the ST3268.1 ESBL E. coli subclusters (n = 7
isolates: BCA37F, -G, -H, -K, EC307, EC318, and EC338) and ST3268.2 (n = 2 isolates: BCA26.1 and EC347). Plasmids are shown as circles annotated
for replicon, B-lactamase resistance genes, secretion system (T4S), toxin/antitoxin system (HigA/HigB), and phage-encoded protein genes.
Supercoiled chromosomal DNA is schematically shown in red. a, truncated INncN_1_AY046276 replicon (247 bp). b, complete INcN_1_AY046276-

pST3 replicon (512 bp).

3.5 Oxytetracycline selective pressure in
favor of the emergence of ESBL E. coli
IncN carriers

We compared the MIC of 17 antiparasitic, antioxidant, antibiotic,
and heavy metal compounds in ESBL (1 = 14) vs. non-ESBL E. coli (n =
5) from farm number 13 (Table 3) and in ESBL E. coli full IncN carriers
(ST3268.1, n = 3) vs. non-carriers (ST3268.2, n = 6). Our results
showed a significantly higher mean MIC of oxytetracycline (841.4 +
323.5 mg/L vs. 36.0 + 52.6 mg/L, p = 0.0022) and arsenic (125.0 + 0.0
mg/L vs. 78.1 + 31.3 mg/L, p = 0.0019) in ESBL E. coli than in non-
ESBL E. coli. Cefotaxime and ceftriaxone were used as 3GC-positive
controls and confirmed a selective advantage of ESBL E. coli. Our
results showed a higher tetracycline MIC (256 + 0.0 mg/L vs. 170.7 +
73.9 mg/L, p = 0.0325) in ESBL E. coli carrying the complete IncN
conjugative T4SS replicon plasmid than in non-carriers. For arsenic,
copper, and ivermectin, no difference in mean MIC was observed
between ESBL E. coli complete IncN carriers (ST3268.1) and non-
carriers (ST3268.2). In addition to MIC, our results showed a
significant blacrx m.1s gene overexpression in oxytetracycline-treated
vs. untreated ESBL E. coli (RQoy=3.593, p = 0.024) (Figure 3). No
difference in blacrx m15 gene expression was observed with the
ivermectin and copper treatments.
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3.6 Acquisition of distinct E. coli lineages

To investigate the dynamics of E. coli circulation at a regional
scale, we considered the 23 E. coli isolates from farm number 13 and
45 additional isolates from other farms surveyed in Guadeloupe
during the same period. A total of 68 E. coli from 16 farms,
including six cattle, six pig, and five poultry farms (one farm was
a cattle and poultry producer), were included (Figure 4). A total of
29 isolates (42.6%) were grouped into seven clusters with similar
core genomes (0 to 25 SNP difference). Four clusters representing
(16/68, 23.5%) ESBL E. coli isolates were farm specific (10 ST3268
fly and cattle isolates from farm number 13, two ST115 poultry
isolates from farm number 18, two ST1630 poultry isolates from
farm number 18, and two ST155 cattle isolates from farm number
13), while three clusters (n = 13 ESBL isolates: ST2705, ST2015, and
ST115) were from 11 different farms in the three food animal
systems (Figure 4). The two largest clusters (ST3268 and ST2015)
contained eight to 10 ESBL E. coli harboring a blacrx.a.1 (ST2015)
or a blacrx-m.15 (ST3268) gene. Globally, the population structure
of E. coli tends to show a higher proportion of unclustered isolates.
When clustered, the isolates tend not to be farm specific. These
results reflect sporadically acquired isolates from different lineages
rather than the active spread of major clones. Cluster ST3268
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TABLE 3 Association of antibiotics, antiparasitics, heavy metals, and antioxidants with ESBL phenotype in E. coli isolates.

ESBL E. coli Non-ESBL E. coli
(n = 14) (n=5)
MIC (mg/L) (+ SD) (+ SD)
Antimicrobials
Cefotaxime 310.9 (+139.4) 51.6 (+114.3) 0.0041
Ceftriaxone 676.6 (+2769) 205.4 (+457.6) 0.0214
Tetracycline 226.5 (+56.1) 20.4 (+27.6) 0.0004
Oxytetracycline 841.4 (+3235) 36.0 (+52.6) 0.0022
Antiparasitics
Ivermectin 512.0 (£0.0) 460.8 (+114.5) 0.0943
Flumethrin 4389 (£211.3) 307.2 (+114.5) 0.1574
Fenbendazol 563.2 (+264.4) 512.0 (+443.4) 0.4673
Amitraz 384.0 (+1328) 307.2 (+114.5) 0.2563
Heavy metals
Arsenic (HNO;) 125.0 (£0.0) 78.1 (+313) 0.0019
Aluminum (HNO;) 200.0 (+64.5) 218.8 (+62.5) 0.6101
Cadmium (CdSO4) 151.8 (+£532) 150.0 (+55.9) 0.9478
Zinc (ZnCl,) 571.4 (+181.6) 600.0 (+223.6) 0.7697
Copper (CuSO,) 2000.0 (+0.0) 2000.0 (+0.0) -
Iron (FeCls) 4285.7 (£ 1069.0) 4800.0 (+1,788.9) 0.4338
Aluminum (ALSO,) 4000.0 (+0.0) 4000.0 (+0.0) -
Antioxidant
Butylated hydroxytoluene 329.1 (£ 120.0) 256.0 (+0.0) 0.1904

MIC, minimum inhibitory concentration; ESBL, extended-spectrum B-lactamase.
Mean + SD or median IQR.
Statistically significant p-values are highlighted in bold

* ¥

Relative quantiation (RQ)

Untreated Treated

Oxytetracycline

FIGURE 3

Modulation of blactx-m-15 gene expression under in vitro selective
pressure. Relative quantification of blactx-m-15 gene expression
under oxytetracycline treatment in ESBL E. coli isolates. Error bars
represent the standard deviation of at least two independent
experiments. RQ, relative quantification. Error bars indicate the
range between RQ min and RQ max. ** Statistically significant p-
value < 0.05.
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showed a close genomic relationship between 10 CTX-M-15
producing E. coli from both fly and cattle sources. These E. coli
ST3268/blactx m-15/blatem.1s have accumulated and maintained
multiple plasmids and genes, thereby representing an extensive
reservoir of resistance and virulence factors. Our results suggest that
flies could act as vectors and highlight a clear link between cattle
and flies in the spread of CTX-M-15 producing E. coli. This
underscores the role of flies in increasing the risk of transmission
of such resistance factors from livestock to the wider environment.
This refined statement underscores the importance of
understanding these dynamics in addressing the spread of
antibiotic resistance.

4 Discussion

This study investigates the origin of ESBL E. coli in a farm of
food-producing animals not exposed to third-generation
cephalosporins, allowing the identification of a local cattle and fly
reservoir of E. coli ST3268/blactx m.15/blaten.1s. This ST was not
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FIGURE 4

Core genome comparative analysis of 68 E. coli isolates from food-producing animals and flies. Maximum likelihood phylogenetic tree of 68 E. coli
isolated from farms in Guadeloupe between 2018 and 2019. The farm number refers to our previous reference number (Gruel et al.,, 2021).
Associated hosts and antimicrobial susceptibility phenotypes are indicated by vertical colored stripes. The resistant phenotype is assigned to isolates
that are resistant to at least one of the 17 antimicrobials tested. Of these, 43 were ESBL producers. The colored clusters (ST115, ST3268, ST2015,
ST2705, ST1630, and ST155) represent groups of similar core genomes (<25 SNP). Only B-lactamase-encoding genes are indicated by black squares.
Plasmid replicons are indicated by a black circle, and only the IncF RST was detailed. IncF, plasmid incompatibility group F; RST, replicon

sequence typing.

found elsewhere in Guadeloupe (Sadikalay et al., 2018; Guyomard-
Rabenirina et al., 2020; Gruel et al., 2021, 2022). This ST was also
rarely found in genomic databases. However, it has been recovered
from different compartments worldwide (Zhou et al., 2020). Its
association with the blacrx a 15 gene was first identified in humans
in France in 2010 (Zamudio et al., 2022). ST3268 ESBL E. coli was
subsequently described in cattle (Hordijk et al., 2019) and in
raccoons (Zhou et al, 2020). Although the reservoirs (flies and
cattle) of E. coli ST3268/blacrx n-15/blaren.ip are limited to one
farm and the human compartment still seems to be sporadically
affected by this ST, special caution is required as we are facing a new
reservoir of an emerging zoonotic E. coli ST3268 lineage
(Hammerum et al., 2020). The emergence of a novel E. coli
lineage, ST3268, harboring resistance genes common to both
cattle and flies is significant. It suggests that vectors such as flies
may play a role in the maintenance and spread of novel and
important resistance genes, with potential implications for both
animal and human health. This reinforces the need for integrated
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veterinary and public health surveillance and control strategies. To
reduce the risk of flies as vectors, we advocate improved farm
hygiene and waste management practices, the use of biosecurity
measures such as insect screens and zappers, and further research
into environmentally friendly insect control methods.

In our study, E. coli ST3268/blacrx m.15/blargy. 1 isolated from
flies and cattle have accumulated multiple plasmids and genes and
represent a reservoir of resistance and virulence factors. In all ESBL
E. coli isolates, the blactx m.15 gene was carried by a non-mobile
multireplicon plasmid (2 IncFIB) cointegrating with a truncated
IncN_1_AY046276 replicon. ESBL E. coli blacrx . 15/blarem. 1s of
the ST38 clonal group has already been found in Japan on
unsequenced but transferable IncFIB plasmids (Usui et al., 2013)
shared between cattle and flies. However, to the best of our
knowledge, our multidrug resistance structure of IncFIB/blacrx.
M-15/blargy s multi-FIB replicon cointegrating IncN has never been
described in animal ESBL E. coli. The conjugative plasmid IncN-
pST3 found in flies and cattle is enriched in resistance and virulence
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genes that can spread to humans and cause severe infections that are
difficult to treat with current antibiotics. Since the IncF/blacrx .15
non-mobilized plasmid backbone differed between animal [IncFIB
(F-:A-:B42), 85,190 bp] and wastewater [IncFIB (F-:A-:B70),
106,354 bp], the origin of the human blacrx m.15 genes observed
in flies and cattle is a consequence of multiple and cumulative
origins of ESBL bacteria rather than the active horizontal spread of a
single successful clone or plasmid. We investigated here the main
sources of ESBL E. coli originated from animals, insects, water,
feeds, and human wastewater. The ESBL-producing E. cloacae
Taxon 4 ST598 found in administrative building wastewater was
previously found in hospital wastewater in Guadeloupe and also
isolated from patients (Pot et al., 2022). These findings highlight the
importance of investigating non-animal or non-human reservoirs
of antibiotic-resistant bacteria, as they may play a key role in the
spread of resistance and may reach humans through various
transmission routes. Other possible sources of ESBL E. coli
include incoming animals, soil (Gelalcha et al., 2022), or wild
fauna (Guyomard-Rabenirina et al., 2020) not investigated here.
As no ESBL E. coli were detected in cattle in the field or in the grass
and no manure was applied on soil, our hypotheses did not support
a soil source of ESBL E. coli (Collis et al., 2022). Incoming animals
are not involved in our agroecosystem. Thus, the most alternative
source of ESBL E. coli on farm number 13 may be from wild fauna,
particularly rats, which are very present in farm housing and have
already been described as carriers of ESBL E. coli (Guyomard-
Rabenirina et al., 2020). Due to the hygienic measures taken after
our visit, no rat feces were found at farm number 13.

In our study, several ESBL E. coli isolates combined broad and
narrow host range plasmids (Rozwandowicz et al., 2018). In addition,
the plasmids in each group contain different combinations of resistance
and virulence genes. Taken together, these results may explain the
successful persistence and spread of ESBL isolates and plasmids on the
farm and suggest a complex transmission dynamics of resistance and
virulence genes, plasmids, and Enterobacteriaceae strains. This reflects
the spread of multiple persistent ESBL isolate lineages rather than a
single epidemic circulating clone. E. coli ST3268 was found to host
multiple plasmids carried by different fly species. Due to their strong
flight capabilities (Nazni et al., 2005), flies appear to be the primary
vector for the spread of ESBL isolates in our ecosystem and could act to
spread resistance genes (Usui et al,, 2015). The current dogma dictates
that antimicrobial resistance is associated with a fitness cost. The fitness
cost of plasmids in our Enterobacteriaceae has not been evaluated, but
we are likely facing contemporary ESBL E. coli strains that may be
more “fit” and able to persist in the gut with a significant colonization
burden despite a lack of antibiotic exposure (Kremer et al., 2022).
Indeed some plasmids have evolved to have little effect on host strains
(Cottell et al., 2012). Therefore, the persistence of antibiotic resistance
genes and their vectors can be expected in the absence of antibiotic
selection pressure, regardless of antibiotic stewardship. Other means of
reducing plasmid stability are needed to prevent the persistence of these
vectors and the antibiotic resistance genes that they carry. Differences
in plasmid characteristics between samples highlight the complexity of
transmission dynamics. Our study contributes to the understanding of
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how resistance genes spread, with implications for approaches to
monitoring and controlling AMR on farms, and the importance of
considering a variety of genetic vehicles in these processes. The
coexistence of multiple resistant and mobilizable plasmids has
serious implications for both the agricultural ecosystem and public
health. It demonstrates the ability of pathogens to evolve rapidly in
response to environmental pressures and the need for comprehensive
genomic surveillance strategies to monitor and understand this
genetic exchange.

The isolation of E. coli resistant to the 3GC cefotaxime from cattle
with no previous exposure to cefotaxime has recently been reported
(Udikovic-Kolic et al., 2014; Mir et al., 2016; Liu et al.,, 2020). In our
study, the occurrence of ESBL isolates in cattle was probably due to the
co-selection of multiple resistance genes in the same plasmid by other
antibiotics such as oxytetracycline. A metagenomic study of bacterial
communities showed that tetracycline resistance is frequently found
and transmitted with ESBL-containing plasmids (Tacdo et al,, 2014).
The widespread use of tetracyclines in Guadeloupe (Gruel et al., 2021)
may explain some of the discrepancy between the high prevalence of
resistance and the moderate use of 3GC. Tetracyclines that are not
listed as critical for human treatment may promote resistance to more
important molecules. Our results show a selective advantage of ESBL E.
coli carrying IncN_1_AY046276 over non-carriers under
oxytetracycline selective pressure, but this needs to be strengthened
by more consistent sampling to increase the robustness of the assays
and confirm the trends. These results confirm previous conclusions
that the maintenance of plasmids in bacteria, and thus the blacrx.m
genes, is a contribution of genetic determinants mediating non-f3-
lactam resistance mechanisms acquired through co-selection
(Woodford et al., 2009). In addition, the presence of ESBL E. coli in
a 3GC-free environment suggests that alternative selective pressures
may be at play. It highlights the possibility of other contributing factors,
such as the use of different antimicrobials such as oxytetracycline,
heavy metal exposure, and non-antibiotic selective agents, which could
co-select for resistance. Our work calls for a re-evaluation of the current
understanding of AMR transmission and highlights the need to
consider a wider range of selective pressures. The identification of
oxytetracycline as a potential selective agent for ESBL-producing
bacteria highlights the need for comprehensive stewardship that
includes all antibiotics, not just those thought to directly select for
resistance. It contributes to a more nuanced approach to antibiotic use
in agriculture.

While the design of this study primarily focused on investigating
the role of the human compartment through the analysis of wastewater,
we acknowledge the opportunity to extend our research by exploring
ESBL Enterobacteriaceae presence among farm workers. Such an
extension would not only complement our current findings but also
offer a more comprehensive understanding of contamination origins,
thereby enhancing the robustness of proposed risk mitigation
strategies. Despite this, the integrity and relevance of the results
presented remain intact. Future investigations, including longitudinal
monitoring of strains among farm workers, are indeed recommended
to fill this gap, further strengthening the study’s impact on preventing
the emergence and spread of ESBL clones in such environments.
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5 Conclusion

We demonstrated that the high level of ESBL E. coli in a farm
without 3GC use is likely due to the maintenance of the local ESBL
E. coli animal reservoir by a high fly diversity and oxytetracycline
pressure. This is the first observation of multiple E. coli IncFIB/
IncN:ublacrx-m-1s/blargm 1 replicon plasmids clustering in
animals. While the likely human origin of this plasmid observed
in flies and cattle remains to be clarified, our study highlights the
importance of considering environmental factors and antibiotic
stewardship in managing antimicrobial resistance. It shows that
multiple factors, including the use of specific antibiotics, contribute
to the selection of resistance genes, requiring a comprehensive
strategy that includes monitoring drug use, regulating potential
environmental contributors to AMR, and implementing biosecurity
to reduce vector spread. These findings call for a One Health
approach that integrates human, animal, and environmental
health to inform policy and improve agricultural practices.
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