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Abstract: Antimicrobials are crucial for treating bovine respiratory disease (BRD) in beef feedlots.
Evidence is needed to support antimicrobial use (AMU) decisions, particularly in the early part of the
feeding period when BRD risk is highest. The study objective was to describe changes in prevalence
and antimicrobial susceptibility of BRD bacterial pathogens at feedlot processing (1 day on feed
(1DOF)), 12 days later (13DOF), and for a subset at 36DOF following metaphylactic antimicrobial
treatment. Mixed-origin steer calves (n = 1599) from Western Canada were managed as 16 pens of
100 calves, receiving either tulathromycin (n = 1199) or oxytetracycline (n = 400) at arrival. Deep
nasopharyngeal swabs collected at all time points underwent culture and antimicrobial susceptibility
testing (AST). Variability in the pen-level prevalence of bacteria and antimicrobial susceptibility
profiles were observed over time, between years, and metaphylaxis options. Susceptibility to most
antimicrobials was high, but resistance increased from 1DOF to 13DOF, especially for tetracyclines
and macrolides. Simulation results suggested that sampling 20 to 30 calves per pen of 200 reflected
the relative pen-level prevalence of the culture and AST outcomes of interest. Pen-level assessment of
antimicrobial resistance early in the feeding period can inform the evaluation of AMU protocols and
surveillance efforts and support antimicrobial stewardship in animal agriculture.

Keywords: bovine respiratory disease; feedlot; bovine; antimicrobial resistance; antimicrobial use;
longitudinal; prevalence; pen; sampling

1. Introduction

Antimicrobials are essential for maintaining health and welfare and preventing eco-
nomic losses in animal production systems. In North American cattle feedlots, parenteral
antimicrobials are most frequently used to manage bovine respiratory disease (BRD), the
leading cause of morbidity and mortality [1]. While management strategies such as pre-
conditioning, vaccination at arrival, and reducing stress can better prepare cattle for the
transition from farm to feedlot, an estimated 39% of calves entering Western Canadian feed-
lots remain at high risk for developing BRD, and these means alone have been insufficient
to adequately manage the disease [2–5]. As a result, antimicrobials continue to be necessary
and have proven effective for BRD control [6].

However, efficient strategies for using laboratory tools to inform antimicrobial use
(AMU) decisions for BRD treatment and control are lacking. The need for evidence to
target AMU is growing with the global awareness of antimicrobial resistance (AMR), which
threatens the efficacy of antimicrobials as well as the health of humans, animals, and the
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environment [7,8]. Additionally, a better understanding of AMR in common bacterial
pathogens in the development of BRD management and treatment protocols is essential for
antimicrobial stewardship [9,10]. A reduction in the availability of antimicrobials to treat
BRD in feedlot cattle would be detrimental to animal welfare and the productivity of the
beef industry [11].

The control and treatment of BRD in feedlots is complicated due to its polymicrobial
and multi-etiologic nature. Consistently identified risk factors include the placement of
young and lighter-weight calves, vaccination status at arrival, recent and abrupt weaning,
prolonged transport time, commingling animals from different origins, and inclement
weather [12–14]. These stressors are thought to suppress the respiratory immune system,
increasing the animal’s susceptibility to contagious pathogens as well as opportunistic
viral and bacterial infection, ultimately resulting in respiratory disease. Principal bacterial
agents implicated in BRD include three members of the Pasteurellaceae family: Mannheimia
haemolytica, Pasteurella multocida, and Histophilus somni. Not only have these bacteria
been consistently recovered from clinical cases but cattle from which M. haemolytica was
recovered at arrival were more likely to become ill within 10 days [15].

A 2023 study by Smith et al. [16] collected data from 25 U.S. commercial feed yards,
representing 4.4 million cattle on feed, with the objective of determining the temporal
distributions of first BRD treatment. The results agree with others showing that BRD
incidence is often greatest during the first few weeks on feed [12,17]. However, studies
exploring bacterial changes in pathogen and AMR prevalence over time during the early
feeding period (<14 days) are only recently gaining interest [18–20]. While macrolides are
the most effective antibiotics for metaphylaxis to reduce the incidence of BRD, longitudinal
changes in bacterial prevalence and AMR after feedlot arrival are less commonly reported
than samples collected at arrival [21–23]. Consequently, feedlot veterinarians face the
challenge of lacking readily available AMR data to inform antimicrobial choices in calves
requiring first treatment for BRD. Instead, antimicrobial drug choices are made based
on prior experience, animal history, historical treatment records, and historical data on
therapeutic effectiveness.

To address the aforementioned challenges related to AMU in feedlots, veterinari-
ans and managers need practical strategies to support laboratory-based antimicrobial
decision-making. These strategies should align with the World Health Organization (WHO)
recommendations for using laboratory-based tools to select antimicrobials for treatment
to promote prudent AMU and monitor AMR in food-producing animals [7]. Commercial
feedlots can house thousands of cattle, making it impractical to sample each individual
animal due to the associated time, resources, and costs involved. However, as feedlot cattle
are managed as groups within pens [6], a subset of animals per pen could be sampled to
estimate the frequency of the bacterial pathogens with AMR of interest.

Sampling cattle at feedlot arrival provides insights into incoming levels of AMR, facili-
tating the effective monitoring, surveillance, and identification of intervention points both
pre- and post-arrival. However, factors such as stress, commingling, and environmental
contamination lead to modifications in the upper respiratory microbiome and affect the
prevalence of bacteria and AMR after arrival [24,25]. Additionally, cattle at a high risk of
developing BRD are typically administered metaphylactic antimicrobial therapy within
the first few days of feedlot arrival to decrease the pathogen burden and reduce the risk
of pen-level disease [6]. Metaphylaxis may induce selective pressure and result in greater
proportions of AMR bacteria [26–30], with differences in the nasopharyngeal microbiota
of treated cattle up to 60 days on feed [23,31]. Thus, in cattle administered long-acting
injectable antimicrobials for metaphylaxis, sampling after a post-metaphylactic interval
(PMI) could provide more meaningful data on the pathogen and AMR prevalence that
occurs during the early feeding period with the greatest BRD risk, and could better inform
future antimicrobial treatment decisions.

The overall goal of this study was to leverage an opportunity to sample all calves from
auction-sourced feedlot pens at 1 and 13 days on feed (DOF) to determine the prevalence of
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selected BRD pathogens and clinically relevant AMR targets. This study is unique because
of the large number of calves (n = 1599) sampled over a two-year period [19,20,22]. Calves
in each purchased lot were auction-sourced from multiple farms and housed in pens of
100 head, which more closely approximated commercial feedlot practices and comingling
risk in Western Canada compared to pen sizes from previous reports [19,20,32,33]. Com-
plete culture and antimicrobial susceptibility data from all calves in larger pens at two
consistent time points across different years and metaphylaxis protocols expand on other
studies evaluating changes in the first few weeks on feed [19,22,34].

The first objective was to describe the prevalence and variability of BRD pathogens
and AMR among pens, metaphylaxis groups, and years during the early feeding period,
including 1DOF, 13DOF, and 36DOF, for fall-placed auction market calves at Western
Canadian feedlots. The second objective was to compare the prevalence of BRD pathogens
and associated AMR recovered from calves at 1DOF with those observed at 13DOF to
evaluate the additional insights gained from sampling following the PMI.

2. Results
2.1. Study Population

Radio Frequency Identification (RFID) tag numbers were scanned for each calf. In
2020, calves were sourced from 292 unique herds of origin (derived from the first 12 digits of
the calves’ 15-digit RFID tag) (as described in Section 4.2) (Table 1). The number of unique
herds of origin for 2020 calves purchased for the feedlot varied from 30–81 herds per pen,
suggesting a high risk of pathogen exposure due to commingling. The calves sampled in
2021 were less diverse, with 208 unique herds of origin and 12–38 unique herds per pen. At
1DOF, the mean calf weight in 2020 was 253 kg (556 lbs) (range: 211–291 kg (464–640 lbs))
(Table 1). Lighter calves were targeted in 2021, resulting in a mean calf weight of 225 kg
(496 lbs) (range: 160–315 kg (351–694 lbs)).

Table 1. Descriptive summary of calves at time of processing including unique herd of origin (using
first 12 digits of RFID tag), calf weight (kg), and standard deviation (standard dev.).

Year Pen Unique Herds of Origin Avg. Weight (kg) Standard Dev. (kg)

2020

1 34 257 13
2 81 243 10
3 48 254 11
4 43 253 13
5 31 260 9
6 38 262 11
7 41 256 13
8 30 239 13

Combined 292 253 14

2021

9 31 223 18
10 36 229 14
11 33 222 14
12 35 229 10
13 23 220 18
14 12 223 20
15 38 228 13
16 38 230 12

Combined 208 225 15

Of the 1600 steers purchased for this study, one calf was recumbent at the time of initial
feedlot processing (as outlined in Section 4.3) in 2020 and removed, resulting in 1599 cattle
sampled at 1DOF from October to December. Three calves died prior to 13DOF (one calf in
November of 2020 and two in November of 2021), leaving a total of 1596 calves sampled at
13DOF. At 36DOF, 310 calves were sampled. Antimicrobial susceptibility data were not
available from the laboratory for four samples in 2021 (two at 1DOF, one at 13DOF, one at
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36DOF), resulting in the following total samples cultured and tested for susceptibility: 1597
at 1DOF, 1595 at 13DOF, and 309 at 36DOF.

For all pens combined, 8.1% of calves (n = 130) were treated for BRD within 45DOF.
Cohorts receiving tulathromycin metaphylaxis observed similar BRD incidences, with 3.5%
(n = 28) of calves treated in 2020 and 3.3% (13 calves) treated in 2021 for tulathromycin-
treated cohorts. In contrast, in 2021, oxytetracycline-treated cohorts observed a higher
incidence of 22.3% of calves (n = 89) being treated for BRD. Total mortalities in 2020 included
three calves (0.4%) succumbing to BRD and one case of bloat. In 2021, mortality attributed
to BRD increased slightly to 1.0% (eight calves), with 0.6% (five calves) from pen 16. Other
mortalities in 2021 included four cases of bloat (0.5%) and one calf (0.1%) euthanized due
to neurologic symptoms that also had lung lesions.

2.2. Differences in Bacterial Recovery between Years and Metaphylaxis Options

The proportion of calves that were culture-positive for bacteria of interest (M. haemolyt-
ica, P. multocida, and H. somni) varied among pens during the study (1DOF, 13DOF, and
36DOF) and between sampling years (Tables 2 and 3).

Table 2. Percentage of calves from each pen cohort from which M. haemolytica, P. multocida, and
H. somni were recovered at 1DOF (n = 799 calves) at on-arrival processing and before metaphylaxis,
13DOF (n = 798), and 36DOF (n = 80) for the 2020 study population.

Metaphylaxis Drug Pen Sampling
Time No. Calves

Recovery Rates of BRD Pathogens from Calves

M. haemolytica P. multocida H. somni

tulathromycin 1
1DOF 100 26% 32% 4%
13DOF 100 77% 2% 0%
36DOF 10 80% 20% 30%

tulathromycin 2
1DOF 100 35% 47% 3%
13DOF 100 84% 7% 1%
36DOF 10 70% 10% 50%

tulathromycin 3
1DOF 100 47% 48% 6%
13DOF 100 70% 13% 0%
36DOF 10 80% 40% 30%

tulathromycin 4
1DOF 100 47% 55% 4%
13DOF 100 80% 21% 4%
36DOF 10 80% 20% 60%

tulathromycin 5
1DOF 100 33% 67% 12%
13DOF 100 14% 11% 2%
36DOF 10 80% 10% 40%

tulathromycin 6
1DOF 99 33% 63% 7%
13DOF 99 9% 8% 5%
36DOF 10 70% 20% 30%

tulathromycin 7
1DOF 100 28% 70% 12%
13DOF 99 30% 11% 12%
36DOF 10 70% 30% 100%

tulathromycin 8
1DOF 100 15% 70% 29%
13DOF 100 57% 8% 11%
36DOF 10 70% 20% 50%
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Table 3. Percentage of calves from each pen cohort from which M. haemolytica, P. multocida, and
H. somni were recovered at 1DOF (n = 800 calves) at on-arrival processing and before metaphylaxis,
13DOF (n = 798 calves), and 36DOF (n = 230 calves) for the 2021 study population.

Metaphylaxis Drug Pen Sampling
Time No. Calves

Recovery Rates of BRD Pathogens from Calves

M. haemolytica P. multocida H. somni

oxytetracycline 9
1DOF 100 60% 23% 6%
13DOF 100 61% 35% 10%
36DOF 30 33% 33% 70%

oxytetracycline 10
1DOF 100 49% 29% 0%
13DOF 100 52% 60% 5%
36DOF 30 13% 57% 73%

oxytetracycline 11
1DOF 100 40% 35% 4%
13DOF 100 47% 18% 19%
37DOF 30 47% 20% 70%

tulathromycin 12
1DOF 100 58% 39% 7%
13DOF 100 25% 7% 4%
36DOF 30 63% 13% 70%

tulathromycin 13
1DOF 100 47% 29% 13%
13DOF 100 17% 14% 21%
36DOF 30 67% 27% 53%

tulathromycin 14
1DOF 99 48% 51% 8%
13DOF 99 33% 14% 6%
36DOF 30 50% 23% 73%

tulathromycin 15
1DOF 100 43% 56% 9%
13DOF 99 44% 12% 9%
36DOF 30 43% 20% 40%

oxytetracycline 16
1DOF 100 43% 73% 7%
12DOF 99 61% 41% 13%
30DOF 20 20% 35% 60%

Irrespective of year, for all calves sampled at 1DOF, prior to the administration of
metaphylactic antimicrobials, 41% (CI: 35–46%) were culture-positive for M. haemolytica,
49% (CI: 41–57%) for P. multocida, and 8% (CI: 6–11%) for H. somni (Figure 1a–c). However,
the proportion of calves that were culture-positive for M. haemolytica at 1DOF was higher in
2021 (49% of calves [CI: 42–55%]) compared to 2020 (33% of calves [CI: 27–39%]) (Table 4).
In contrast, P. multocida was recovered from more calves in 2020 (56% [CI: 46–66%]) than in
2021 (42% [CI: 32–52%]) at 1DOF. The recovery of H. somni at 1DOF did not differ between
2020 (9% [CI: 5–14%]) and 2021 (7% [CI: 4–11%]).

Table 4. Differences in recovery of M. haemolytica, P. multocida, and H. somni at arrival to feedlot
and prior to metaphylaxis administration (1DOF) between year 2021 and year 2020, reported as
population-averaged odds ratios (ORs) and 95% confidence intervals (CIs), accounting for clustering
at the pen level. n = 1599 calves.

Bacteria OR 2021 vs. 2020 95% CI p-Value

M. haemolytica 1.9 1.3, 2.8 <0.001
P. multocida 0.6 0.3, 0.97 0.04

H. somni 0.7 0.4, 1.5 0.42
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Figure 1. Percentage (%) of calves from which M. haemolytica, P. multocida, and/or H. somni were
recovered at 1DOF, 13DOF, and 36DOF for (a) 2020 pen cohorts that received tulathromycin metaphy-
laxis, (b) 2021 pen cohorts that received tulathromycin metaphylaxis, and (c) 2021 pen cohorts that
received oxytetracycline metaphylaxis. Samples at 1DOF were collected during on-arrival processing
and before metaphylaxis. Percentages displayed are population-averaged with 95% confidence
intervals, adjusted for clustering at the pen level using mixed effects logistic regression. For pen 16,
sampling at 30DOF, prior to mass treatment, was used for analysis.
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When adjusting for year, metaphylaxis antimicrobial, and clustering at the pen level,
there were no significant differences in the recovery of M. haemolytica at 13DOF across
sampling years and metaphylactic treatment groups (Table 5). P. multocida was around five
times more likely to be cultured from calves at 13DOF that had received metaphylactic
oxytetracycline in 2021 compared to calves from either year that received tulathromycin
(Table 5). For calves that received tulathromycin on arrival, there was no difference (p = 0.55)
in P. multocida recovery at 13DOF between years (Table 5). H. somni was 3.3 times more
likely to be cultured at 13DOF from calves in 2021 treated with oxytetracycline at arrival
than calves in 2020 treated with tulathromycin (Table 5). There was no difference in the
recovery of H. somni at 13DOF between 2020 and 2021 tulathromycin-treated calves (p-value:
0.06) or between year 2021 tulathromycin- and oxytetracycline-treated calves (p-value: 0.67)
(Table 5).

Table 5. Differences in recovery of M. haemolytica, P. multocida, and H. somni at 13DOF between
years and metaphylaxis administered (year 2020/tulathromycin, year 2021/tulathromycin, and
year 2021/oxytetracycline), reported as population-averaged odds ratios (ORs) and 95% confidence
intervals (CIs), accounting for clustering at the pen level. n = 1596 calves.

Bacteria Year/Metaphylaxis Comparison OR 95% CI p-Value

M. haemolytica

2021/tulathromycin vs.
2020/tulathromycin 0.4 0.1, 1.3 0.12

2021/oxytetracycline vs.
2020/tulathromycin 1.2 0.3, 4.0 0.82

2021/oxytetracycline vs.
2021/tulathromycin 3.1 0.7, 13 0.12

P. multocida

2021/tulathromycin vs.
2020/tulathromycin 1.2 0.6, 2.4 0.55

2021/oxytetracycline vs.
2020/tulathromycin 5.5 2.9, 9.3 <0.001

2021/oxytetracycline vs.
2021/tulathromycin 4.4 2.1, 9.3 <0.001

H. somni

2021/tulathromycin vs.
2020/tulathromycin 2.6 0.6, 2.4 0.06

2021/oxytetracycline vs.
2020/tulathromycin 3.3 1.2, 3.7 0.018

2021/oxytetracycline vs.
2021/tulathromycin 1.3 0.4, 3.7 0.67

2.3. Differences in Bacterial Recovery over Time within Year and Metaphylaxis Options

The probability of recovering M. haemolytica more than doubled from 33% (CI: 27–39%)
at 1DOF before metaphylaxis to 75% (CI: 64–84%) at 36DOF post metaphylaxis adminis-
tration in 2020 (Figure 1a). While there was substantial pen-to-pen variation at 13DOF
(Table 2), calves in 2020 were more likely to have M. haemolytica isolated at 13DOF than at
1DOF and at 36DOF compared to 13DOF (Table 6).

In contrast, the recovery of M. haemolytica from pens receiving tulathromycin in 2021
decreased from 1DOF to 13DOF (49% [CI: 40–58%] to 31% [CI: 16–52]), followed by an
increase from 13DOF to 36DOF (Figure 1b; Table 6). For calves receiving oxytetracycline at
arrival in 2021, the recovery of M. haemolytica decreased from 1DOF to 36DOF (Figure 1c;
Table 6).

For calves receiving tulathromycin at arrival, P. multocida recovery decreased between
1 and 13DOF from 56% (CI: 46–66%) to 10% (CI: 7–14%) in 2020 and from 44% (CI: 30–58%)
to 12% (CI: 7–19%) in 2021 (Figure 1a, b; Table 6). P. multocida then increased in the
tulathromycin groups from 13DOF to 36DOF in both 2020 and 2021 (Figure 1a, b; Table 6).
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In contrast, the recovery of P. multocida from calves receiving oxytetracycline at arrival
in 2021 did not significantly change between 1DOF (40% [CI: 27–54%]) and 36DOF (36%
[CI: 27–47%]) (Figure 1c; Table 6).

Table 6. Pairwise comparisons from the repeated measures and multilevel logistic regression models
for the likelihood of bacterial recovery (M. haemolytica, P. multocida, H. somni) from calves within pens
at 1DOF at on-arrival processing and before metaphylaxis, 13DOF, and 36DOF, stratified by sampling
year and metaphylactic antimicrobial administered. Differences reported population-averaged odds
ratios (ORs) and 95% confidence intervals (CIs) conditioned on pen and calf levels. n = 1599 calves at
1DOF, 1596 at 13DOF, and 310 at 36DOF.

Bacteria Year/Metaphylaxis DOF Comparison OR 95% CI p-Value

M. haemolytica

2020/tulathromycin
13DOF vs. 1DOF 2.4 1.9, 2.9 <0.001
36DOF vs. 1DOF 6.8 4.0, 12 <0.001
36DOF vs. 13DOF 2.8 1.7, 4.8 <0.001

2021/tulathromycin
13DOF vs. 1DOF 0.5 0.3, 0.6 <0.001
36DOF vs. 1DOF 1.3 0.9, 1.9 0.19
36DOF vs. 13DOF 2.9 1.9, 4.3 <0.001

2021/oxytetracycline
13DOF vs. 1DOF 1.3 1.0, 1.7 0.041
36DOF vs. 1DOF 0.5 0.3, 0.7 <0.001
36DOF vs. 13DOF 0.3 0.2, 0.5 <0.001

P. multocida

2020/tulathromycin
13DOF vs. 1DOF 0.1 0.1, 0.1 <0.001
36DOF vs. 1DOF 0.2 0.1, 0.3 <0.001
36DOF vs. 13DOF 2.3 1.3, 4 0.004

2021/tulathromycin
13DOF vs. 1DOF 0.2 0.1, 0.2 <0.001
36DOF vs. 1DOF 0.3 0.2, 0.5 <0.001
36DOF vs. 13DOF 1.9 1.2, 3.2 0.01

2021/oxytetracycline
13DOF vs. 1DOF 0.9 0.7, 1.2 0.65
36DOF vs. 1DOF 0.9 0.6, 1.3 0.55
36DOF vs. 13DOF 0.9 0.6, 1.4 0.75

H. somni

2020/tulathromycin
13DOF vs. 1DOF 0.5 0.3, 0.7 <0.001
36DOF vs. 1DOF 9.8 5.7, 17 <0.001
36DOF vs. 13DOF 22 12, 40 <0.001

2021/tulathromycin
13DOF vs. 1DOF 1.1 0.7, 1.7 0.70
36DOF vs. 1DOF 13 7.7, 22 <0.001
36DOF vs. 13DOF 12 7.1, 20 <0.001

2021/oxytetracycline
13DOF vs. 1DOF 2.7 1.6, 4.6 <0.001
36DOF vs. 1DOF 44 23, 84 <0.001
36DOF vs. 13DOF 16 9.3, 27 <0.001

H. somni recovery increased over time, averaging 8% at 1DOF and 13DOF and sharply
increasing to 58% at 36DOF (Figure 1a–c). However, recovery varied from 1DOF to 13DOF
across metaphylaxis options (Table 6). In year 2020 tulathromycin-treated pens, calves
were less likely to have H. somni at 13DOF than at 1DOF. In 2021, there was no significant
difference for tulathromycin-treated calves; however, the recovery of H. somni was greater
in oxytetracycline-treated calves at 13DOF (Table 6).

2.4. Bacterial Co-Isolation Patterns in Years 2020 and 2021 at 1DOF and 13DOF

Most calves with BRD bacteria detected had a single species isolated at both 1DOF
and 13DOF (Table 7). Irrespective of year and metaphylaxis antimicrobial administered, the
most common co-isolation pattern observed at 1DOF was M. haemolytica and P. multocida
(15%), followed by P. multocida and H. somni (3%) and M. haemolytica and H. somni (0.9%)
(Table 7). At 13DOF, these proportions changed only slightly, with 8% of calves having
M. haemolytica and P. multocida, 2% having M. haemolytica and H. somni, and 1% having
P. multocida and H. somni. Very few calves had all three bacteria isolated concurrently.
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Table 7. Number of calves with bacterial co-isolation patterns recovered at 1DOF at on-arrival
processing and before metaphylaxis and 13DOF stratified by sampling year and metaphylactic
antimicrobial administered.

Number (%) of Calves with Bacterial Co-Isolation Pattern

Year Meta. 1 Time
Point

No.
Calves

Neg.
Culture MH PM HS MH + PM MH + HS PM + HS MH + PM + HS

2020 Tula
1DOF 799 183 (23%) 133 (17%) 286 (36%) 26 (3%) 120 (15%) 6 (0.8%) 40 (5%) 5 (0.6%)

13DOF 798 322 (40%) 366 (46%) 32 (4%) 19 (2%) 43 (5%) 10 (1%) 4 (0.5%) 2 (0.3%)

2021 Tula
1DOF 400 83 (21%) 117 (29%) 94 (24%) 19 (5%) 69 (17%) 7 (12%) 8 (2%) 3 (0.8%)

13DOF 399 219 (55%) 102 (26%) 26 (6.5%) 27 (7%) 12 (3%) 4 (1%) 8 (2%) 1 (0.3%)

2021 Oxy
1DOF 400 102 (26%) 131 (33%) 96 (24%) 5 (1%) 54 (14%) 2 (0.5%) 5 (1%) 5 (1%)

13DOF 399 84 (21%) 133 (33%) 71 (18%) 13 (3%) 64 (16%) 15 (4%) 11 (3%) 8 (2%)

All
Years

All
Groups

1DOF 1599 368 (23%) 381 (24%) 476 (30%) 50 (3%) 243 (15%) 15 (0.9%) 53 (3%) 13 (0.8%)

13DOF 1596 625 (39%) 601 (38%) 129 (8%) 59 (3%) 119 (8%) 29 (2%) 23 (1%) 11 (0.7%)

1 Antimicrobial used for metaphylaxis (Meta.): Tula, tulathromycin; Oxy, oxytetracycline; MH, M. haemolytica; PM,
P. multocida; HS, H. somni.

In general, calves that received metaphylaxis treatment with tulathromycin had a
substantial decrease in overall bacterial recovery from 1DOF to 13DOF (OR: 2.91; 95%
CI: 2.45–3.47; p-value: <0.001), with an average of 22% of calves with a negative culture
result at 1DOF and 45% at 13DOF (Table 7). Within this overall pattern, the recovery of M.
haemolytica increased between 1DOF and 13DOF in 2020, although not in 2021 (Figure 1).
This contrasted with the results for oxytetracycline-treated calves, for which the average
number of animals with negative culture results remained relatively stable over time (OR:
0.77; 95% CI: 0.56, 1.08; p-value: 0.13) (Table 7).

2.5. Differences in Antimicrobial Susceptibility of Bacteria between Years at 1DOF

The overall crude (unadjusted) prevalence of calves exhibiting resistance to the tested
antimicrobials among the BRD pathogens of interest at 1DOF was low (Tables 8 and 9). The
population-averaged prevalence, accounting for clustering by pen, was 7% (CI: 5–10%) for
2020 and 5% (CI: 4–8%) for 2021 (p-value: 0.23). Frequency tables for minimum inhibitory
concentrations are provided in Supplementary Materials S1.

Table 8. Number (%) of calves with bacteria interpreted as resistant to select antimicrobials 1 at 1DOF
at on-arrival processing and before metaphylaxis, 13DOF, and 36DOF for the 2020 study population
based on CLSI minimum inhibitory concentration breakpoints (all calves received metaphylactic
tulathromycin at arrival).

Time
Point

No.
Calves

Bacteria
2

Number (%) of Calves with Isolates Resistant to Select Antimicrobials 1

AMP DANO FLOR SPECT TET GAM TILD TILM TUL

1DOF

799 MH 1 (0.1%) 0 0 0 0 1 (0.1%) 0 0 1 (0.1%)

799 PM 15 (2%) 0 0 31 (4%) 28 (4%) 0 0 NI 0

799 HS 0 NI 0 1 (0.1%) 0 0 4 (0.5%) NI 6 (0.8%)

13DOF

798 MH 2 (0.3%) 0 1 (0.1%) 0 1 (0.1%) 351 (44%) 3 (0.4%) 25 (3%) 341 (43%)

798 PM 7 (0.9%) 0 0 10 (1%) 8 (1%) 1 (0.1%) 1 (0.1%) NI 1 (0.1%)

798 HS 0 NI 0 0 0 1 (0.1%) 2 (0.3%) NI 2 (0.3%)

36DOF

80 MH 2 (2.5%) 0 0 0 1 (1.3%) 44 (55%) 1 (1.3%) 7 (8.8%) 40 (50%)

80 PM 0 0 0 3 (3.8%) 3 (3.8%) 0 0 NI 0

80 HS 0 NI 0 0 0 0 0 NI 0
1 Antimicrobials for which isolates were tested: AMP, ampicillin; DANO, danofloxacin; FLOR, florfenicol; SPECT,
spectinomycin; TET, tetracycline; GAM, gamithromycin; TILD, tildipirosin; TILM, tilmicosin; TUL, tulathromycin.
No resistance observed for penicillin, ceftiofur, or enrofloxacin. 2 MH, M. haemolytica; PM, P. multocida; HS,
H. somni. NI = not interpretable, CLSI breakpoints not available.
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Table 9. Number (%) of calves with bacteria interpreted as resistant to select antimicrobials 1 at
1DOF at on-arrival processing and before metaphylaxis, 13DOF, and 36DOF for the 2021 study
population based on CLSI minimum inhibitory concentration breakpoints, stratified by metaphylactic
antimicrobial administered at arrival.

Number (%) of Calves with Isolates Resistant to Select Antimicrobials 1

Meta. 2 Time
Point

No.
Calves Bacteria 3 AMP PEN DANO SPECT TET GAM TILD TILM TUL

Tula

1DOF

399 MH 2 (0.5%) 0 2 (0.5%) 0 1 (0.3%) 0 1 (0.3%) 2 (0.5%) 0

399 PM 9 (2%) 0 0 5 (1%) 3 (0.8%) 0 0 NI 0

399 HS 0 0 NI 1 (0.3%) 0 0 0 NI 0

13DOF

399 MH 0 0 0 0 18 (5%) 27 (7%) 38 (10%) 43 (11%) 27 (7%)

399 PM 6 (2%) 0 0 0 0 0 0 NI 0

399 HS 1 (0.3%) 0 NI 1 (0.3%) 1 (0.3%) 0 0 NI 0

36DOF

119 MH 1 (0.8%) 0 0 0 23 (19.3%) 10 (8.4%) 12 (10.1%) 12 (10.1%) 10 (8.4%)

119 PM 0 0 0 0 0 0 0 NI 0

119 HS 3 (2.5%) 1 (0.8%) 0 0 6 (5.0%) 0 0 NI 0

Oxy

1DOF

399 MH 0 1 (0.3%) 0 0 1 (0.3%) 0 0 0 0

399 PM 8 (2%) 0 0 11 (3%) 9 (2%) 0 0 NI 0

399 HS 0 0 NI 0 1 (0.3%) 0 0 NI 0

13DOF

398 MH 1 (0.3%) 2 (0.5%) 0 (0%) 0 3 (0.8%) 3 (0.8%) 3 (0.8%) 3 (0.8%) 3 (0.8%)

398 PM 3 (0.8%) 0 0 (0%) 53 (13%) 52 (13%) 0 0 NI 0

398 HS 0 0 NI 0 14 (4%) 0 0 NI 0

36DOF

110 MH 0 0 0 0 0 0 0 0 0

110 PM 2 (1.8%) 1 (0.9%) 0 15 (13.6%) 17 (15.5%) 0 0 NI 0

110 HS 1 (0.9%) 0 NI 0 11 (10%) 0 0 NI 0

1 Antimicrobials for which isolates were tested: AMP, ampicillin; PEN, penicillin; DANO, danofloxacin; SPECT,
spectinomycin; TET, tetracycline; GAM, gamithromycin; TILD, tildipirosin; TILM, tilmicosin; TUL, tulathromycin.
No resistance observed for ceftiofur, florfenicol, or enrofloxacin. 2 Antimicrobial used for metaphylaxis (Meta.).
3 MH, M. haemolytica; PM, P. multocida; HS, H. somni. NI = not interpretable, CLSI breakpoints not available.

In 2020 at 1DOF, the most commonly observed resistance was to tetracycline (4% of
calves) or spectinomycin (4% of calves) with P. multocida (Table 8). For all three species, <2%
of calves had isolates resistant to ampicillin, tulathromycin, gamithromycin, or tildipirosin.
No calves had bacteria with resistance to penicillin, ceftiofur, danofloxacin, enrofloxacin,
florfenicol, or tilmicosin.

In 2021 at 1DOF, 2% of calves had ampicillin- or spectinomycin-resistant P. multocida
(Table 9). Tetracycline resistance was observed in 0.8% of calves in the tulathromycin-
treated cohorts and 2% in the oxytetracycline-treated cohorts. Less than 1% of calves
had M. haemolytica or H. somni with any AMR. No calves had bacteria with resistance to
enrofloxacin, florfenicol, or tulathromycin.

2.6. Differences in Antimicrobial Susceptibility of Bacteria between Years at 13DOF

The population-averaged prevalence of calves with an organism resistant to at least one
antimicrobial at 13DOF, adjusted for pen, was 41% (CI: 23–62%) for year 2020 tulathromycin-
treated calves, 15% (CI: 5–37%) for 2021 tulathromycin-treated calves, and 20% (CI: 7–46%)
for 2021 oxytetracycline-treated calves. There were no significant differences in the preva-
lence of calves with at least one AMR pathogen at 13DOF between year/metaphylaxis groups
(2021/tulathromycin vs. 2020/tulathromycin, p-value: 0.062; 2021/oxytetracycline vs. 2020/tu-
lathromycin, p-value: 0.18; 2021/tulathromycin vs. 2021/oxytetracycline, p-value: 0.65).

The highest prevalence of AMR was observed for tulathromycin- or gamithromycin-
resistant M. haemolytica isolated from calves in 2020 at 13DOF (Table 10). Calves were
more likely to have tulathromycin- or gamithromycin-resistant M. haemolytica isolates
from 2020 tulathromycin-treated pens than either 2021 tulathromycin-treated or 2021
oxytetracycline-treated pens (Table 10). There were no significant differences between
years for the frequency of recovery of tilmicosin-, tildipirosin-, or tetracycline-resistant
M. haemolytica (p-values of 0.36, 0.20, and 0.52, respectively).
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Table 10. Differences in antimicrobial resistance (AMR) patterns from the repeated measures
multilevel logistic regression models at 13DOF between years and metaphylaxis administered
(year 2020/tulathromycin, year 2021/tulathromycin, and year 2021/oxytetracycline), reported as
population-averaged odds ratios (ORs) and 95% confidence intervals (CIs), accounting for clustering
at the pen-level. n = 1595 calves for which susceptibility data were available.

AMR Outcome of Interest Pairwise Comparison of Year/Metaphylaxis OR 95% CI p-Value

M. haemolytica
tulathromycin

2021/tulathromycin vs. 2020/tulathromycin 0.1 0.03, 0.7 0.02
2021/oxytetracycline vs. 2020/tulathromycin 0.06 0.01, 0.4 0.004
2021/oxytetracycline vs. 2021/tulathromycin 0.4 0.05, 3.2 0.39

M. haemolytica
gamithromycin

2021/tulathromycin vs. 2020/tulathromycin 0.1 0.03, 0.7 0.018
2021/oxytetracycline vs. 2020/tulathromycin 0.06 0.01, 0.4 0.004
2021/oxytetracycline vs. 2021/tulathromycin 0.4 0.05, 3.1 0.39

P. multocida tetracycline *
2021/tulathromycin vs. 2020/tulathromycin ** 0.2 0, 0.90 0.08
2021/oxytetracycline vs. 2020/tulathromycin 15 6.9, 37 <0.0001

2021/oxytetracycline vs. 2021/tulathromycin ** 83 19, ∞ <0.0001

Post-hoc Wald test for significance of differences between year and metaphylaxis options was not different for the
recovery of any pathogen with AMR or M. haemolytica with resistance to tildipirosin, tilmicosin, or tetracycline.
* Zero calves with tetracycline resistance at 13DOF from year 2021 tulathromycin-treated pens. Exact logistic
regression used. ** Median unbiased estimate reported.

Tetracycline-resistant P. multocida was not identified at 13DOF in any calves in the 2021
tulathromycin-treated pens, compared to 13% with tetracycline-resistant isolates in the
2021 oxytetracycline-treated calves at 13DOF (Table 9). Tetracycline-resistant P. multocida
was more prevalent at 13DOF in 2021 oxytetracycline-treated calves than either the 2020 or
2021 tulathromycin-treated calves (Table 10).

2.7. Within-Year Comparison of Bacterial and Antimicrobial Susceptibility from 1DOF to 36DOF

For the 2020 study population, the population-averaged prevalence of tulathromycin-
resistant M. haemolytica increased over time from 0.1% (CI: 0.02–0.9%) at 1DOF to 34%
(CI: 17–57%) at 13DOF (p-value: <0.001; Tables 8 and 11). The prevalence of calves with
gamithromycin-resistant M. haemolytica also increased from 0.1% (CI: 0.02–0.9) at 1DOF
to 35% (CI: 17–58) at 13DOF (p-value: <0.001; Tables 8 and 11). Both tulathromycin- and
gamithromycin-resistant M. haemolytica also increased from 1DOF to 36DOF (Table 11).
There were no significant differences over time for tildipirosin-resistant M. haemolytica,
while resistance to tilmicosin increased across all time points (Table 11).

In 2021, there were no calves with tulathromycin- or gamithromycin-resistant
M. haemolytica at 1DOF (CI: 0–0.005%) in either metaphylaxis group (Table 9). By 13DOF, the
population-averaged prevalence of tulathromycin-resistant M. haemolytica in the year 2021
increased to 7% (CI: 2–22%) for tulathromycin-treated calves but only to 0.8% (CI: 0.5–15%)
for oxytetracycline-treated calves (Table 11). In 2021 tulathromycin-treated cohorts,
gamithromycin-, tildipirosin-, and tilmicosin-resistant M. haemolytica increased from 1DOF
to 13DOF and from 1DOF to 36DOF, but the difference between 13DOF and 36DOF
was not significant. In contrast, there were no significant differences over time for the
oxytetracycline-treated cohorts (Table 11).

Tetracycline-resistant M. haemolytica also increased in 2021 tulathromycin-treated
calves across all time points (Table 11), but there were no significant differences for the
oxytetracycline-treated cohorts. The recovery of P. multocida with tetracycline resistance
decreased from 1DOF to 13DOF in 2020 (Table 12) but subsequently rebounded from 13DOF
to 36DOF (p-value: 0.05). There were no differences over time in 2021 tulathromycin-treated
calves. For oxytetracycline-treated calves in 2021, the recovery of tetracycline-resistant
P. multocida increased significantly from 1DOF to 13DOF as well as from 1DOF to 36DOF,
with no change between 36DOF and 13DOF (Table 12).
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Table 11. Pairwise comparisons from the repeated measures, multilevel logistic regression models
for the likelihood of a calf within a pen having M. haemolytica with antimicrobial resistance (AMR)
to tulathromycin, gamithromycin, tilmicosin, tildipirosin, or tetracycline across time for each year
and metaphylaxis option, reported as population-averaged odds ratios (ORs) and 95% confidence
intervals (CIs), accounting for clustering at the pen level. n = 1595 calves for which susceptibility data
were available.

AMR Outcome of Interest Year/Metaphylaxis DOF Comparison OR 95% CI p-Value

Tulathromycin

2020/tulathromycin

13DOF vs. 1DOF 151 36, 638 <0.001

36DOF vs. 1DOF 206 46, 915 <0.001

36DOF vs. 13DOF 1.4 0.9, 2.1 0.14

2021/tulathromycin *

13DOF vs. 1DOF ** 41 9.1, ∞ <0.001

36DOF vs. 1DOF ** 50 10, ∞ <0.001

36DOF vs. 13DOF 1.3 0.5, 3.4 0.67

2021/oxytetracycline

13DOF vs. 1DOF ** 3.9 0.6, ∞ 0.25

36DOF vs. 1DOF · · ·
36DOF vs. 13DOF ** 0.9 0, 6.2 0.96

Gamithromycin

2020/tulathromycin

13DOF vs. 1DOF 160 38, 672 <0.001

36DOF vs. 1DOF 260 58, 1151 <0.001

36DOF vs. 13DOF 1.6 1.1, 2.5 0.02

2021/tulathromycin *

13DOF vs. 1DOF ** 41 9.1, ∞ <0.001

36DOF vs. 1DOF ** 50 10, ∞ <0.001

36DOF vs. 13DOF 1.3 0.5, 3.4 0.66

2021/oxytetracyclin

13DOF vs. 1DOF ** 3.9 0.6, ∞ 0.25

36DOF vs. 1DOF · · ·
36DOF vs. 13DOF ** 0.90 0, 6.2 0.96

Tildipirosin

2020/tulathromycin *

13DOF vs. 1DOF ** 3.9 0.6, ∞ 0.25

36DOF vs. 1DOF ** 9.9 0.5, ∞ 0.18

36DOF vs. 13DOF 3.3 0.06, 42 0.64

2021/tulathromycin

13DOF vs. 1DOF 10 3.0, 34 <0.001

36DOF vs. 1DOF 11 3.0, 37 <0.001

36DOF vs. 13DOF 1.0 0.7, 1.6 0.85

2021/oxytetracycline *

13DOF vs. 1DOF ** 3.9 0.6, ∞ 0.12

36DOF vs. 1DOF · · ·
36DOF vs. 13DOF ** 0.9 0, 6.2 0.48

Tilmicosin

2020/tulathromycin *

13DOF vs. 1DOF ** 37 8.1, ∞ <0.001

36DOF vs. 1DOF ** 103 20, ∞ <0.001

36DOF vs. 13DOF 3.0 1.0, 7.4 0.04

2021/tulathromycin

13DOF vs. 1DOF 6.6 2.9, 15 <0.001

36DOF vs. 1DOF 6.4 2.6, 16 <0.001

36DOF vs. 13DOF 1.0 0.6, 1.5 0.84

2021/oxytetracycline *

13DOF vs. 1DOF ** 3.9 0.6, ∞ 0.25

36DOF vs. 1DOF · · ·
36DOF vs. 13DOF ** 0.9 0, 6.2 0.96
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Table 11. Cont.

AMR Outcome of Interest Year/Metaphylaxis DOF Comparison OR 95% CI p-Value

Tetracycline

2020/tulathromycin *

13DOF vs. 1DOF ** 1.0 0.05, ∞ 1.00

36DOF vs. 1DOF ** 10 0.5, ∞ 0.18

36DOF vs. 13DOF 10 0.1, 1000 0.35

2021/tulathromycin

13DOF vs. 1DOF 7.2 1.9, 27 0.001

36DOF vs. 1DOF 27 6.3, 115 <0.001

36DOF vs. 13DOF 3.7 2, 7 <0.001

2021/oxytetracycline *

13DOF vs. 1DOF 3.0 0.2, 159 0.62

36DOF vs. 1DOF ** 3.6 0, 69 1.57

36DOF vs. 13DOF ** 0.9 0, 6.2 0.96

* Exact logistic regression equation performed. · odds ratio (OR) was not estimable. ** Indicates a median unbiased
estimate.

Table 12. Pairwise comparisons from the repeated measures, multilevel logistic regression models for
the likelihood of a calf within a pen having P. multocida with tetracycline resistance or spectinomycin
resistance (antimicrobial resistance (AMR)) across time points for each year and metaphylaxis option,
reported as population-averaged odds ratios (ORs) and 95% confidence intervals (CIs), accounting
for clustering at the pen level. n = 1595 calves for which susceptibility data were available.

AMR Outcome of Interest Year/Metaphylaxis DOF Comparison OR 95% CI p-Value

Tetracycline

2020/tulathromycin

13DOF vs. 1DOF 0.4 0.2, 0.7 0.001

36DOF vs. 1DOF 1.1 0.4, 2.7 0.83

36DOF vs. 13DOF 2.9 1, 8.2 0.052

2021/tulathromycin *

13DOF vs. 1DOF ** 0.3 0, 1.7 0.25

36DOF vs. 1DOF ** 0.9 0, 5.8 0.91

36DOF vs. 13DOF · · ·

2021/oxytetracycline

13DOF vs. 1DOF 5.1 2.8, 9.3 ≤0.001

36DOF vs. 1DOF 6.0 2.9, 12.6 ≤0.001

36DOF vs. 13DOF 1.2 0.7, 1.9 0.50

Spectinomycin

2020/tulathromycin

13DOF vs. 1DOF 0.41 0.2, 0.7 0.001

36DOF vs. 1DOF 1.02 0.4, 2.6 0.97

36DOF vs. 13DOF 2.5 0.9, 6.9 0.084

2021/tulathromycin *

13DOF vs. 1DOF ** 0.1 0, 0.8 0.06

36DOF vs. 1DOF ** 0.5 0, 2.8 0.54

36DOF vs. 13DOF · · ·

2021/oxytetracycline

13DOF vs. 1DOF 4.3 2.5, 7.5 ≤0.001

36DOF vs. 1DOF 4.3 2.2, 8.3 ≤0.001

36DOF vs. 13DOF 1.0 0.6, 1.6 0.97

* Exact logistic regression equation performed. · odds ratio (OR) was not estimable. ** Indicates a median unbiased
estimate.

2.8. Pen-Level Clustering of Bacterial Recovery and Antimicrobial Resistance

For all calves at 1DOF, differences in the recovery of bacteria of interest between pens
measured by the intraclass correlation coefficient (ICC) were low at 0.029 (CI: 0.011–0.078)
for M. haemolytica, 0.09 (CI: 0.04–0.18) for P. multocida, and 0.10 (CI: 0.04–0.23) for H. somni.
In comparison, the proportion of variance explained by clustering at the pen level increased
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substantially for the recovery of M. haemolytica at 13DOF to 0.24 (CI: 0.13–0.39). The ICCs
for P. multocida at 13DOF (0.067, CI: 0.025–0.16) and H. somni (0.16, CI: 0.06–0.35) were
relatively stable compared to 1DOF.

Likewise, the prevalence of tulathromycin-resistant M. haemolytica was low (0.1%) at
1DOF, making the ICC negligible. At 13DOF, while conditioning on year and metaphylactic
drug, the proportion of total variance explained by pen increased substantially to 0.72
(CI: 0.46–0.89). A similar increase in pen-level variation was observed for calves with
tetracycline-resistant M. haemolytica where, again, the ICC was negligible at 1DOF but
increased to 0.74 (CI: 0.29–0.95) at 13DOF. For calves with tetracycline-resistant P. multocida,
the ICC at 1DOF was 0.078 (CI: 0.012–0.35), increasing to 0.39 at 13DOF (CI: 0.16–0.68).

2.9. Sample Size Estimates Generated from Simulation Models

The accuracy and precision of sample size estimates resulting from simulation studies
are detailed in Supplementary Materials S2, Figure S1. The findings support the recommen-
dation of sampling 20 to 30 calves per pen of 200 calves. This sample size range enabled
the differentiation of a low, moderate, or high prevalence of calves with BRD pathogens
exhibiting antimicrobial resistance.

3. Discussion

The results of this study support the antimicrobial stewardship efforts of the beef
feedlot industry by providing evidence of pathogen and AMR variability over time and
between pens. Currently, feedlot cattle are managed in groups at the pen level and antimi-
crobial decisions are based on experience, available history of the incoming cattle, studies
on protocol effectiveness, and limited AMR surveillance reports. Sampling each individual
animal prior to AMU might be an ultimate end goal of targeted antimicrobial decisions [7];
yet, it is currently neither feasible nor practical for large commercial feedlots. Instead, our
simulation model supports that evidence-based laboratory data on individual pens could
be generated by sampling a subset of 20 to 30 animals per pen of 200 calves at arrival for
cattle not receiving metaphylaxis or shortly after the PMI in calves where metaphylaxis was
used. The resulting culture and antimicrobial susceptibility testing (AST) data could then
be used to inform pen-level management decisions and antimicrobial treatment protocols
for animals that become sick after testing. Despite limitations in laboratory testing data and
cut points with which to interpret them, antimicrobial stewardship can be promoted by
reducing the use of antimicrobials likely to be ineffective based on their resistance profiles.
Providing laboratory data that AMU is evidence-based can also address the demands of
stakeholders, trade partners, and consumers who are increasingly concerned with the use
of antimicrobials in animal agriculture [35,36].

Identifying optimal sampling times used to inform AMU decisions requires a com-
prehensive understanding of bacterial dynamics and antimicrobial susceptibility changes
within feedlot pens during the early feeding period, when calves are at increased risk of
BRD. This study therefore focused on sampling cattle at arrival, and prior to metaphylaxis
treatment and prolonged comingling with pen mates, then again two weeks after metaphy-
laxis. As such, this study provides foundational knowledge needed for subsequent studies
to build upon.

The design of this study was distinct from and built on findings from others evalu-
ating changes in the early feeding period in several ways. First, multiple samples were
collected from almost 800 calves per year and the study was repeated over the course of
two years and with different metaphylaxis protocols to provide robust data for description
and comparison. Second, animals in this study were sourced from mixed farms of origin
(30–81 different farms per pen in 2020 and 12–38 farms per pen in 2021) and housed in
pens with calf numbers that more closely approach those observed in commercial feed-
lots than pen sizes typically reported in research studies. As a result, this information
builds on the work of other longitudinal research investigations that have used smaller
pen numbers (20–30 calves/pen) [18,19] or enrolled cattle with limited diversity in herd
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of origin [19,24]. Perhaps most distinctively, this study maintained a consistent sampling
approach, collecting a sample from each animal at two specific time points, with all sam-
ples submitted for AST. This contrasts with other studies that only sampled a subset of
animals from commercial feedlot pens [15] in which not all recovered bacteria underwent
AST [37] or the second sampling times occurred at varying DOF [15,38,39]. Our study’s
second time point of 13DOF provided further data on bacterial changes during the first
two weeks on feed as opposed to others focusing on the evolution of bacteria from arrival
to ≥40DOF [20,24,40,41] or differences between bacterial isolation in auction-derived and
ranch-direct calves [18].

While sampling cattle at 1DOF captures baseline pathogen and AMR statuses at
feedlot entry, the 13DOF time point is significant for its insight into shifts in bacterial
prevalence and antimicrobial susceptibility following feedlot placement. The first few
weeks on feed are an important time in the feedlot for the development of clinical BRD
and the transmission and dissemination of BRD pathogens and AMR within calves in pens
and between pens [31,42]. Commingling of animals from different sources, stress, potential
environmental contamination, exposure to fomites, changes in diet, and metaphylactic
antimicrobial administration can each affect respiratory microflora [31,43]. In this study,
the choice of 13DOF sampling coincides with the maximum PMI for tulathromycin [44]
and the period when pathogen numbers might rebound, and any AMR-associated selection
from AMU at arrival or transmission might emerge.

Although national surveillance programs support efforts to monitor BRD pathogens
and AMR trends over time, allowing for prevalence comparisons between geographies,
these programs generally collect samples from a subset of animals from a subset of pens
to estimate commodity- or feedlot-level prevalence [45,46]. To enhance compliance, the
samples for the surveillance program are collected when it is most convenient for feedlot
staff, at arrival and reprocessing. In contrast, the purposeful design of the present study
repeatedly sampled all animals within each pen across the two time points early in the
feeding period, which is of great interest for potentially informing the treatment of BRD.

In the present study, P. multocida was the most commonly recovered bacteria at arrival
in 2020, while M. haemolytica was more common at arrival in 2021 and remained the
prominent bacteria recovered at 13DOF for both years. This contrasts with the recent
studies by Nobrega et al. [22] and Guo et al. [40], where P. multocida was reported as the
most commonly recovered bacteria at arrival and throughout most subsequent time points.
Although both studies noted above agreed in describing changes in pathogen recovery
within calf groups over time [22,40], the present study was unique in further evaluating
the specific effect of the group-level clustering of outcomes.

While no formal assessments of group effects could be made due to the size of the study,
a previous report did describe differences in AMR across groups [18]. Hirsch et al. [18]
compared the presence of bacterial pathogens and AMR from two groups of 30 cattle either
directly transported to a feedlot or first transported to an auction market prior to feedlot
placement. Deep nasal swabs were collected at feedlot processing (e.g., on arrival), 2DOF,
and 9DOF [18]. P. multocida was also the most frequently isolated bacteria at the time of
feedlot processing in their study, regardless of transport group. While their objective was
to compare sampling times between auction market and ranch-direct calves, differences
were noted in the prevalence of bacteria over time between the two feedlot groups, with
one group experiencing the spread of a multi-drug-resistant strain of P. multocida while the
second group observed no recovery of P. multocida at 9DOF or 30DOF [18]. Together, these
results demonstrate the potential variation in bacterial behavior over time observed across
different populations of animals enrolled within the same study.

The percentage of calves from which the organisms of interest were recovered was
generally higher in this study compared to others, particularly for M. haemolytica [15,34,38].
The H. somni trends were similar to those observed by Erickson et al. [38] during earlier
time points, but prevalence was higher at later sampling times. The on-arrival prevalence
of bacteria was also higher than the first year of national surveillance averages reported by
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the Canadian Integrated Program for Antimicrobial Resistance Surveillance (CIPARS) [47].
The CIPARS project observed a 2020 national on-arrival isolate recovery rate of 8.9%
(34/384 samples) for M. haemolytica, 28% (108/384 samples) for P. multocida, and 2.6%
(10/384 samples) for H. somni (Sheryl Gow, personal communication). In comparison, from
all years combined, the present study observed a crude on-arrival recovery of 41% of calves
with M. haemolytica, 49% with P. multocida, and 8% with H. somni.

The current study adhered to the identical protocol for bacterial culture and AST
performed at the same diagnostic laboratory utilized by CIPARS. One possible reason for
the discrepancies in recovery rates between this study and CIPARS is the differences in the
risk levels of the cattle sampled. Surveillance by CIPARS collected samples from a range of
risk categories and was not restricted to the fall season, whereas the present study focused
on fall-placed auction-sourced calves. Moreover, the samples in the current study had the
advantage of a fast turn-around time from sample collection to arrival and processing at
the laboratory. This delay was a few hours for the present study compared to days for
CIPARS samples collected and shipped by courier from commercial feedlots.

The present study reports a higher proportion of calves with M. haemolytica with
resistance to gamithromycin and tulathromycin than to tilmicosin or tildipirosin in 2020, but
the results from 2021 are more consistent with the CIPARS surveillance report for 2019 [47].
Both our study and the 2019 CIPARS report identified tetracycline as the antibiotic with the
highest resistance prevalence for P. multocida, while H. somni exhibited the least amount
of AMR among the three bacteria [47]. Overall, the present study agreed with CIPARS
in observing low AMR on feedlot arrival, with subsequent increases noted at second
sampling times. A direct comparison of resistance prevalence between the two studies
should be conducted cautiously due to differences in reporting: CIPARS presents resistance
prevalence at the per-isolate level, whereas our study reports at the per-calf level in the
primary text. However, isolate-level information in the present study can be derived from
the MIC tables available in the Supplementary Materials S1.

In the present study, the on-arrival resistance of M. haemolytica isolates was lower than
that reported by Andrés-Lasheras et al. [34] in their longitudinal study using 10 commercial
Alberta feedlots. Andrés-Lasheras et al. [34] reported that their most common on-arrival
AMR resistance in M. haemolytica isolates collected from beef-type cattle included oxytetra-
cycline (10%), tilmicosin (6.4%), and ampicillin (4.6%). In comparison, in the present study,
only one oxytetracycline- (0.2%), two tilmicosin- (0.3%), and three ampicillin-resistant
M. haemolytica (0.5%) were recovered from cattle on arrival. The resistance of P. multocida
isolates was also slightly higher in the Andrés-Lasheras et al. study [34], with their most
frequent resistance profiles being for tetracycline (8.4%), ampicillin (7.7%), and spectino-
mycin (8.1%), compared to recoveries in the present study for tetracycline (5.1%), ampicillin
(4.1%), and spectinomycin (6.0%). H. somni consistently exhibited minimal AMR on arrival
and was observed at similar levels in the present study, the study by Andrés-Lasheras et al.,
and CIPARS [34].

Antimicrobial exposure contributes to changes in microbiota [23,31]. Metaphylaxis
is an important strategy for BRD control in high-risk calves that results in an alteration in
pathogen load [3,6]. However, a likely secondary consequence of blanket AMU is a change
in the antimicrobial susceptibility patterns of bacteria, even if transient. This phenomenon
was observed in the pens studied, where select antimicrobial MIC distributions trended
up from 1DOF to 13DOF and generally decreased again by 36DOF first in 2020 and then
again in 2021 [48]. This shift in susceptibility distribution differed between pens and could
have been missed if pens had only been sampled at arrival and later in the feeding period
(>40DOF). Other longitudinal studies have also observed an increase in MIC values in
respiratory bacteria over the feeding period [10,15,22,26].

The results of this study are also consistent with evidence of the dissemination of
strains of BRD pathogens containing AMR among feedlot calves [18,40,49,50]. The rapid
increase in macrolide-resistant M. haemolytica in calves within pens and the consistency in
this pattern across five of eight pens of the 2020 study population was unique compared to
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what was observed in either metaphylaxis treatment groups from 2021. A more thorough
investigation of the changes in phenotypic susceptibility of M. haemolytica as demonstrated
by MIC results observed during the early feeding period in the year 2020 has previously
been described [48]. In agreement with the present study, Guo et al. [40] also found that
while the respiratory microbiota of beef calves can increase in diversity from calf ranch to
feedlot, the results also vary by calf ranch and feedlot.

Also in agreement, Hirsch et al. [18] also noted bacterial and antimicrobial suscepti-
bility variations in feedlot calves. They compared two groups, one directly transported
to a feedlot and the other to an auction market before feedlot placement. Deep nasal
swabs were collected at feedlot processing (e.g., on-arrival), 2DOF, and 9DOF [18]. While
their objective was to compare sampling times between auction market and ranch-direct
calves, differences were noted in the prevalence of bacteria recovered over time between the
two feedlot groups, with one group experiencing the spread of a multi-drug-resistant strain
of P. multocida while the second group observed no recovery of P. multocida at 9DOF or
30DOF [18]. Together with our study, these outcomes demonstrate the potential variability
in bacterial behavior across different animal populations, reinforcing the importance of
pen-level sampling.

The proportion of calves with bacteria resistant to the antibiotic class used for metaphy-
laxis increased between arrival processing and the second sample at 13DOF. Additionally,
macrolide-treated pens in 2020 showed evidence of the clonal spread of macrolide-resistant
M. haemolytica [48]. Our findings correspond with those of other studies on feedlots link-
ing antimicrobial use to the selection of oxytetracycline-resistant P. multocida [40] and
antimicrobial-resistant M. haemolytica clones [49,50]. Studies by Woolums et al., Snyder
et al., and Crosby et al. also revealed a high prevalence of macrolide-resistant and multi-
drug-resistant (MDR) M. haemolytica in stocker cattle post metaphylaxis treatment with
macrolides [27–29].

Furthermore, Holman et al. [31] described significant alterations in nasopharyngeal
microbiota due to single administrations of either oxytetracycline or tulathromycin meta-
phylaxis treatments in commercial feedlots. An association between oxytetracycline meta-
phylaxis and AMR was also evident, specifically shown by a significant increase in tet(H),
a gene responsible for tetracycline efflux, observed from entry to exit of the feedlot period.

While recent studies suggest a trend between antimicrobial classes used in metaphy-
laxis and subsequent AMR patterns, inconsistencies exist. For instance, a longitudinal
study of feedlot cattle by Nobrega et al. [22] found no association between tetracycline
metaphylaxis and tetracycline MICs in respiratory bacteria. However, they did note higher
MICs for macrolides after parenteral metaphylaxis treatment.

Moreover, Woolums et al. [28] highlighted that, despite receiving metaphylaxis treat-
ment with tildipirosin on arrival, all M. haemolytica isolates from their group of stocker
cattle were resistant to enrofloxacin prior to exposure to the fluoroquinolone antimicrobial
class. This suggests that antimicrobial exposure might provide advantages to different
resistant strains beyond the administered antimicrobial class, raising concerns about the
unpredictable effects of such exposure [28]. A better understanding of the drivers of AMR,
whether from selective pressure or the dissemination of resistant clones, is an area deserving
of future research.

In addition to the potential to initiate resistance to antimicrobials beyond those used
in treatment, AMU can also affect non-target bacterial populations. This was demonstrated
in a longitudinal study by Holman et al. [23] that evaluated the effects of oxytetracycline
and tulathromycin on the fecal and nasopharyngeal microbiota of feedlot cattle. Both
antibiotics altered fecal and nasopharyngeal microbiota, highlighting AMU’s broader
impact. While antimicrobials are vital for BRD treatment, the collateral effects of disrupting
the antimicrobial susceptibility of several bacterial species underscores the need for precise
drug selection. This is essential to mitigate potential cost–benefit implications of AMR
emergence in non-target bacterial populations.
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The differences in the prevalence of both BRD bacteria and AMR observed at 1DOF
and 13DOF in this study raise questions regarding the most appropriate time point for
sampling feedlot calves within pens. As is often the case with complex systems, there
is no one-size-fits-all answer, and sampling times will depend on the reason for action.
There are limited publications directly comparing the temporality of BRD in cattle receiving
on-arrival antimicrobials compared to cattle that do not. Older studies performed prior
to the consistent use of metaphylaxis that examined the timing of BRD have reported a
high incidence of disease during the first weeks on feed [14,51]. Therefore, sampling cattle
on arrival can provide data on the bacteria and antimicrobial susceptibility profiles of
incoming cattle and could be useful in situations where metaphylaxis is not used and calves
are at risk of BRD treatment within the first few DOF. On-arrival sampling strategies would
also benefit AMR surveillance efforts in monitoring AMR risk based on exposure prior to
feedlot entry and targeting critical intervention points. This, in turn, would contribute to
proactive mitigation strategies for AMR surveillance that are important for human and
animal health.

However, sampling cattle at a single time point only provides a snapshot in time and,
while useful for directing immediate therapeutic decisions in animals that fall ill shortly
after sampling, this is insufficient for predicting the development and directionality of
future AMR dynamics. Further, the low frequency of AMR bacteria on arrival and rapid
evolution of bacterial communities in the early feed period suggests that sampling after an
antimicrobial’s PMI might prove more useful for informing subsequent treatment decisions
than samples collected at arrival.

Animals in food production systems are aggregated and managed in groups. This
hierarchical structure results in cattle within the same feedlot pen being more like each
other and experiencing similar exposures to infectious disease than cattle in different
pens. To the authors’ knowledge, no other studies have specifically reported this effect
of the clustering of cattle within pens on outcomes of interest related to BRD pathogen
recovery and subsequent AMR by calculating the ICC. An ICC value of zero would imply
no correlation in observations for calves within their cluster (i.e., pen), while an ICC value
of one would indicate identical observations for calves within the same cluster [52]. In this
study, the ICC was low for all outcomes analyzed at 1DOF, which was to be expected as
the animals had been aggregated into their respective groups for less than 24 h. However,
by 13DOF, ICCs increased substantially for M. haemolytica as well as for tulathromycin-
and tetracycline-resistant M. haemolytica, implying high variability in the prevalence of
resistance between pens. ICC estimates can vary between studies and populations and are
important for understanding the effect of pen-level clustering [53].

Overall, this study provides support for practical, pen-level sampling. The explo-
rations made lay the foundation necessary to begin building strategies for informed and
justifiable antimicrobial treatment choices in BRD calves. While unanswered questions
remain, fundamental aspects needed to be addressed regarding the need for pen-level
sampling and were necessary first steps for future advancements in this realm.

Study Limitations

All samples were collected by two previously trained individuals in a facility with a
hydraulic chute and neck extender with good restraint. Further in this study, an aliquot
from a pooled sample of three DNP swabs per animal was used for bacterial culture. This
technique might have improved the likelihood of obtaining a sample that represented
the colonization status of the nasopharynx of the animal and increased the likelihood of
a positive culture result in this study compared to those from which only one DNP was
utilized [54–56]. Additionally, sample handling and transport time can affect the viability
of bacteria prior to arrival at the laboratory. Samples were delivered to the diagnostic
laboratory in less than an hour following sample collection from the last calf. Thus, direct
comparisons between recovery rates of studies could be impacted by transport times.
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The use of DNP swabs is also limited with respect to reflecting pathogens of the lower
respiratory tract responsible for BRD. However, existing studies suggest reasonable agree-
ment between upper and lower respiratory tract sampling techniques [54,57–60], despite
the biological variability [61]. Regardless, DNP swabs are more easily implemented into
commercial feedlot settings compared to more time-consuming and technically challenging
sampling options such as transtracheal wash or bronchoalveolar lavage [62].

Bacterial culture has limited sensitivity, despite its frequent use as a gold standard [63].
The present investigation selected one isolate of each organism for AST. While this is a
conventional practice used in part to reduce the costs associated with laboratory testing,
the method assumes that all colonies within a culture plate display a common AMR pat-
tern [22,34,47]. The number of colonies needed to estimate the diversity of isolates present
on a primary culture plate has been determined for other bacterial pathogens [64]. To in-
vestigate this question in reference to M. haemolytica and describe the potential phenotypic
and genotypic diversity of M. haemolytica isolates from individual animals, Carter et al.
collected DNP swabs from 28 cattle at risk of, or treated for, BRD [65]. Up to 20 M. haemolyt-
ica colonies were selected per plate (up to 100 colonies per nasopharyngeal swab) [65].
Using a previously established genotyping technique [66], the study found M. haemolytica
isolates from individual calf samples to be uniform in both genotype and AMR phenotype
and suggested that the selection of few colonies could sufficiently represent the relevant
susceptibility pattern of the plate [65]. In contrast, the use of pulse field gel electrophoresis
(PFGE) led to the finding that calves can have more than one cluster of M. haemolytica
when multiple isolates are taken from a plate, even if most were identical [67]. Another
study also identified that calves have the potential to simultaneously shed P. multocida
isolates with differing plasmid profiles [30]. Together, these studies indicate that while
a dominant strain of bacteria might exist within a sample, the present study could have
missed resistant isolates if only one colony per plate was selected for testing, particularly
in the case of H. somni, for which the diversity of isolates within individual plates has not
been evaluated [65,67].

In addition to the bacteria belonging to the Pasteurellaceae family, Mycoplasma bovis is
another bacterium implicated in BRD, particularly in chronically ill animals [68]. While M.
bovis was investigated, the approach to culture and MIC data followed a distinct protocol
that was not directly comparable to the methodology applied for the other three bacteria of
interest. As such, M. bovis data will be examined in a subsequent report.

Commercial feedlots are described as having BRD morbidity rates of 10–30% in auction-
derived calves, and mortality rates for animals treated for BRD are posited to be around
5–10% [69]. In contrast, the present study observed a relatively low number of calves
receiving first treatment for BRD, with an average of 8.1%. The BRD mortality rate was also
low at 0.7% and not all of these animals had received prior BRD treatment. The smaller pen
size of 100 cattle in our study might have played a role in contributing to the comparatively
lower rates when contrasted with commercial feedlots that accommodate 150–300 cattle
per pen, with total holding capacities ranging from 15,000 to 25,000. A higher morbidity
rate would likely have led to increased AMU, potentially leading to a greater prevalence of
AMR over time or a greater diversity in resistance more comparable to commercial feedlots.
Most studies of AMR in BRD pathogens in feedlot cattle have not been designed to assess
the specific impact of phenotypic AMR on BRD outcomes [70], which is an important area
for future research.

4. Materials and Methods
4.1. Ethical Statement

The research protocol was approved by the University of Saskatchewan Animal Care
Committee (AUP 20190069).
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4.2. Study Population

Recently weaned steers of various beef breeds were sourced from a regional auction
market in Saskatchewan, typical of Western Canada. One hundred calves were purchased
once a week for 8 weeks in 2020 and again in 2021. Placements occurred in the fall from
6 October to 1 December 2020 and 28 September to 16 November 2021. Each group of
100 calves was maintained as a single cohort and assigned to consecutive feedlot pens.
Herd of origin was approximated using the first 12 digits of the calves’ 15-digit RFID tags.
Calves from the same herd of origin have unique tags typically consecutively placed from
a sequentially numbered, commercially sourced package either at birth, spring processing,
or shipping and, therefore, share the initial numeric sequence unique to a herd. The mean
weight of calves from the 2020 study population was 253 kg (range 211–291 kg). Lighter-
weight calves were targeted for 2021 and, hence, the mean weight was 225 kg (range
351–694 kg). On the day of purchase, calves were transported 51 km to a research feedlot
at the Livestock and Forage Centre of Excellence (LFCE) in Clavet, Saskatchewan. Calves
were rested in a holding pen overnight and processed the following morning.

4.3. Calf Processing Procedure

All animals (n = 1600) were processed at 1DOF following industry protocol that in-
cluded the placement of a feedlot identification ear tag, verification of castration, and subcu-
taneous administration of M. haemolytica and a modified live viral vaccine
(Pyramid® 5 + Presponse®, Boehringer Ingelheim Animal Health, Duluth, GA, USA)
and a multivalent clostridial vaccine (Ultrachoice® 7, Zoetis Inc., Florham Park, NJ, USA).
All calves received a growth implant (Ralgro®, Merck Animal Health, Rahway, NJ, USA)
and a topical anthelmintic (SolmectinTM, Solvet, Calgary, AB, Canada). In 2020, calves
(n = 800) received metaphylactic tulathromycin as a single dose of 2.5 mg/kg of body weight
(Draxxin®, Zoetis Inc., Florham Park, NJ, USA), administered subcutaneously based on the
average weight of the cohort. In the fall of 2021, cattle in four pens (n = 400 calves) were
administered metaphylactic tulathromycin and cattle in the other four pens (n = 400 calves)
were administered oxytetracycline (Oxyvet®200 LA, Vetoquinol, Lavaltrie, QC, Canada)
subcutaneously as a single dose of 20mg/kg of body weight. Following processing, each
cohort of 100 calves was placed in their designated home pen, where they remained for the
duration of the study.

4.4. Animal Housing and Management

Calves were housed in eight outdoor, dirt floor pens, designed as per the Canadian
guidelines for feedlot cattle [71]. Each pen held 100 animals and pens were filled consecu-
tively. The four adjacent pairs of pens each shared fence-line watering bowls. The first four
and last four pens had contact through consecutive cross-fences. A building separated the
first four pens from the last four pens.

On day 1, calves were fed a high-forage starter feed ration (34% barley silage, 15%
barley, 44% hay, 7% canola meal) to encourage bunk eating. For the remainder of the feeding
period, the diet consisted of 59% barley silage, 15% barley, 20% hay, and 6% canola meal.
The calves were started at an estimated 15 lbs/head on an as-fed basis (10 lbs dry-matter
intake (DMI)), which was steadily increased until the calves reached 30–33 lbs as-fed or
20–22 lbs of DMI. A supplement was provided consisting of salt (1500 mg/kg) and vitamins
A, D, and E. Monensin (33mg/kg dry matter, concentrate) was included in this supplement
and was the only in-feed antimicrobial administered.

4.5. Sampling Procedures

All calves were sampled at two time points: at the time of arrival and processing
(1DOF) prior to metaphylaxis administration and again at 13DOF. A random subset of
calves from each pen was sampled at 36DOF as determined by available resources and
laboratory capacity: 10 calves/pen in 2020 and 30 calves/pen in 2021. A snowstorm in
2021 delayed the initial sampling of one pen (#16) by a day. Thus, sampling time points
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occurred on 12DOF and 35DOF, respectively. The results from these samplings were
incorporated into the analysis along with samples from the regular 13DOF and 36DOF
sampling performed for all other pens. In addition, above-average mortalities in pen 16
(the last pen filled in the year 2021) led to mass-treatment with oxytetracycline at 30DOF.
As a result, 20 calves from pen 16 were sampled pre-treatment (30DOF) and post-treatment
(35DOF).

At each sampling time point, calves were restrained in a hydraulic chute and sampled
via three DNP swabs; a neck extender was used to stabilize the calves’ heads during
sampling. A single-use paper towel was used to wipe clean the external nares, and a
double-guarded culture swab (Continental Plastic Corp., Delevan, WI, USA) was directed
into the ventral meatus of the nostril. The polyester-tipped swab was advanced through the
inner sheath and vigorously rotated against the nasopharyngeal mucosa for 5–6 rotations.
The swab was withdrawn into the inner sheath and outer guard prior to removal from the
nostril, and approximately 3 cm of swab tip was cut and placed in a 15 mL vial containing
3 mL of liquid Amies transport medium. Two additional samples were obtained from
alternating nostrils using the same procedure and all three DNP swabs per calf were pooled
in the same vial.

4.6. Bacteriology

Samples were transported to the University of Saskatchewan for same-day process-
ing. The samples were vortexed for 1 min and a 300 uL aliquot was submitted to Prairie
Diagnostic Services, Inc. (Saskatoon, SK, Canada, PDS). For M. haemolytica, P. multocida,
and H. somni cultures, a 10 uL inoculation loop of sample was cultured on Columbia agar
with 5% sheep blood (BA) and a second loop was cultured on chocolate agar (CHOC);
plates were incubated at 35 ◦C for 18 h in 5% CO2. Bacterial colonies were examined at
18 h and 42 h of incubation. By examining both BA and CHOC plates, one isolate exhibit-
ing phenotypic morphologies for each bacterium of interest was selected and confirmed
using MALDI-TOF MS (Bruker Daltonik, Bremen, Germany), according to manufacturer
guidelines. MALDI-TOF MS Biotyper Microflex LT Compass version 1.4 software and the
MSP library were used for direct testing. If visible characteristics suggested the presence
of multiple isolates of interest from one sample, representative colonies of each unique
colony morphology were selected for identification. Positive and negative controls were
processed for each day of sample setup and for each new media lot using Staphylococcus
aureus ATCC 29213, Escherichia coli ATCC 25922, and Histophilus somni ATCC 700025. Only
MALDI-TOF identification scores of ≥2 indicating secure species-level identification were
used for further analysis. A plain matrix spot was run with every MALDI run to ensure no
contamination. The diagnostic laboratory used in this study also processed the respiratory
samples for the national surveillance program, CIPARS, following the same methods for
bacterial isolation and identification.

4.7. Antimicrobial Susceptibility Testing

The AST procedures were also consistent with those used in CIPARS. This included
utilizing the same AST microdilution panel and adhering to identical reporting standards
for distinguishing between susceptible and resistant isolates.

For AST, all isolates that showed positive MALDI-TOF MS identification were streaked
from the inoculated Todd Hewitt broth onto purity plates specific to each bacteria type:
BA for M. haemolytica and P. multocida and CHOC for H. somni. Each colony of interest
from the purity plates underwent AST using a commercially available bovine serial broth
microdilution panel (Thermo Fisher ScientificTM, Waltham, MA, USA, Bovine AST BOPO7F
Plate) on the SensititreTM platform. Escherichia coli ATCC 25922, Staphylococcus aureus ATCC
29213, and Histophilus somni ATCC 700025 were used as positive controls. The minimum
inhibitory concentrations (MICs) plate was placed and read on the BIOMIC® V3 microplate
reader. The MIC value was considered equal to the lowest concentration of antimicrobial
that inhibited visible growth. The MIC for each antimicrobial was compared to Clinical

21



Antibiotics 2024, 13, 322

and Laboratory Standards Institute (CLSI) breakpoints, where available [72]. Isolates with
“intermediate” MICs were categorized as “susceptible”.

MIC 50 and MIC 90 were defined as the MIC values at which ≥50% or ≥90% of the
isolates were inhibited [73]. Results were summarized in distribution tables by pathogen,
antimicrobial, and sampling time point (1DOF, 13DOF, and 36DOF). The MIC results are
provided in the Supplementary Materials S1 (Tables S1–S9) for all antimicrobials tested,
regardless of whether a CLSI breakpoint was available.

4.8. Treatment of Calves with BRD

Experienced feedlot personnel monitored the animals daily for signs of illness. Calves
exhibiting signs of respiratory disease were identified using a DART (depression, appetite,
respiratory system, temperature) BRD clinical scoring system [74]. The severity of clinical
signs was graded using a standardized numerical scale ranging from 0 (clinically normal)
to 4 (moribund). To meet the BRD case definition and receive treatment, calves needed to
have a score of 1 or 2 with a rectal temperature ≥ 40 ◦C or a score of 3 or 4 regardless of
temperature (and with no other obvious causes of illness).

For calves that received metaphylactic tulathromycin, a PMI (waiting period before
eligibility for retreatment) of 7 d was observed. Calves developing BRD after the meta-
phylaxis were administered florfenicol 40 mg/kg BW and flunixin 2.2 mg flunixin/kg BW
(Resflor Gold®, Merck Animal Health, Rahway, NJ, USA,) subcutaneously. For calves that
received metaphylactic oxytetracycline, a 5 d PMI was observed. The treatment regimen
for those calves was tulathromycin (Draxxin®, Zoetis Inc., Florham, NJ, USA) administered
subcutaneously at a dose of 2.5 mg/kg of body weight. Calves were returned to their home
pen following treatment.

Morbidities and mortalities associated with H. somni in pen 16 during the year 2021
were mass-medicated, resulting in the cooperative decision between the feedlot manager,
feedlot veterinarians, and the research team to mass-treat the pen cohort at 30DOF. Animals
in this pen were administered oxytetracycline (Vetoquinol, Oxyvet® 200 LA, Lavaltrie, QC,
Canada) subcutaneously at a dose of 20 mg/kg of BW.

4.9. Statistical Analysis

Data were entered and managed in a spreadsheet (Microsoft Excel, version 2401, Mi-
crosoft Corporation, Redmond, Washington, DC, USA), and analyses were completed using
a commercial statistical software package (Stata/IC, version 16.1, StataCorp LLC, College
Station, TX, USA). Bacterial recovery was summarized at the calf level; antimicrobial sus-
ceptibility was also summarized by reporting prevalence at the calf level rather than at the
recovered isolate level (i.e., the denominators for all antimicrobial susceptibility prevalence
calculations were the total number of calves, not the total number of recovered isolates).
Data from this study were used to inform simulation-based sample size calculations for
pen-level sampling (Supplementary Materials S1).

The total number of calves from each pen was summarized for the positive recovery
of M. haemolytica, P. multocida, and H. somni; bacterial co-isolation; and bacteria of interest
classified as resistant to antimicrobials, with breakpoints established by the CLSI [72].

The recovery of M. haemolytica, P. multocida, and H. somni at the calf level at 1DOF
and 13DOF were each compared between years 2020 and 2021 using mixed-effects logistic
regression models [52]. Differences between years in the frequency of calves from which
AMR pathogens were recovered were also examined when the crude prevalence of AMR
was ≥5%. Pen-level clustering was accounted for as a random intercept in all models.
Models for differences between years in the recovery of bacteria of interest and bacteria
with AMR at 1DOF included year as a fixed effect. Differences at 13DOF also accounted
for the choice of metaphylaxis. A single fixed effect accounted for both study population
year and the metaphylactic antimicrobial used: year 2020 calves treated with metaphylactic
tulathromycin, year 2021 calves treated with metaphylactic tulathromycin, and year 2021
calves treated with metaphylactic oxytetracycline.
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Population-averaged prevalence and 95% confidence intervals (CIs) were estimated
for calves with BRD pathogens of interest, as well as for calves from which pathogens
with resistance patterns of interest were recovered from mixed models for each time
point, as described (1DOF, 13DOF, and 36DOF) using the variance of the random pen
effects estimated from the models as follows: βPA = βSS/(1 + 0.346 σ2

h)0.5 [52]. Similarly,
population-averaged odds ratios (ORs) were determined when summarizing relative dif-
ferences among groups. Intraclass correlation coefficients (ICC values) were reported to
estimate the extent of the clustering of outcomes within pens (h), as followed from the
variance from the random effects for pen: ρ = σ2

h/(σ2
h + π2/3) [52].

Differences in pathogen recovery between sampling time points (1DOF, 13DOF, and
36DOF) accounting for repeated measures on individual calves within pens were examined
with three-level mixed-effects logistic regression models for each combination of year and
metaphylactic treatment. For each model, year, metaphylaxis, sampling time point, and
an interaction term between the year/metaphylaxis and sampling time point variables
were included as fixed effects. Individual calves and calves nested within pens were set
as random intercepts. Post-hoc Wald tests were used to test the significance (p < 0.05) of
the coefficients of the interaction term for year/metaphylaxis and sampling time for each
model. The likelihood of pathogen recovery at 13DOF vs. 1DOF, 36DOF vs. 1DOF, and
36DOF vs. 13DOF were then compared for calves in year 2020 treated with metaphylactic
tulathromycin, calves in year 2021 treated with metaphylactic tulathromycin, and calves in
year 2021 treated with metaphylactic oxytetracycline.

Similar models were repeated for AMR patterns where the crude prevalence was ≥5%
for at least one sampling time to estimate differences in recovery for each antimicrobial-
resistant pathogen of interest between sampling points (1DOF, 13DOF, and 36DOF). When
mixed-effects models failed to converge due to sampling time points with few or zero
calves, exact logistic regression models (SAS for Windows, version 9.4, Cary, NC, USA)
were used to generate estimates.

Simulation models were also developed to examine the effectiveness of different
sample sizes to support pen-level testing (Supplementary Materials S2, Figure S1).

5. Conclusions

This study highlights substantial variability in the prevalence of target BRD bacteria
and antimicrobial susceptibility profiles among pens of fall-placed calves at higher risk of
BRD, observed both at feedlot arrival and again at 13DOF. The culture and AST demon-
strated considerable pen-level variability over time within individual cohorts of fall-placed
high-risk calves as well as between years and across different metaphylaxis protocols.

These findings emphasize the importance of pen-level management and the challenge
of making antimicrobial drug choices without laboratory guidance. Sampling a subset of
20–30 calves in a feedlot pen, either near arrival in pens where cattle did not receive meta-
phylaxis or after a PMI in treated cattle, would allow feedlot veterinarians and managers
to make more informed AMU decisions based on the risk assessment of individual pens.
The use of laboratory-based results to target antimicrobial drug selection in feedlot pens
will allow the industry to remain aligned with WHO recommendations [7] and establish
practical antimicrobial stewardship recommendations. These are important first steps
toward improving prudent AMU in feedlots. However, considering the demonstrated
dynamics of bacterial populations, exploring technologies that improve turn-around times
from sampling to results and provide comprehensive data on both organisms of interest
and AMR are warranted. Such advancements could better support timely antimicrobial
decision-making in commercial settings.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/antibiotics13040322/s1: Supplementary Materials S1—Tables
S1–S9: Supplemental MIC tables. Supplementary Materials S2—Figure S1: Simulation model to
evaluate sample size estimates in support of pen-level testing.
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Abstract: This study investigated the presence, distribution, and antimicrobial resistance profiles
of extended-spectrum beta-lactamase (ESBL)-producing Escherichia coli in a dairy herd located in
Northern Italy. The feces of clinically healthy calves, their mothers, and the cows treated for mastitis,
as well as water, environmental samples, and waste milk were collected and subjected to bacterio-
logical culture on CHROMagarTM ESBL plates. A questionnaire was administered to identify risk
factors. The isolates were identified as E. coli by MALDI-TOF MS and subjected to the double-disk
synergy test (DDST) and minimal inhibitory concentration (MIC) assay. As a result, ESBL E. coli
was isolated from the feces of 28 of 37 (75.67%) calves, the feces of 2 of 3 (66.67%) treated cows, 8 of
14 (57.15%) environmental samples, and waste milk. All ESBL isolates showed multiple resistances
and were categorized as multidrug-resistant (MDR). Several risk factors for ESBL E. coli selection and
diffusion were identified, including lack of routine cleaning of calf feeding and housing equipment,
administration of waste milk to male calves, and blanket dry cow therapy. In conclusion, this study
highlighted the presence of MDR, ESBL E. coli in the feces of most dairy calves, and their association
with different sample sources. Accordingly, adding to the prudent use of antibiotics, the adoption of
adequate farm hygiene and biosecurity measures might also help prevent the spread and transmission
of ESBL E. coli within the herd.

Keywords: antimicrobial resistance; biosecurity; dairy calves; ESBL E. coli; multidrug-resistant;
waste milk

1. Introduction

Antimicrobial resistance (AMR) is a problem of global concern [1]. The rise in
antibiotic-resistant bacteria, as stated by the World Health Organization (WHO), can
render many drugs previously essential for treating infections in humans and animals
ineffective [2]. About 50–80% of the total antibiotic use in developed countries has been
attributed to livestock [3], although significant efforts are being made to reduce antibiotic
use. According to a report published by the European Food Safety Authority [4], in Europe
antibiotic use has decreased to become lower in food-producing animals than in humans.
Between 2016 and 2018, animals used less antimicrobials than humans overall. In 2017,
for example, animals averaged 108.3 mg/kg (range 3.1–423.1) compared to 130.0 mg/kg
(range 52.8–212.6) for humans [4]. Nevertheless, the animal industry still plays a crucial
role in the occurrence and transmission of AMR [5].
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In recent years, the prevalence of bacterial strains producing extended-spectrum beta-
lactamases (ESBLs) has increased worldwide [6,7]. These enzymes are able to hydrolyze
third-generation cephalosporins and aztreonam but are inhibited by clavulanic acid. ESBL-
producing organisms often show co-resistance to many other classes of antibiotics. Adding
to problems in veterinary medicine, this group of plasmid-mediated, rapidly evolving,
and diverse enzymes poses major therapeutic challenges in human medicine, especially
concerning the treatment of hospitalized and community-based patients [7].

ESBL-producing Escherichia coli is a common occurrence in dairy cattle, with the
highest incidence observed in calves [8,9]. Food-producing animals acquire AMR microor-
ganisms due to several factors such as antibiotic use, forage, soil, water [3], interaction with
wildlife [10,11], and by contact with humans [12,13]. AMR bacteria colonizing the animal
gastrointestinal tract are shed in feces, thus favoring intra-farm spread and maintenance
as well as environmental contamination via farm waste products, including untreated
wastewater, sewage sludge, and organic fertilizers such as manure [3,14,15]. Adding to the
control of pathogens from outside and inside the farm, biosecurity measures can therefore
play a crucial role also in avoiding the selection, maintenance, and spread of AMR microbes
within and outside the farm. Accordingly, although the prudent use of antibiotics is key for
reducing AMR, adequate farm management practices can also play a fundamental role in
containing the AMR burden [4].

With these premises, we investigated a medium-to-large herd where a very high
prevalence of ESBL E. coli in the feces of calves had been identified in previous unpublished
observations. To understand their prevalence, distribution, and antimicrobial resistance
traits, as well as to identify possible biosecurity issues, calf feces, cow feces, and the farm
and animal environment were investigated by bacteriological culture and microbial sensi-
tivity assays, and a detailed questionnaire was administered to evaluate farming practices.

2. Results
2.1. Bacteriological Culture Results

The results obtained for all samples collected in the farm are summarized in Table 1.

Table 1. Summary of analyzed samples and respective bacteriological results.

Sample Type n ESBL E. coli (%)

Female calf feces 18 15 (83.3%)
Male calf feces 19 13 (68.4%)

Treated cow feces 3 2 (66%)
Dam feces 26 0
Waste milk 1 1 (100%)

Male calf pens 1 1 (100%)
Female calf pens 1 1 (100%)

Mixed-use calf pens 1 0
Calf feeding bucket 2 1 (50%)
Calf drinking water 2 1 (50%)

Cow alleys 3 3 (100%)
Cow’s berth tube 1 0

Cow water trough 1 0
Cow feeding rack 2 1 (50%)

ESBL E. coli was isolated from the feces of 15 of 18 (83.3%) female calves, 13 of 19 (68.4%)
male calves, 2 of 3 (66.7%) cows treated for IMI, and waste milk. The feces of the dams of
the enrolled calves were all negative. ESBL E. coli was also isolated from 8 of 14 (57.14%)
environmental samples, including male and female calf pens, the cow feeding rack, the
alley floors, the calf drinking water, and the calf feeding buckets.
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2.2. Antimicrobial Susceptibility Testing of ESBL E. coli

All E. coli isolates were phenotypically positive for the double-disk synergy test
(DDST), confirming the production of ESBL. However, all of them were susceptible to
the carbapenem class. Based on the MIC results (Figure 1), the highest level of resistance
was observed for β-lactams, with all isolates being resistant to ampicillin, cefazolin, and
cefotaxime (100%), while only 2.6% of isolates were resistant to amoxicillin/clavulanic
acid. Concerning aminoglycosides, 97.4% of isolates were resistant to kanamycin, 97.4%
to aminosidine, and 15.4% to gentamicin. Concerning fluoroquinolones, 12.8% were re-
sistant to enrofloxacin and 17.9% to flumequine. Resistance to florfenicol was 46.2%.
Concerning sulfonamides, 84.6% were resistant to sulfisoxazole, and 48.7% to trimetho-
prim/sulfamethoxazole. For the tetracycline class, 89.7% of isolates were resistant. All
isolates were susceptible to colistin (100%). Notably, all ESBL E. coli isolates were MDR,
being resistant to at least three classes of antibiotics. The MIC results are detailed in
Supplementary Materials File S1.
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Figure 1. Distribution of resistance and susceptibility of the ESBL E. coli isolates to the different
antimicrobials according to the plate MIC test.

Table 2 reports the 12 different ESBL E. coli resistance profiles observed in this study.
Profile 1 was the most frequent (10 out of 39) and was found in 9 calves (3 male and 6 female
calves) and the calf feeding bucket. Profile 2 (8 of 39) was found in 7 calves (4 male and
3 female calves) and waste milk. Profile 3 (6 of 39) was found in 2 out of 3 cows treated
for IMI, 3 alley floor samples, and 1 male calf. Profile 4 (4 of 39) was found in 3 female
calves and 1 male calf. Profile 5 (3 of 39) was found in 2 female calves and 1 female calf
pen. Profile 6 (2 of 39) was found in a male pen and the cow feeding rack. Profiles from
7 to 12 were found only once and in 4 male calves, the calf drinking water, and 1 female
calf, respectively.

2.3. Hierarchical Clustering of E. coli Isolates Based on the MIC Results

Figure 2 illustrates the hierarchical clustering of ESBL E. coli isolates based on the MIC
test results. Two main branches were observed. One included the isolates from 12 calves,
waste milk, treated cows, and alley floors. Within this branch, all the isolates from cows and
alley floors and one calf isolate were separated from the waste milk isolate and eleven calf
isolates with similar AMR profiles. Another branch included 16 calf isolates and the isolates
from calf pens, water and feeding buckets, and the cow feeding rack. Within this branch,
one subgroup included the isolates from four calves, male pens, and the cow feeding rack,
separated from the isolates from nine calves and the water and feeding buckets, while
another subgroup included three calves and the female pen.
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Table 2. Antimicrobial resistance profiles of the ESBL E. coli isolates. R, resistant; S, sensitive; MDR,
multidrug-resistant. The number of antimicrobial classes is reported in parentheses.
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Based on the threshold Euclidean distance of 7.5, several statistically significant clusters
grouped more than one sample. The largest cluster included 11 calf isolates and the waste
milk isolate. The second largest cluster included the isolates from nine calves, closely
related to the common feeding bucket and the calf drinking water. The third largest cluster
grouped the isolates from one calf, treated cows, and the primiparous and fresh cow alleys,
indicating fecal shedding from treated cows as another diffusion route. The fourth one
included two female calf isolates and the female calf pens. The other four calf isolates, the
male pens, and the cow feeding rack also had similar AMR profiles.

2.4. Results of the Biosecurity Questionnaire

The BioCheck.UGent biosecurity questionnaire assessed various aspects of farm man-
agement, including general farm organization, sick pen health management and outbreak
management, reproduction management, calf pen management and hygiene, calf rear-
ing, herd health management, and milking management. We identified several potential
biosecurity issues that might impact ESBL maintenance and diffusion. Concerning calf
management and hygiene, cleaning of teat buckets with water without detergents or disin-
fectants, feeding waste milk to male calves, then sharing buckets between male and female
calves, mixed use of calf pens, and occasional cleaning of individual calf pens during the
winter season were identified as risk factors. Regarding hygiene issues, lack of pasteurizer
cleaning and occasional cleaning of troughs were identified as additional potential risk
factors. Finally, the absence of a sick pen was identified as a lack of biosecurity, and the ap-
plication of dry cow therapy with a first-generation cephalosporin (dihydrated cefalonium)
was identified as a factor that could establish a relationship between farm practices and the
occurrence and spread of AMR (Supplementary File S2).

3. Discussion

This study assessed the presence, distribution, and antimicrobial resistance profiles
of ESBL-producing E. coli in a medium-sized dairy herd in Northern Italy, hosting nearly
1000 animals, including calves, heifers, and lactating and dry cows. We collected calf
and cow feces, waste milk, environmental samples, and water, and we administered a
questionnaire to assess the associated risk factors. As a result, most pre-weaned calves,
including males and females, carried ESBL E. coli in their intestines, and ESBL E. coli was
also present in the environment and farm equipment in contact with them. Not much is
known about the transmission of ESBL E. coli among calves and cows, and how it is affected
by environmental factors [16]. The hierarchical clustering of ESBL E. coli isolates based on
the MIC results suggested that multiple MDR strains with different resistance characteristics
were circulating in the farm and were found throughout sample types. Different sources
and routes could therefore be involved in their dissemination and maintenance, facilitated
by incorrect or inadequate management, biosecurity, and hygiene practices.

The herd management interview enabled gathering of information on potential risk
factors for the distribution of ESBL microorganisms on the farm. The farmer used waste
milk with antibiotic residues for feeding male calves. According to hierarchical clustering
based on the isolate MIC profiles, the largest statistically significant cluster included about
40% of all calves’ fecal isolates, the feces of two out of three cows treated for mastitis that
contributed to the waste milk, and the waste milk isolate. Among the risk factors associated
with the spread of ESBL E. coli on cattle farms, the use of waste milk containing antibiotic
residues as calf feed appears to play an important role [3,17].

Based on hierarchical clustering, the MIC profiles of the isolates from the calf feeding
bucket and drinking water clustered with those of the fecal isolates of over 30% of the
calves. Incorrect management practices such as shared or improperly cleaned feeding
equipment [3] can favor the diffusion of AMR-carrying bacteria on the farm. Notably, the
feeding buckets and calf water buckets were not cleaned with detergents or disinfectants,
and sometimes not even rinsed with water between feedings; furthermore, the number of
buckets was not adequate for the number of animals on the farm. ESBL E. coli was isolated
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from all these pieces of equipment as well as from the calf drinking water. Moreover, the
pasteurizer used to reduce bacterial contamination of milk was not cleaned between cycles.
Poor cleaning is one of the factors favoring bacterial contamination and multiplication,
leading to higher microbial loads [18]. Indeed, we also isolated ESBL E. coli from the farm’s
pasteurized waste milk. Moreover, many positive calves were females, which should not
have received waste milk. Shared feeding buckets, as well as their unproper cleaning,
might also facilitate the transmission of ESBL E. coli between male and female calves.

Shared calf pens and their poor hygiene may also play a role in promoting the diffusion
of AMR bacteria. We isolated ESBL E. coli from both male and female calf pens, and we
observed a relationship between the MIC profiles of these isolates and those from calf feces
based on hierarchical clustering. As highlighted in an EFSA scientific opinion paper on calf
welfare, the level of cleanliness of the areas used for housing calves is a major determinant
of their health [19]. Inaccurate cleaning procedures of the single pens or calf hutches may
not adequately remove fecal contamination from the walls, leading them to serve as a
reservoir [16].

The cows underwent blanket dry cow therapy (BDCT) with a β-lactam, specifically
dihydrated cefalonium. Although this practice is not allowed in Italy, some farms are still
using it. BDCT has been reported to be linked to a significant increase in ESBL E. coli in calf
feces during the colostral phase [8].

The MIC profiles of the ESBL E. coli isolated from the feces of cows treated for mastitis
were similar to those of the isolates from the cows’ alley floors, suggesting fecal shedding.
E. coli ESBL shedding can vary greatly among individuals [20], and antibiotic treatment
for mastitis could play a role in increasing animal colonization, shedding, and subsequent
environmental contamination by AMR-carrying bacteria [9]. The farm evaluated in this
study did not have a sick pen, and this represents a lack of biosecurity. Early isolation
of sick animals is a crucial practice for preventing the spread of pathogenic bacteria and
maintaining herd health [21].

ESBL E. coli often carries multiple resistance genes for other antimicrobial drugs than
β-lactams, leading to MDR [22]. All the isolates obtained in our study, from the calves, their
equipment, and the farm environment, were MDR. On the other hand, resistance to colistin,
an antibiotic of last resort for humans [23], was not detected, probably because many
developed countries, including Italy, have prohibited its usage in food-producing animals.
All ESBL E. coli isolates were also carbapenem-sensitive. This is also a positive finding, as
carbapenemase-producing E. coli causes serious human infections. The study by Waade
et al. conducted in Germany in 2021 reported similar results since the ESBL-producing
isolates were 92.9% E. coli, and 60.6% of ESBL-producing isolates were resistant to one or
more classes of antibiotics including penicillins and cephalosporins but were sensitive to
carbapenems [24].

4. Materials and Methods
4.1. Farm Description and Ethics Statement

The farm was located in Northern Italy and consisted of 1000 animals of which 450 were
lactating Italian Friesian cows. It is accredited free from infectious bovine rhinotracheitis (IBR)
and vaccinated for neonatal diarrhea agents and type-1 and type-2 bovine viral diarrhea virus
(BVDV). The farm does not use an in-house colostrum bank, but the colostrum is taken by the
calves directly from the dam. The farmer used pasteurized waste milk to feed male calves.
Based on the questionnaire, waste milk given to the calves was mainly represented by milk
with high somatic cell count (SCC) and milk from cows treated with antibiotics. The waste
milk produced on the farm at the time of the visit came from animals treated for mastitis with
beta-lactam antibiotics (amoxicillin/clavulanic acid). The study was conducted in accordance
with the Declaration of Helsinki and approved by the Institutional Committee for Animal
Welfare of the University of Milan (protocol number 99_2023).
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4.2. Questionnaire

A questionnaire was completed together with the herd manager (Supplementary File S2).
The questionnaire follows the Biocheck.UGent checklist [25] and was used to assess different
aspects of herd management, the use of antibiotics, and farm biosecurity. The questionnaire
was also integrated with further aspects based on previous studies on ESBL E. coli risk
factors [9,17,26]. The form was divided into several sections: I. General questions about farm
organization: how many animals are present in the different categories, who works with the
animals; II. Health management in the sick pen and management of outbreaks; III. Repro-
duction management; IV. Calving pen management and hygiene questions; V. Calf rearing:
colostrum feeding management, milk feeding management, calf housing, vaccinations, and
treatments; VI. Health management of the herd; VII. Milking management.

4.3. Animals and Sample Collection

We collected fecal samples from 37 healthy dairy calves (19 males, 18 females) aged
7–21 days. All calves were free from diarrhea and had not been treated with antibiotics.
Males were fed waste milk, while females received commercial milk replacer. We sam-
pled the feces of the 26 dams present on the farm (the 9 missing dams had been sold or
sent to the slaughterhouse) and of 3 cows treated for intramammary infection (IMI) with
amoxicillin/clavulanic acid that contributed to the waste milk. All the fecal samples were
collected from the rectal ampoule using gloves, transported to the laboratory in refrigerated
conditions, and frozen at −20 ◦C for two to five days until analysis [27]. Waste milk was
collected directly from the pasteurizer and kept refrigerated until arrival at the laboratory.
Three calf pens were sampled by rubbing sterile gauzes against the inner wall of the pens
over an area of about 150 × 30 cm2 at the height of the calves’ noses, avoiding obvious
fecal smears, then stored in sterile 50 mL Falcon® tubes. During the sampling process, two
separate sterile swabs were used. One swab was rubbed thoroughly against the bottom and
inner wall of a calf feeding bucket, while the other swab was used to collect samples from
the inside of the nipple. Two water samples of 150 mL were collected into sterile containers
from the calf watering buckets and one from the cow watering trough, respectively. Two
environmental samples were also taken with gauzes from the cow feeding rack and one
from the cow’s berth tube. Disposable fabric socks were used to collect three samples from
the barn floors by walking down the alleys one time, and then inserted in sterile plastic
bags: one from the cow alley, one from the primiparous cow alley, and one from the fresh
cow alley, respectively. All environmental and water samples were stored at refrigerated
temperature until arrival at the laboratory.

4.4. Isolation and Characterization of ESBL-Producing E. coli

Environmental swabs and feces (0.1 g) were enriched in 5 mL of Müeller Hinton broth
(Microbiol, Cagliari, Italy) and incubated at 37 ◦C under aerobic conditions for 18–24 h.
For environmental samples, 30 mL of Müeller Hinton broth was added to the Falcon tubes
and plastic bags containing the samples and incubated at 37 ◦C for 18–24 h. One-hundred
milliliters of water was added to an equal amount of double-strength enrichment broth
and incubated at 37 ◦C for 48 h. All the feces and environmental samples were cultured
on CHROMagar™ ESBL agar plates (CHROMagar, Paris, France) and MacConkey agar
as a control medium (Oxoid Ltd., Basingstoke, UK), and incubated at 37 ◦C for 18–24 h.
Pasteurized waste milk was seeded on blood agar plates (Microbiol, Cagliari, Italy) and
CHROMagar™ ESBL agar plates in amounts of 100 µL and incubated at 37 ◦C for 24 h.
Colonies indicating ESBL bacteria grown on CHROMagar™ ESBL agar plates were picked
and submitted to species identification with the MBT Microflex LT/SH MALDI-TOF mass
spectrometer (Bruker Daltonik GmbH, Bremen, Germany) as described previously [28].
After species identification, the colonies recovered from CHROMagar™ ESBL agar plates
were sub-cultured on blood agar plates (Microbiol, Cagliari, Italy) and subjected to ESBL
phenotyping assessment using the double-disk synergy test (DDST) to assess carbapene-
mase production according to the EUCAST guidelines [29].
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4.5. Antimicrobial Susceptibility Testing

A SensititreTM ITISVE1 plate (Thermo Fisher Scientific®, Waltham, MA, USA) was
used to determine the MIC of the antimicrobials commonly used in dairy herds against
the ESBL E. coli isolates. The plate contained the following antibiotics: flumequine (range
1–16 µg/mL); amoxicillin/clavulanic acid (0.25–32 µg/mL); ampicillin (0.25–32 µg/mL); ce-
fazolin (0.5–8 µg/mL); cefotaxime (0.5–4 µg/mL); sulfisoxazole (128–512 µg/mL); colistin
(0.03–8 µg/mL); enrofloxacin (0.02–32µg/mL); florfenicol (1–64µg/mL); gentamicin (0.25–32 µg/mL);
tetracycline
(0.5–16µg/mL); trimethoprim/sulfamethoxazole (0.06–16 µg/mL); aminosidine (1–32 µg/mL);
kanamycin (2–32 µg/mL). Quality control for Sensititre plates was performed using E. coli
strain ATCC 25922 and the Sensititre™ SWIN™ Software System V. 3.4 (3.4.6.2) (SensititreTM,
Thermo Fisher Scientific®, Waltham, MA, USA). The MIC results were interpreted according to
the manufacturer’s instructions using CLSI VET08 4th edition [30] (V = Vet), CLSI VET06 1st
edition [31] (V = Vet), CLSI M100 29th edition (H = Human) [32], EUCAST v.11.0 [33], CASFM
2019 [34]. ESBL E. coli isolates resistant to at least 3 classes of antibiotics were classified as
MDR [35], and intermediate isolates were classified as susceptible.

4.6. Hierarchical Clustering

Non-supervised hierarchical cluster analysis using Ward’s method was performed
based on the MIC values [36,37]. A total of 21 parameters were obtained by assigning to
each MIC value ranging from >512 µg/mL to ≤0.015625 a number from 1 to 21 according
to decreasing antibiotic concentrations. The profiles obtained for each sample after the
conversion were used to construct a dendrogram. This technique was chosen for its
effectiveness in minimizing variance within the clusters, allowing us to identify groups
of isolates with similar resistance patterns. The resulting dendrogram provides a visual
representation of the progressive merging of the clusters based on the Euclidean distance.
The dendrogram was cut (maximum distance for clustering) at a height of 7.5. This cut-off
point was chosen based on statistical significance, ensuring that each cluster represented
a distinctive group of isolates with similar characteristics. The analysis was conducted
using the SciPy library (version 1.11.4, https://scipy.org/, accessed on 18 January 2024)
within the Python environment (version 3.10.12, https://www.python.org/, accessed on
18 January 2024).

5. Conclusions

This study highlighted the widespread presence of ESBL E. coli in the dairy farm
and the relevant presence and circulation of MDR strains in association with different
sources and sample types. Prudent antibiotic use remains the most relevant driver enabling
the reduction in and control of AMR bacteria. Nevertheless, adherence to good internal
and external biosecurity practices, hygiene of facilities and equipment, correct feeding
procedures, and correct animal management might also significantly contribute to reducing
and controlling AMR bacteria.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics13030241/s1, Supplementary File S1: MIC values
expressed in µg/mL for the ESBL E. coli isolates assessed in this study with the plate assay. Supple-
mentary File S2: Questionnaire of the study Multidrug-resistant extended-spectrum beta-lactamase
(ESBL)-producing Escherichia coli in a dairy herd: distribution and antimicrobial resistance profiles.
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Abstract: Pathogens, such as Escherichia coli (E. coli), have been identified as significant causes
of poultry mortality. Poultry can serve as potential sources of E. coli transmission, even when
asymptomatic, posing a substantial threat to food safety and human health. The in ovo administration
of antimicrobials is crucial for preventing and/or effectively combating acute and chronic infections
caused by poultry pathogens. To achieve this goal, it is critical that antimicrobials are properly injected
into embryonic fluids, such as the amnion, to reach target tissues and trigger robust antimicrobial
responses. Several protocols based on antimicrobials were evaluated to meet these requirements. This
review analyzed the impacts of antimicrobial substances injected in ovo on the control of E. coli in
poultry. The reduction in infection rates, resulting from the implementation of in ovo antimicrobials,
combined with efforts aimed at hygienic-sanitary action plans in poultry sheds, reinforces confidence
that E. coli can be contained before causing large scale damage. For example, antimicrobial peptides
and probiotics have shown potential to provide protection to poultry against infections caused by
E. coli. Issues related to the toxicity and bacterial resistance of many synthetic chemical compounds
represent challenges that need to be overcome before the commercial application of in ovo injection
protocols focused on microbiological control.

Keywords: antimicrobials; egg microbiology; in-ovo injection; microbial reduction; poultry
microbiology; poultry safety

1. Introduction

The establishment of microbiota in the eggshell may or may not influence healthy
embryonic growth. It has been suggested that embryos may be resistant to bacterial infec-
tions originating in the eggshell, thanks to transgenerational immunological benefits [1].
On the other hand, it has been reported that the frequency of dead chick embryos with
neck and beak deformities during the late incubation period may be associated with the
Escherichia coli (E. coli) infectious process [2]. This microorganism is commonly found
on eggshells [3]. The colonization of the microbiota in the eggshell begins in the hen’s
oviduct [4], raising questions about the possible negative effect of oviductal bacteria on
embryonic development. However, microbiota colonization of freshly laid eggshells has
received greater attention given the recognized association with embryonic infections
resulting from bacterial penetration [5].

Research has revealed several active agents, mainly with antibacterial effects, for the
treatment of hatching eggshells after collection [6–15]. Oliveira et al. [10] reported that one
hour after spraying a 0.39% clove essential oil solution on hatching eggs, the count of total
aerobic mesophilic bacteria (−1.19 log) and Enterobacteriaceae (−1.19 log) in eggshells
significantly reduced. Cantu et al. [9] demonstrated that spraying 3% hydrogen peroxide
followed by immediate exposure to UVC light (254 nm) significantly reduced aerobic plate
counts (−3.51 log) on the surface of the hatching eggshell. However, before applying
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sanitizers, it is crucial to consider that a specific microbial load may have penetrated or
already have been present in the internal contents during egg formation in the oviduct.
Direct treatment of the egg contents may be beneficial, as it is not yet clear what proportion
of sanitizer residues applied to eggshells have to penetrate and perform their antimicrobial
role internally. Given that the poultry embryo is the most important figure in poultry
production, it is essential to guarantee their development away from any microbiological
risk that would make their survival unfeasible at any stage. Therefore, it is hypothesized
that the injection of antimicrobial substances directly into the internal contents of the egg
during embryonic development represents a strategy to ensure more effective protection of
embryos against microbial action, thus seeking to protect them from possible infections
after hatching.

To address this issue, this review analyzed the impacts of antimicrobial substances
injected in ovo on controlling E. coli infections in poultry.

2. Consultation of Published Studies

This review was prepared based on bibliographical research, consulting studies in-
dexed on Google Scholar. The terms used were “in ovo injection”, “antimicrobial substances
in ovo”, “eggshell”, “eggshell contamination”, “microorganisms in eggshells”, “eggshell
penetration”, “eggshell antimicrobial defense”, “albumen”, “albumen antimicrobial de-
fense”, “yolk”, “yolk antimicrobial defense”, “poultry embryonic infection”, “ E. coli in
hatching eggs”, “E. coli in poultry embryos”, “poultry infected by E. coli”, “in ovo antimi-
crobials to control E. coli”, and “humans infected with E. coli”. The criteria adopted for
inclusion included: original articles and reviews written in English or Portuguese; studies
that investigated the eggshell; studies focused on administering antimicrobial substances
through the in ovo technique; and studies related to microbial contamination of eggs and
embryos, specifically with E. coli. Any studies that did not meet these inclusion criteria
were promptly excluded from the analysis. The literature was consulted until the writing
of each topic was finalized.

3. Eggshells and Their Natural Defenses

The eggshell generally has two predominant functions: nourishing and protecting the
embryo. This protective function encompasses defense against pathogens, which is effec-
tive thanks to the interaction between the physical barrier capacity and the antimicrobial
proteins present in the eggshell [16]. In addition to having pores, the eggshell is subdivided
into the cuticular, vertical crystal, palisade, and mammillary layers, and the outer and inner
membranes (Figure 1) [17]. The cuticle is the upper layer, rich in polysaccharides, hydrox-
yapatite crystals, lipids, and glycoproteins [18]. The eggshell comprises the lower layer,
the vertical crystal, formed by crystals aligned perpendicular to the surface, the palisade
layer, composed of calcite crystals embedded in an organic matrix, and the mammillary
layer, consisting of calcified columns and cones that penetrate the shell membranes [19].
The inner layers, formed by the outer and inner membranes, represent the basal protective
layer of the eggshell, composed of protein fibers [17,19].

Over the years, several studies have explored different possibilities as to how pathogens
can overcome eggshell barriers (Table 1). The channels that influence the penetration of mi-
croorganisms into the eggshell can be significantly linked to poultry, egg, microorganisms,
or environmental conditions.

39



Antibiotics 2024, 13, 205

Antibiotics 2024, 13, x FOR PEER REVIEW 3 of 15 
 

 
Figure 1. Poultry eggshell structure. 

Over the years, several studies have explored different possibilities as to how 
pathogens can overcome eggshell barriers (Table 1). The channels that influence the 
penetration of microorganisms into the eggshell can be significantly linked to poultry, 
egg, microorganisms, or environmental conditions. 

Table 1. Some factors associated with microbial penetration into the eggshell. 

Factors Reference 
Absence or partial deposition of the cuticle [20] 
Eggshell pore diameter [20] 
Exposure of the egg to temperature variation regimes [21] 
Translucent eggshell surface [21] 
Genetic origin of Poultry [22] 
Egg dynamic stiffness  [23] 
High contamination of the eggshell surface [23] 
Motile and non-clustering properties of some 
microorganisms 

[24] 

Poultry housing system [25] 
Poultry feed [25] 
Washing and sanitizing methods [26] 
Egg storage time [27] 
Number of pores in the eggshell [27] 
Eggshell condensation [28] 
Newly laid eggs (immature cuticle) [29] 
Chemical composition of the cuticle [29] 

4. Escherichia coli (E. coli) as a Threat during and after Embryonic Development 
E. coli is a harmful pathogen in avian infections. This Gram-negative bacterium 

belongs to the Enterobacteriaceae family and can thrive in both aerobic and anaerobic 
environments, demonstrating adaptability when growing at temperatures ranging from 
18–44 °C [30]. It may represent the most predominant bacteria among those isolated from 
eggs, shell-dead embryos, and newborn chicks [31]. E. coli can progress from harmless and 
asymptomatic colonization of the eggshell to the onset of potentially fatal embryonic 
diseases [32]. Its pathogenic specificity becomes particularly evident in embryonic 
infections, where E. coli demonstrates a remarkable ability to colonize the eggshell, invade 
it, and colonize embryonic tissues [33]. The invasion of E. coli through the eggshell not 
only represents a direct threat, but also promotes the invasion of other bacteria, such as 

Figure 1. Poultry eggshell structure.

Table 1. Some factors associated with microbial penetration into the eggshell.

Factors Reference

Absence or partial deposition of the cuticle [20]
Eggshell pore diameter [20]
Exposure of the egg to temperature variation regimes [21]
Translucent eggshell surface [21]
Genetic origin of Poultry [22]
Egg dynamic stiffness [23]
High contamination of the eggshell surface [23]
Motile and non-clustering properties of some microorganisms [24]
Poultry housing system [25]
Poultry feed [25]
Washing and sanitizing methods [26]
Egg storage time [27]
Number of pores in the eggshell [27]
Eggshell condensation [28]
Newly laid eggs (immature cuticle) [29]
Chemical composition of the cuticle [29]

4. Escherichia coli (E. coli) as a Threat during and after Embryonic Development

E. coli is a harmful pathogen in avian infections. This Gram-negative bacterium belongs
to the Enterobacteriaceae family and can thrive in both aerobic and anaerobic environments,
demonstrating adaptability when growing at temperatures ranging from 18–44 ◦C [30]. It
may represent the most predominant bacteria among those isolated from eggs, shell-dead
embryos, and newborn chicks [31]. E. coli can progress from harmless and asymptomatic
colonization of the eggshell to the onset of potentially fatal embryonic diseases [32]. Its
pathogenic specificity becomes particularly evident in embryonic infections, where E. coli
demonstrates a remarkable ability to colonize the eggshell, invade it, and colonize embry-
onic tissues [33]. The invasion of E. coli through the eggshell not only represents a direct
threat, but also promotes the invasion of other bacteria, such as Staphylococcus aureus, which
is associated with high rates of embryonic mortality [34]. Among the main complications
resulting from embryonic E. coli infection that lead to embryonic death are septicemia,
omphalitis, and congenital deformities [2,35,36]. The presence of E. coli can result in the
death of up to 92% of affected embryos [32]. Wang et al. [33] revealed that chick embryos
died 48 h after being infected by E. coli. These findings provide an explanation for the
decreased hatchability rate of E. coli-infected embryos at 18 days of development [37].

Another worrying aspect is the possibility of infection of embryos by E. coli through
the eggshell, without them showing clinical signs during development. Such symptoms
can appear after hatching [38], substantially increasing the risk of cross-contamination
outbreaks and widespread mortality in poultry houses. Undesirable effects have been
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identified in broiler chickens infected by E. coli, manifesting through clinical signs and
histopathological lesions such as: (1) Ruffled feathers, (2) inappetence, (3) respiratory mani-
festations, (4) sitting on hocks, (5) yellow and whitish diarrhea, (6) pericarditis, (7) enteritis,
(8) airsacculitis, (9) liver and lung congestion, and (10) myocardial degeneration [39].

5. Escherichia coli (E. coli) as a Threat to Human Health

Although this review does not directly focus on human health, it is imperative to
recognize that the seriousness of microbial contamination in hatcheries, poultry farms and
slaughterhouses cannot, under any circumstances, be ignored. Human health must always
prevail over any poultry production process. Both ingestion and inhalation are crucial
routes of direct exposure to microbial contamination in humans, covering both occupational
and non-occupational contexts. Hatcheries, poultry farms and slaughterhouses pose poten-
tial risks to humans, both in terms of contamination through inhalation and the possibility
of ingestion if the final products intended for consumption are contaminated, as these
products are considered one of the main reservoirs of E. coli [40]. An additional concern
arises when products initially supplied to commercial establishments, in accordance with
microbiological standards, end up suffering contamination during storage, especially if
this occurs under inadequate climatic and sanitary conditions. The consequences resulting
from the inhalation or ingestion of E. coli can manifest themselves in humans as acute or
chronic infections, compromising the integrity of human health. Some such infections
include urinary infections that may or may not be associated with cases of bacteremia [41],
intestinal problems, including diarrhea [42], and meningitis, associated with significant
mortality rates, or with a high risk of developing serious neurological sequelae [42,43]
(Figure 2).
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6. What Is the In Ovo Injection Technique?

Antimicrobials administered into the egg via injections may represent an effective
and rapid regimen to ensure microbial suppression during embryonic development and
post-hatch. This regime, known as “in ovo injection”, aims to deposit a compound of
interest in the internal environment of the egg via the intervention of qualified profession-
als [44]. Approximately forty years ago, researchers tested this regime in the laboratory
for vaccinating poultry before hatching [45]. Today, its commercial application around the
world continues to prioritize vaccination as its main objective. Based on research already
carried out [46–51], in ovo injections offer a range of advantages in poultry farming, such as:

• The in ovo injection technique does not require very complex professional training to
be administered.

• It can be considered the best option for early and systemic immunization of poultry,
with the absence of pain and stress.
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• This technique allows for rapid and effective absorption of the injected medication,
leading to faster immunization, or a faster response to treatment.

• It can inhibit bacterial growth and multiplication, thus reducing the cross-spread of
bacteria in hatcheries and farms, as well as outbreaks of fatal diseases.

• It can induce long-lasting immunity, ensuring that poultry protection is maintained
over time.

• It can favor the achievement of productivity gains related to the effects of the
injected compound.

• It precipitates a reduction in operational and treatment costs related to poultry farming.

Firstly, before carrying out the in ovo injection technique, individual safety equip-
ment must be used (Figure 3). The use of syringes with sterile needles and appropriate
calibers for eggs is crucial, as it must be a minimally invasive and painless protocol. In
general, the amount of substance injected is 0.1 mL [52], although a larger volume may
be considered [53]. However, it is essential to highlight that, depending on the nature of
the substance, the injection volume cannot exceed 0.4 mL, as this practice may be related
to undesirable productive effects [54]. Additionally, 1 mL syringes with 23-G and 1-inch
needles have been efficiently used in this practice [55]. After application, sterile paraffin
is normally used to seal the pierced egg [56]. Although the recommendations above are
not a general rule, the absence of adequate conditions, specifically for each antimicrobial
substance, can significantly increase the risk of failures and embryonic mortality in the
in ovo injection process [54]. The anatomical region of the egg used to administer antimi-
crobials is relevant to the safety and effectiveness of treatments developed to prevent or
treat avian microbiological complications until post-hatch. Thus, the amnion, an extra-
embryonic membrane, has been recommended as a potential site for the direct delivery of
antimicrobial substances [48] (Figure 3). This intervention can occur during the prenatal or
perinatal phases of embryonic development [51]. After the intervention, an immediate and
prolonged microbial reduction is expected.
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To understand the in ovo drug administration route, it is necessary to understand
the physiology of embryonic development. Among the various in ovo injection routes,
the amniotic route, as mentioned earlier, is the most popular approach for in ovo drug
administration. The main advantage of the drug administration system via the amniotic
route, compared to other in ovo delivery routes (Figure 4), is the rapid distribution of
the compound to the embryo. According to Williams [47], after being deposited in the
amnion, therapeutic substances are rapidly absorbed orally and through the mucosal
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surfaces of the embryo’s respiratory and digestive tracts. Antibacterial therapies require
that pharmacological agents act quickly on the body of the target organism to provide
protection and/or treatment. In this context, the amnion stands out as the best option for
prevention or treatment against E. coli in embryos, since the drugs deposited in it normally
have an efficacy rate above 90% [57].
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7. In Ovo Injection as a Front Line against Escherichia coli (E. coli) Infection in Poultry

The management of infectious diseases in poultry requires daily administration of
antimicrobials for a period that varies according to the target bacteria and its susceptibility
to the antimicrobial, the severity of the infection, the immunological status of the poultry,
and administration standards defined by the manufacturer, among others. However,
non-adherence to therapy by poultry can lead to recurrence of the disease. Therefore, it
is more advantageous to adopt preventive management practices even before signs of
avian infection appear. The use of injectable antimicrobial formulations in the egg during
embryonic development emerges as an effective preventive practice against microbial
infection in poultry, especially by E. coli (Table 2). However, it is worth highlighting the
importance of being cautious when using antibacterials for this purpose, mainly due to
the development of antibacterial resistance. It is hypothesized that this efficiency of the in
ovo injection practice is due to the rapid distribution of the antimicrobial throughout the
body and its prolonged action. Twenty-four hours after administration into the amnion,
the antimicrobial substance may have already spread throughout the embryo’s body,
including the gastrointestinal tract, respiratory system, and skin [48]. The effectiveness of
the antimicrobial administered in ovo can allow the survival of 90% of embryos against
E. coli infection [58] and ensure the protection of 100% of chicks against yolk sac infection
by the same microorganism [59]. Furthermore, the antimicrobial effect of the injectable
substance in the egg can be observed in poultry even when they reach 21 days of age [49].
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Table 2. Control of E. coli in poultry after application of antimicrobials in ovo.

Compound
Classification Concentration

Day of
Application

in
Embryos

Application
Location

Effects Found after
Application Study

Immune stimulants
Cytosine-phosphodiester-

guanine
oligodeoxynucleotides +

polyphosphazene

50 µg/100 µL E18 Amnion

Increased the
immunoprotective effect
against E. coli infections

in poultry

[46]

Cytosine
-phosphodiester-guanine

oligodeoxynucleotides
50 µg/100 µL E18 Amnion

It can be used to prevent
and control mortality due to
yolk sac infection by E. coli

[60]

Probiotics

Intestinal microbial product 3.3 × 105 viable
bacteria/egg

E18 Amnion

Reduced the abundance of
Enterobacteriaceae (a family
that includes E. coli) in the

intestinal microbiota

[61]

Bacillus spp. probiotic-based 5 × 107 CFU/mL
(1 × 107 CFU/200 µL)

E18 Amnion

Reduced the severity of
virulent horizontal

transmission of E. coli and
infection of poultry in the

incubation cabinet

[62]

Lactic acid microbiota 107 CFU/mL E19 Amnion
Reduced Enterobacteriaceae
colonization in poultry after

E. coli infection
[63]

Bacillus subtilis, Pediococcus
acidilactici, and Enterococcus

faecium
107 CFU/mL E18 Amnion

Reduced the intestinal
population of E. coli

in poultry
[64]

Antimicrobial peptides

Avian antimicrobial
peptides

30 µg peptide/100 µL
PBS/embryo E18 Amnion

Effective protection against
yolk sac infection caused by

E. coli
[65]

Chicken cathelicidin analog
DCATH-2

4.4 mg/mL/100 µL
PBS/embryo E18 Amnion Protected poultry against

E. coli infection [48]

Prebiotics

Raffinose and stachyose 5 and 10% E17 Amnion

The concentration of E. coli
in the intestinal content of

poultry did not show
significant variations

[66]

Nanomaterials

Green Silver Nanoparticles 0.17 mg/mL E17.5 Amnion Reduced E. coli counts in the
cecal content of poultry [67]

Bacteriophages

Phage cocktail
100 µL of the phage
cocktail (5.2 × 108

PFU/mL) or DPBS
E16 Allantois Prevented the development

of avian colibacillosis [50]

Synbiotics

Lactobacillus plantarum +
Astragalus polysaccharide

200 µL of the
Lactobacillus plantarum +

2 mg/egg Astragalus
polysaccharide

E18.5 Amnion

Increased colonization of
Lactobacillus spp. and

Bifidobacterium spp. and
decreased the population of
E. coli in the avian cecum.

[49]

Natural extract and
vitamins

Grape seed extract and
vitamin C

Grape seed extract (3,
4.5 or 6 mg/egg), and
vitamin C (3 mg/egg)

E18 Air sac Decrease in the population
of E. coli in the ileum [68]

Amino acids

L-arginine 1–0.5% E14 Amnion Reduced E. coli in the cecum
of poultry [69]
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As noted previously, successful antimicrobials demonstrate high efficacy in long-
lasting prevention and rapid treatment of poultry infection-causing pathogens such as
E. coli, providing systematic protection that effectively limits or prevents the spread of
infection in farming systems. Many antimicrobials demonstrate success in combating E. coli
due to their action mechanisms that result in the death of this bacterium. It has been
elucidated that natural antimicrobials may have the ability to cause damage to the cell
membrane of E. coli, resulting in the leakage of proteins and nucleic acids (Figure 5). This
phenomenon triggers the destabilization of metabolic activity, ultimately culminating in
bacterial cell death [70]. In the same way, synthetic chemical antimicrobials can also induce
disturbances in the cell walls and membranes of E. coli, reducing its protection and resulting
in the loss of intracellular content [71]. This is the most elucidated antibacterial mechanism.
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Advances in preventing or treating E. coli infections through in ovo delivery of sub-
stances have primarily focused on the use of antimicrobial peptides and probiotics. A
peptide is a chain of amino acids that generally does not exceed 50 amino acids, linked
together by peptide bonds [72]. Identified sources of peptides include microorganisms,
plants, animals, and humans [73]. Peptides present a cocktail of attractive characteristics,
such as compatibility with poultry safety [65]. Furthermore, they have pharmacological
aspects, including activity against gram-positive and gram-negative bacteria [65,74]. The
implementation of antibacterial peptides in poultry farming can significantly contribute
to solving several problems related to poultry productivity and health [75]. Two impor-
tant families of antimicrobial peptides with potential application in poultry farming are
β-defensins and cathelicidins [76].

Probiotics are beneficial live microorganisms that, in certain concentrations, exert a
broad spectrum of biological activities. This includes antibacterial properties, which have
played a significant role in increasing interest in opening new therapeutic horizons in poul-
try farming [77,78]. A review carried out by Cox and Dalloul [79] on the role of probiotics
in poultry concluded that probiotics are beneficial for improving performance, maintaining
healthy balance of the intestinal microbiota, and neutralizing adverse effects of infectious
diseases. Several microorganisms have physiological and technological characteristics
that classify them as probiotics. Among them are Lactobacillus acidophilus, Lactobacillus
casei, Lactobacillus fermentum, Lactobacillus gasseri, Lactobacillus johnsonii, Lactobacillus lactis,
Lactobacillus paracasei, Lactobacillus plantarum, Lactobacillus reuteri, Lactobacillus rhamnosus,
Lactobacillus salivarius, Bifidobacterium longum, Bifidobacterium bifidum, Bifidobacterium breve,
Bifidobacterium animalis, and Streptococcus thermophilus [80].

In short, it has been observed that the antibacterial compounds injected into the egg
act mainly to reduce the bacterial load of the poultry, protecting them against infections
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before or after hatching. Furthermore, they beneficially modulate the intestinal microbiota
and strengthen the poultry immune response, minimizing cases of mortality.

8. Is In Ovo Injection Harmful to Hatchability?

Hatchability is the gold parameter for evaluating antimicrobial techniques involving
embryos and hatchery performance. It represents the proportion of chicks born alive for a
specific sample of eggs [51]. A recent bibliographic mapping addressing the relationship
between hatchability and the in ovo injection technique [51] showed that, in general, the
practice of in ovo injection tends to improve hatchability. However, the review highlighted
that this technique has a more significant impact on poultry health parameters than on
hatchability itself, and that association of the technique with possible loss of hatchability
was observed in specific cases [51]. Therefore, it is more interesting for the poultry sector
to adopt sanitary procedures, with the potential not only to ensure poultry is free from
bacterial infections but also to at least preserve hatchability, given that poultry yields
depend significantly on this index and high-quality standards of the poultry. Choosing
a multifunctional antimicrobial can also minimize costs that could otherwise make the
adoption of in ovo infection unfeasible. A wide repertoire of antimicrobial solutions, such
as carbohydrate/electrolyte + potassium chloride + theophylline, tripotassium citrate +
potassium chloride + theophylline, creatine + potassium chloride + theophylline [81], the
nano form of zinc, copper, or selenium [82], vitamin A, vitamin E, vitamin D3, folic acid, [83]
L-Arginine, and L-Threonine [84], were not associated with harm in hatchability.

9. Antimicrobials and Hygiene Practices in the Poultry Sector

Eggshell contamination by E. coli often originates in breeding sheds. Subsequently,
this contamination can be transmitted horizontally to the embryo, persisting until after
hatching. Furthermore, poultry can be directly contaminated by E. coli present in the shed
environment. Therefore, poultry houses with unsanitary and microbiologically compro-
mised conditions can negatively affect the quality of poultry and act as sources of inoculum
for pathogenic microorganisms, such as E. coli, which can cause significant damage to poul-
try production and the safety of poultry food products. These unsanitary conditions also
have the potential to obstruct trade in poultry products in both national and international
markets. To prevent infectious outbreaks caused by E. coli and poultry health emergencies
at regional, national, or international levels, it is essential to implement preventive micro-
bial control programs. This includes effective safety management before, during and after
production. The use of antimicrobials selected based on antibiograms, under the guidance
of qualified professionals and in partnership with poultry companies, is a key component
of these programs, ensuring effective disease prevention.

Ahmed et al. [85] showed that the application of 250 mL of chlorine dioxide (ClO2)
for fumigation in a broiler shed at the end of 5 weeks of rearing resulted in a significant
reduction in the concentration of E. coli in just 10 min. This reduction remained significantly
effective up to 12 h after application, without causing any adverse effects to the health of
the poultry. Likewise, Jiang et al. [86] presented results indicating that spraying a poultry
house with a sanitizer containing aldehydes, quaternary ammonium salt, and alcohol (ratio
1:1500) resulted in a significant reduction in the relative abundance of pathogens of the
genus Escherichia-Shigella. Based on these studies, the importance of a detailed management
plan that incorporates antimicrobial actions in poultry sheds is reinforced. However, the
efficiency of the plan depends on the daily execution of these actions, as well as the training
of the professionals responsible for their execution [13].

10. Conclusions and Future Perspectives

The in ovo injection technique allows the development of personalized protocols to
overcome specific challenges in the effective administration of antimicrobials and combat-
ing E. coli infections. The integration of this technique with practices already established in
the poultry sector, such as rigorous hygienic-sanitary maintenance in sheds, can enhance
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the efficiency and precision of treatment, ensuring a more targeted and effective approach
to poultry care. Although this technology has great potential, it is crucial to address some
issues before its full implementation in industrial poultry environments. For example,
additional research is essential to evaluate the effectiveness of combining eggshell sanita-
tion and in ovo antimicrobial administration, specifically to improve the practice of in ovo
injection in poultry production, especially in the treatment of E. coli. Furthermore, before
proceeding with its large-scale adoption in poultry farming, it is vital that the combined
technology undergoes rigorous testing to ensure its safety for poultry, humans, and the
environment. It is hoped that this review will provide poultry researchers and professionals
with a clear perspective on how careful selection of antimicrobials, combined with a refined
in ovo application protocol, can constitute an effective strategy to significantly optimize
yields in the poultry sector.

In the practice of in ovo injection in the poultry industry, it is expected that, in addition
to vaccination, there will be a routine dedication to the in ovo delivery of antimicrobials,
with the main objective of controlling bacterial proliferation. However, this requires a
careful and comprehensive approach to several issues, such as:

• Over the past few decades, several protocols have been developed for the delivery of
substances in ovo in the poultry field. Some of these protocols have been specifically
designed to protect poultry against bacterial infections. Within these protocols, the use
of antimicrobial peptides and probiotics has been the subject of intense investigation
and reporting. The implementation of these protocols, centered on such compounds,
takes priority in commercial production, given the concentrated database available
that supports their characteristics of simplicity, cost-benefit, ease of in ovo application,
and compatibility with poultry safety. In addition, the toxicity and bacterial resistance
of many synthetic chemical compounds have been considered.

• The chosen in ovo delivery route may influence the effectiveness of antibacterials for
poultry. Therefore, studies have proposed the amniotic route as the most effective
to guarantee avian protection. These results will contribute to the development of
commercial protocols utilizing a more advantageous in ovo delivery route.

• Some tested compounds may exhibit antibacterial specificity for a specific group of
bacteria, meaning that the compound does not have a broad antibacterial spectrum.
Although this review focuses on the control of E. coli, the search for compounds with
broad-spectrum antibacterial properties represents a promising avenue for in ovo
injection protocols. This requires further investigation.

• When developing in ovo application protocols, it is crucial to consider the associated
economic cost and environmental damage. High costs can create barriers to com-
mercial application, while the use of toxic synthetic chemicals can pose a threat to
the environment.

• Many of the compounds tested in ovo were only evaluated under laboratory conditions.
Therefore, testing under commercial conditions is essential, since the results obtained
in the laboratory may encounter several limitations, even if minimal, due to the
different realities faced in practice.
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Abstract: Livestock-associated methicillin-resistant Staphylococcus aureus (LA-MRSA) has been widespread
globally in pigs and humans for decades. Nasal colonization of LA-MRSA is regarded as an occu-
pational hazard to people who are regularly involved in livestock production. Our previous study
suggested pig-to-human transmission caused by LA-MRSA clonal complex (CC) 398, using tradi-
tional molecular typing methods. Instead, this study aimed to investigate the zoonotic transmission
of LA-MRSA CC398 using whole genome sequencing (WGS) technologies. A total of 63 LA-MRSA
isolates were identified and characterized in Thailand. Further, the 16 representatives of LA-MRSA
CC9 and CC398, including porcine and worker isolates, were subjected to WGS on the Illumina Miseq
platform. Core-genome single nucleotide polymorphism (SNP)-based analyses verify the zoonotic
transmission caused by LA-MRSA CC398 in two farms. WGS-based characterization suggests the
emergence of a novel staphylococcal cassette chromosome (SCC) mec type, consisting of multiple
cassette chromosome recombinase (ccr) gene complexes via genetic recombination. Additionally,
the WGS analyses revealed putative multi-resistant plasmids and several cross-resistance genes,
conferring resistance against drugs of last resort used in humans such as quinupristin/dalfopristin
and linezolid. Significantly, LA-MRSA isolates, in this study, harbored multiple virulence genes that
may become a serious threat to an immunosuppressive population, particularly for persons who are
in close contact with LA-MRSA carriers.

Keywords: livestock-associated methicillin-resistant Staphylococcus aureus; LA-MRSA; antimicrobial
resistance; whole-genome sequencing; WGS; pigs; workers; occupational diseases; Thailand

1. Introduction

Over the past two decades, pigs have been regarded as crucial reservoirs of livestock-
associated Staphylococcus aureus (LA-MRSA). Pig-associated MRSA can be occupationally
transmitted to individuals who are frequently in close contact with colonized animals, for
example, husbandry workers, veterinarians, and slaughterhouse workers [1–3]. Eventually,
these groups of people may become asymptomatic carriers of LA-MRSA. Nasal LA-MRSA
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carriage in humans is associated with a greater risk of developing infections; moreover, car-
riers can potentially transfer LA-MRSA from farms to their household members, although
it has been studied that human-to-human transmission caused by LA-MRSA transmission
rarely occurs [4–7]. To date, it is believed that LA-MRSA tends to be less virulent than the
other two strains in healthcare settings and communities, hospital-associated MRSA (HA-
MRSA) and community-associated MRSA (CA-MRSA) [8,9]. As previously reported, for
infections in healthy hosts, LA-MRSA generally develops mild or local infections; however,
severe infections, occasionally leading to death, can be presented in fragile population such
as children, the elderly, and patients with immunosuppression or chronic diseases [10–12].

At present, LA-MRSA has spread widely in swine farming and pork industrial pro-
duction, and it has become a growing threat to public health worldwide [13]. In North
America and Europe, the most prevalent LA-MRSA lineage belongs to clonal complex (CC)
398. On the other hand, most of the pig population in Asian countries has been successfully
occupied by CC9 for years [13]; however, recently, the incidence rate of LA-MRSA CC398
among pig herds has increased dramatically to 87.5% and 96.3% in Thailand and China,
respectively [2,14]. According to our previous study in Thailand, conventional molecular
typing methods exhibited that LA-MRSA isolates from swine workers and their pigs pos-
sessed identical molecular characteristics, and they were also phenotypically resistant to
the same antimicrobial agents [2]. These observations suggested inter-species transmission
caused by CC398; however, a study exploring higher genetic relatedness among LA-MRSA
from both species has never been conducted in Thailand. Currently, several molecular
typing methods are used to approach epidemiological studies and outbreak investigations
of LA-MRSA, such as staphylococcal cassette chromosome (SCC) mec typing, spa typing,
pulsed-field gel electrophoresis (PFGE), and multi-locus sequence typing (MLST). These
typing methods, however, present some limitations. Whole genome sequencing (WGS) is
another alternative technique that allows us to access greater resolution and DNA sequence
dissimilarities at the nucleotide level. Due to its several benefits, this study aimed to use
WGS approaches to illustrate the zoonotic transmission of LA-MRSA CC398 between pigs
and farm workers in the central region of Thailand and to characterize their genomic
features using public international databases.

2. Results
2.1. WGS-Based Characteristics

The most prevalent genotype (sequence type-SCCmec type-spa type) was ST398-
SCCmecV-t034 (9/16), followed by ST398-SCCmec composite island (CI)-t034 (4/16), ST9-
SCCmecIX-t337 (2/16), and ST4576-SCCmecIX-t337 (1/16) (Table 1). The type V SCCmec
element of the ST398-t034 strain contained a class C2 mec gene complex with a type
5 cassette chromosome recombinase (ccr) gene complex (ccrC1). The SCCmec type IX car-
ried by the members of CC9, ST9-t337, and ST4576-t337 clones, consisted of the class C2
mec gene complex and a type 1 ccr gene complex (ccrA1B1). Interestingly, the composite
SCCmec elements identified in the 4 ST398-t034 isolates were organized by a combination
of multiple ccr gene complexes, ccrA1B1 and ccrC1, and the mec class C2 complex.
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Table 1. WGS-based characteristics, including ccr gene complex(es) and mec complex class identified
in each representative of LA-MRSA isolates.

Strain Name Farm Location ST CC SCCmec Type spa Type mec Complex Class
ccr Gene Complex

Type ccrA1 ccrB1 ccrC1

Q10.1 6 PB 9 9 IX t337 C2 1 + + -
Y1.3 8 PB 4576 9 IX t337 C2 1 + + -

BA3.1 2 RB 9 9 IX t337 C2 1 + + -
J101.2 11 PB 398 398 CI t034 C2 NT + + +
L3.1 1 NP 398 398 CI t034 C2 NT + + +
L43.2 1 NP 398 398 CI t034 C2 NT + + +
Z19.1 1 NP 398 398 CI t034 C2 NT + + +
AA3.1 4 SB 398 398 V t034 C2 5 - - +
M3.1 3 SB 398 398 V t034 C2 5 - - +
M31.1 3 SB 398 398 V t034 C2 5 - - +
Y1.2 8 PB 398 398 V t034 C2 5 - - +
S2.1 7 PB 398 398 V t034 C2 5 - - +

H49.1 10 NR 398 398 V t034 C2 5 - - +
G2.1 9 NR 398 398 V t034 C2 5 - - +

D16.1 5 PB 398 398 V t034 C2 5 - - +
X1.1 7 PB 398 398 V t034 C2 5 - - +

PB: Prachin Buri, RB: Ratchaburi, NP: Nakhon Pathom, SB: Suphanburi, NR: Nakhon Ratchasima, NT: non-typable,
+: detected, -: not detected.

2.2. Core-Genome Single Nucleotide Polymorphism (SNP)-Based Analyses and Transmission of
LA-MRSA CC398

Figure 1 presents the phylogenetic tree based on single nucleotide polymorphisms
(SNPs) in the core genome of the 13 LA-MRSA CC398 isolates. The isolates were divided
into two distinct phylogenetic clades, namely, Clade I and Clade II. Almost all internal
nodes had bootstrap support of 90% or greater. Clade I was occupied by the 4 LA-MRSA
isolates carrying the composite SCCmec elements from Farm 1 and Farm 11. Two porcine
isolates and one human isolate from Farm 1 apparently were clustered in the same sub-
clade, elucidating a high degree of genome relatedness among them; however, one human
isolate from Farm 11 was distantly related to those from Farm 1. Clade II was completely
clustered by all LA-MRSA isolates carrying the SCCmec type V. The LA-MRSA isolates from
Farm 3 and Farm 4, located in Suphanburi, were placed into the same sub-clade showing a
geographical specificity (Supplementary Materials Figure S1). Like Farm 1, one porcine
isolate from Farm 3 was clustered tightly with a human isolate obtained from the same
location. The other six porcine isolates in Clade II, obtained from five different farms in
Prachin Buri and Nakhon Ratchasima, resided together in a discrete sub-clade.
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Figure 1. Phylogenetic analysis of the 13 LA-MRSA CC398 isolates based on core genome SNPs. The
evolutionary tree was reconstrued using maximum likelihood inference and a bootstrap value of
1000 repetitions. The LA-MRSA isolates of CC398, derived from live pigs (n = 10) and healthy swine
workers (n = 3), diverged into two monophyletic groups, namely, Clade I (green) and Clade II (red).
Importantly, the phylogenetic tree depicted two possible events of zoonotic transmission in Farm 1
and Farm 3.
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To verify all transmission events detected in this study, a pairwise SNP distance matrix
made from the core genome alignment was investigated (Supplementary Materials Table
S1). In Clade I, the pairwise SNP distances between the two porcine strains L3.1 and Z19.1
from Farm 1 were 13-core genome SNPs. These porcine strains were even closer to the
human strain L43.2 from the same farm with 11 and 10 SNPs, respectively. On top of that,
in Clade II, the porcine strain M3.1 from Farm 3 was only three SNPs distant from the
human strain M31.1 from the same farm. This indicates that both isolates were genomically
related and originated from the same root. For Farm 4, the porcine strain AA3.1 was
separated from both isolates from Farm 3 (the strains M3.1 and M31.1) by 2 and 3 SNPs,
respectively. The remaining porcine strains in this clade, collected from Prachin Buri and
Nakhon Ratchasima, shared a common ancestor with a different number of SNP distances
ranging from 14 to 38 SNPs.

2.3. Antimicrobial Resistance-Associated Genes and Stress Genes Profile

In total, we identified 32 antimicrobial resistance-associated genes, mediating resistance
against 14 antimicrobial groups: aminoglycosides (n = 6), beta-lactams (n = 3), fluoroquinolones
(n = 2), fosfomycin (n = 3), glycopeptide antibiotics (n = 1), lincosamides (n = 1), lincosamides-
pleuromutilins-streptogramin A compounds (PLSA) (n = 3), macrolide-lincosamide-
streptogramin B compounds (MLSB) (n = 3), phenicols (n = 2), phenicols-oxazolidinones-
lincosamides-pleuromutilins-streptogramin A compounds (PhLOPSA) (n = 1), rifampicin
(n = 1), tetracyclines (n = 4), trimethoprim (n = 1), and multidrug efflux MATE (multidrug
and toxic compound extrusion) transporter (n = 1) (Table 2). It is noteworthy that PLSA,
MLSB, and PhLOPSA phenotypes are related to cross-resistance, which refers to an ability
of resistance to several classes of antimicrobials by a single mechanism [15,16].

It is revealed that all LA-MRSA isolates could be defined as multidrug-resistant (MDR)
MRSA due to resistance against at least three classes of antimicrobials. In addition, all of
them tested positive for mecA, S84L mutation in gyrA, tet(38), tet(M), dfrG, and mepA. In
contrast, the vancomycin resistance gene vanA and the mutation of rpoB gene were not
presented in any isolates.

The in-silico detection of antimicrobial resistance gene patterns among LA-MRSA
isolates within each genotype were highly similar. Within the CC398 subpopulation, the
ST398-SCCmecCI-t034 genotype did not exhibit a significant difference with the ST398-
SCCmecV-t034 genotype, except for aac(6′)-Ie/aph(2′′)-Ia, mutations in parC and erm genes;
however, it should be mentioned that, when comparing the patterns of gene carriage
and mutations between the CC9-t337 and CC398-t034 subpopulations, we observed the
distribution of some resistance genes or mutations that was evidently associated with a
particular subpopulation. As shown in Table 2, the streptomycin resistance gene str was
localized only in the CC9-t337 clone, but the other three aminoglycosides-related genes,
ant(6)-Ia, ant(9)-Ia, and spw, were specifically found in the CC398-t034 clone. While the
CC9-t337 strains mediated resistance to fosfomycin by encoding protein FosB, all LA-MRSA
with the CC398-t034 genotype conferred resistance through mutations of glpT A100V/F31I
and murA D278E/E291D [17,18]. For the PLSA resistance phenotype, the CC398-t034
clone expressed resistance through the encoding lsa(E) gene; however, the CC9-t337 clone
harbored vga(A) genes conferring resistance against PLSA antibiotics. It is important to
highlight that some resistance phenotypes were limited to either the CC9-t337 or CC398-
t034 subpopulation. The lnu(B) gene, involving resistance to lincosamides, was present
in all isolates with the CC398-t034 genotype. On the one hand, the strain Q10.1 from the
CC9-t337 clone possessed the catA gene, showing resistance to phenicols. Also, the strain
BA3.1 carried the phenicols resistance gene fexA as well as the cfr gene exhibiting resistance
to PhLOPSA.

We also examined the absence/presence of antimicrobial resistance genes distributed
among LA-MRSA isolates involved in zoonotic transmission. Undoubtedly, LA-MRSA
isolates from swine workers showed an almost 100% identity of antimicrobial resistance
gene carriage with those from pigs isolated from the same farm origin.
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Besides screening for antimicrobial resistance genes, stress genes, including biocide
and metal resistance genes, were also determined. A total of five stress genes, including
arsB, arsC, lmrS, mco, and qacG, were detected (Supplementary Materials Table S2). The
most prevalent genes were lmrS and mco, carried by all LA-MRSA isolates. The arsenic
resistance-related genes, arsB and arsC, were significantly associated with all LA-MRSA
belonging to ST398-SCCmecCI-t034 and CC9-SCCmecIX-t337 genotypes; however, qacG
resulted positive for the three strains Q10.1, Y1.3, and S2.1 from both CC9-t337 and CC398-
t034 subpopulations.

2.4. Virulence Gene Repertoire

To assess whether pig-associated LA-MRSA would become a serious issue in human
medicine, a total of 76 virulence genes were analyzed and further classified into 5 categories,
according to their functions: adherence (n = 13), exoenzymes (n = 10), host immune evasion
(n = 16), iron uptake and metabolism (n = 8), and toxins and type IV secretion systems
(n = 29) (Table 3) [19]. Most of the virulence genes were distributed homogeneously in
all subpopulations, except for some genes that were restrictedly occupied by either the
CC9-t337 or CC398-t034 subpopulation. For example, the collagen adhesion gene (cna)
and coagulase gene (coa) were exclusively found in the CC398-t034 strain. Conversely,
map, sdrD, aur, cap8F, essC, esxB, esxC, staphylococcal enterotoxin (SE) genes sei, sem, sen,
seo, seu and sey, and staphylococcal enterotoxins-like toxin (SEL) genes sel27, sel28, and
selX were specifically found in the CC9-t337 strains; however, sel26 was the only SEL gene
widespread in all isolates.

Notably, nine adherence genes (clfA, clfB, ebp, icaA, icaB, icaC, icaD, icaR, and sdrE) and
seven genes encoding the iron-regulated surface determinant protein (Isd) A-G (isdA, isdB,
isdC, isdD, isdE, isdF, and isdG) resulted positive for all LA-MRSA isolates. The following
virulence genes were, however, totally absent in all isolates: sak, scn, chp, lukF-PV, lukS-PV,
sea, sep, and tsst-1 genes.
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2.5. Mobile Genetic Elements

MobileElementFinder discovered 10 plasmid replicon sequences with diverse com-
binations of carriage. The most widespread plasmid replicon belongs to types rep7a and
repUS43 (16/16), followed by rep19b (9/16), and rep10 and rep21 (8/16). Furthermore, a
total of four transposon elements, including Tn551 (4/16), Tn554 (4/16), Tn558 (1/16), and
Tn6009 (9/16), were identified in CC398-t034 isolates, as demonstrated in Table 4.

The plasmid replicon repUS43 carried by different strains was obviously linked to
various genetic determinants. It was shown to be associated with mecA and tet(M) genes
in the CC9-t337 subpopulation, whereas the ST398-SCCmecCI-t034 and ST398-SCCmecV-
t034 strains carried this plasmid coupled with the tet(M) gene and transposon Tn6009,
respectively. Similarly, the plasmid replicon rep7a carrying tet(K) was predominately
present in all CC398-t034 isolates, except for the strain M3.1. On the other hand, the rep7a
carrying str was detected in all CC9-t337 isolates, one of which (the strain Q10.1) also
harbored the chloramphenicol resistance gene cat(pC221) on this plasmid. Among the
CC398-t034 isolates, both Tn551 and Tn554 were carried by all isolates with the composite
SCCmec element. The erm(A) gene, together with ant(9)-la, was located on the transposon
Tn554, but the erm(B) gene resided on the transposon Tn551. In contrast, the rep7a plasmid
associated with the erm(C) gene was mainly restricted to the 8 CC398-t034 with the SCCmec
type V.

Importantly, it is worth nothing that we found three interesting carriages of antimi-
crobial resistance genes with mobile genetic elements in two isolates. The resistance genes
aadD, erm(B), and tet(L) were co-localized on the plasmid sequence of the strain BA3.1.
On top of that, this strain also tested positive for the transposon Tn558 carrying fexA.
Another multi-resistance gene cluster resided on the rep22 belonging to the strain J101.2.
It contained two aminoglycosides resistance genes, aadD and ant(6)-la, the blaZ gene, the
lincosamides resistance gene lnu(B), and the Isa(E) encoding PLSA phenotype.

Apart from the plasmid replicons and transposons, other mobile genetic elements
were also determined. Within the CC398-t034 subpopulation, the insertion sequence IS256
was present in only one isolate, the strain J101.2. The ISSau8 were predictably harbored
by the following three strains: L43.2, D16.1, and X1.1; however, we found no association
between these insertion sequences and antimicrobial resistance genes.
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3. Discussion

This study, to the best of our knowledge, is the first documentation of a whole-genome
investigation of zoonotic transmission caused by LA-MRSA CC398 in Thailand. The nasal
carriage of LA-MRSA among pigs and farm workers, suggesting the potential of human
colonization and zoonotic transmission, has been previously defined by several reports
in different parts of Thailand [1,2,20,21]. These studies used various typing methods
based on molecular characterization, for example, classical MLST and SCCmec typing.
Instead, in this study, WGS approaches were used for the genotypic characterization of
LA-MRSA. Overall, the results of WGS-based characterization are nearly in accordance
with those of molecular characterization in our previous study [2]. At that time, one
porcine strain Z19.1 was typed as SCCmec non-typeable (NT) using multiplex PCR assays.
Additionally, the PCR-based SCCmec typing could not specify an allotype of ccrC gene
complex; however, these uncertainties were clarified by the WGS analyses in our present
study. Together, these findings indicate a higher discriminatory power of WGS beyond
other general typing approaches.

The occurrence of the SCCmecCl in this study implies an empirical impact on animal
movement through international trading. As seen in Table 1, the composite SCCmec
elements of the 4 CC398-t034 isolates contained both ccrA1B1 and ccrC1 gene complexes,
which were detected in CC9-SCCmecIX-t337 and CC398-SCCmecV-t034 subpopulations,
respectively; moreover, it should be noted that LA-MRSA CC398 with the type V SCCmec
element detected in several Asian countries seems to be strongly associated with the
international pig trade. To exemplify this, several LA-MRSA CC398 harboring SCCmec type
V were detected in imported pigs from two different countries during the quarantine period
in Japan [22]. On top of that, the CC398-SCCmecV-t034 genotype in pigs was documented
by a national survey in South Korea. That country has reportedly imported breeding
pigs from Canada, Denmark, and the U.S. [23]. More importantly, one previous study
demonstrated that six LA-MRSA isolates with the CC398-SCCmecV-t034 genotype, from
retail pork and a slaughtered pig in the central region of Thailand, were closely related
to Danish LA-MRSA, showing the same characteristics [24]. That study also mentioned
that the import of live pigs from Denmark to Thailand would constitute the introduction
of the LA-MRSA CC398 strain into the Thai pig population. All things considered, it
can be hypothesized that LA-MRSA CC398-t034 with SCCmecV had been introduced into
Thailand due to the cross-border movements of pigs. Subsequently, it would acquire the
additional gene complex (ccrA1B1) from the domestic strain (CC9-SCCmecIX-t337) via
genetic recombination, leading to the emergence of a unique composite of the SCCmec
element [25].

In recent years, the carriage of multiple ccr gene complexes has been presented by a
Chinese LA-MRSA ST9 from clinical and porcine isolates [26]. In addition, another study
from China has reported the presence of coagulase-negative staphylococci (CoNS) carrying
multiple SCCmec elements [27]. It demonstrated that the isolates with multiple SCCmec had
a more stable capability to continue mecA gene transcription involved in cell wall synthesis.
As a result, these isolates did not lose Gram positivity under antibiotic exposure when
compared to the ones with a single SCCmec element [27]; however, we did not perform any
phenotypic analyses regarding multiple SCCmec elements.

We elucidate and verify zoonotic transmission caused by LA-MRSA CC398 in two
farms using core-genome SNP-based analyses. The phylogenetic tree reconstruction illus-
trated a high genome similarity between porcine and human isolates. Genomic character-
istics support the phylogenetic tree as well as imply that the origin of human LA-MRSA
CC398 would be pigs. Ultimately, the pairwise SNP analysis does not only confirm pig-to-
human transmission; it also indicates evolutionary changes in the core genome of LA-MRSA
CC398 after zoonotic spillover and colonization on human nares. One study in Denmark
also used WGS to investigate the zoonotic transmission of LA-MRSA between livestock
and farmers. A phylogenetic tree based on core genome SNPs revealed that animal isolates
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differed from Danish worker isolates by only 3–5 SNPs [28]. The small number of pairwise
SNPs is very similar to those in the present study.

Additionally, phylogenetic analysis clearly revealed two distinct clades of LA-MRSA
CC398 with their own specific SCCmec types. LA-MRSA isolates from the same province or
their neighboring province were phylogenetically grouped into the same clade or sub-clade.
It is exemplified by the six porcine isolates from Prachin Buri and Nakhon Ratchasima.
Nakhon Ratchasima shares its provincial borders with Prachin Buri (Supplementary Mate-
rials Figure S1). Unsurprisingly, all porcine isolates from these two provinces in Clade II
resided together in the same sub-clade; therefore, it can be stated that these clues speculate
as to local transmission events of pig-associated LA-MRSA within the same province or
between provinces.

Like the phenotypic susceptibility testing described earlier [2], the WGS analyses
exhibited that all LA-MRSA isolates in the present study were identified as MDR as well as
harboring several cross-resistance genes. The overall distribution of antimicrobial resistance
genes suggests the genetic homogeneity of LA-MRSA in each subpopulation. In other
words, the isolates sharing the same genotypic characteristics have a highly similar pattern
of antimicrobial resistance gene carriage, although they were collected from different
locations or hosts. In addition, LA-MRSA CC9 and CC398 possess different resistance
mechanisms against a particular antimicrobial group such as a resistance mechanism
against fosfomycin or PLSA. It is also important to emphasize that several cross-resistance
genes carried by our LA-MRSA isolates do not only confer resistance against antimicrobial
agents widely used in livestock, but also antibiotics of last resort in human medicine such
as quinupristin/dalfopristin and linezolid; however, analysis of antimicrobial resistance
gene carriage using WGS in LA-MRSA CC398 has been explored by a study collecting
porcine specimens from a province in central Thailand [24,29], and it is consistent with the
results of our study.

Although the lmrS gene encoding a multidrug efflux pump is categorized as a stress
gene according to the AMRFinderPlus database, it has been proved that this gene is able
to implicate in resistance to linezolid, aminoglycosides, macrolides, and phenicols, which
is relatively similar to the PhLOPSA phenotype expressed by the cfr gene [30]; hence, it
can be assumed that all LA-MRSA isolates in this study are highly likely to potentiate
resistance against oxazolidinones via the lincomycin resistance protein of Staphylococcus
aureus (LmrS). Three LA-MRSA strains could develop quaternary ammonium compounds
(QACs) resistance due to harboring the qacG gene. QAC-based disinfectants are commonly
used in livestock farms to chemically kill microorganisms on non-living surfaces; therefore,
this gene would probably protect LA-MRSA from commercially available disinfectants
promoting bacterial persistence in farm environment.

In this study, WGS approaches also disclosed an abundance and diversity of virulence
determinants imposed by LA-MRSA isolates. As expected, toxic shock syndrome, the
toxin-1 (TSST-1)-encoding gene (tsst-1), Panton–Valentine leucocidin (PVL)-encoding genes
(lukF-PV and lukS-PV), as well as the immune evasion gene cluster (IEC), including sak, scn,
chp, sea, and sep, were absent in all LA-MRSA isolates because they were rarely detected
in livestock-derived isolates [31–34]. In addition, they are well known as crucial virulence
determinants promoting the pathogenesis or severity of MRSA infections in humans.
Furthermore, only a few SE and SEL genes were found in our LA-MRSA isolates.

There are, however, multiple genes which were carried by our LA-MRSA isolates,
including clfA-B, cna, icaA-D, icaR, isdA-G, and sdrC-E. Specifically, the clfB genes encoding
clumping factors B (ClfB) has been determined to play an important role in nasal colo-
nization in humans and experimental animals [35–37]. It could bind to the upper layer
of epithelial cells in anterior nares by a ligand-receptor interaction with loricrin and was
able to interact with cytokeratin 10 (CK10) expressed on skin epithelium. Further, it has
been proved to have an effect on skin and soft tissue infection (SSTI) during the early stage
of pathogenesis [38,39]. Seven strains had the cna gene, which is responsible for bacterial
adherence to collagen in host tissue. With this function, the collagen-binding protein could
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influence staphylococcal infection in collagen-rich tissues such as heart, joints, and bones,
and the cornea [40–43]. The ica operon, consisting of icaA-D genes and its negative regulator
gene icaR, is involved in biofilm production. The slime formation does not only protect
bacterial communities against host immunity, but also mediates the release of dispersed
cells to new sites of infection and avoids penetration of antimicrobial agents through the
staphylococcal biofilm [44,45]. Besides being involved in heme-iron acquisition systems,
the IsdA is also able to bind to several host receptors such as loricrin and CK10, supporting
the adherence of S. aureus to desquamated nasal epithelial cells in humans and colonization
in animal experiments [46]. Only a few LA-MRSA harbored sdrC-D genes even though
sdrE gene was identified in all strains. The sdrC-D genes are related to adhesion to human
epithelial cells; however, the sdrE gene is recognized as an inhibitor of both classical and
alternative complement pathways [46,47].

Altogether, it can be summarized that all LA-MRSA isolates in our study pose viru-
lence genes that can potentiate intercellular adhesion and colonization in human nostrils,
facilitate biofilm formation, and promote a wide spectrum of staphylococcal infections.
These findings support the conclusion that LA-MRSA can serve as an invasive pathogen
threatening human health, especially in patients with immunocompromised or underlying
medical conditions [5].

In-silico prediction of antimicrobial resistance gene-associated mobile genetic elements
revealed two unique multi-resistant plasmids on draft genomes of LA-MRSA strains BA3.1
and J101.2; nevertheless, previous studies have reported the emergence of MRSA possess-
ing multi-resistance gene clusters either on chromosome or plasmid. To illustrate this, the
co-existence of numerous antimicrobial resistance genes on the LA-MRSA genome J101.2,
including aadD, blaZ, lnu(B), and Isa(E) genes, had been detected earlier on a chromosome
of MRSA ST9 isolated from frozen food in China [48]. Additionally, a multi-resistance gene
cluster on a plasmid was identified in MRSA ST9 from a Chinese pig [49]. Apart from the
aminoglycosides, beta-lactams, lincosamides, and PLSA resistance genes, the tetracycline
resistance gene tet(L) and MLSB resistance erm(B) were co-localized on this plasmid, which
were also found on our LA-MRSA strain BA3.1. The co-carriage of diverse antimicrobial re-
sistance genes on the plasmids demonstrated in our study raises an awareness of significant
risk related to antimicrobial resistance gene transfer [49].

We have, however, encountered some challenges in using short-read sequencing
technologies. First, we could not access whole sequences of SCCmecCI elements carried by
our LA-MRSA CC398; therefore; we cannot clarify whether the additional ccr gene complex
was a result of two discrete integrated SCCmec elements [50]. Another limitation is that we
were not able to visualize the genomic organization of multi-resistance gene clusters located
on putative plasmid contigs. This would highlight that several antimicrobial resistance
genes and other resistance genes can be horizontally transferred in a single event. To tackle
these problems, the so-called hybrid genome assembly produced from long-read and short-
read sequencing technologies will be implemented in order to obtain the reconstruction of
a complete bacterial chromosome, SCCmec cassette, or plasmid in our future strategies.

4. Materials and Methods
4.1. LA-MRSA Isolates

A total of 16 representative isolates of LA-MRSA, which were previously character-
ized using molecular typing methods in 2019, were selected for WGS analyses in this
study [2]. Nasal swabs were obtained from healthy swine farmers (n = 3) and live pigs
(n = 13) in 11 swine farms located in the central region of Thailand, designated as Farm
1–Farm 11, 2015–2017 [2]. Bacterial stock was kept in tryptic soy broth (BD Difco, Franklin
Lakes, NJ, USA) with 30% glycerol at −80 ◦C before recovery on 5% sheep blood agar for
further processes.
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4.2. DNA Extraction

The heat-killed bacterial solution of all representative isolates was transported to
the Hokkaido University International Institute for Zoonosis Control, Japan, for DNA
extraction. The genomic DNA (gDNA) was extracted by the bead-beating technique de-
scribed previously [24]. Further, the concentration and quality of DNA were assessed using
Qubit 3.0 Fluorometer and NanoDrop One Spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA).

4.3. Library Preparation, WGS and Genome Assembly

Paired-end libraries were prepared using the Nextera XT DNA Library Preparation Kit
(Illumina Inc., San Diego, CA, USA). The concentration of each extracted gDNA sample was
diluted to 0.2 ng/µL and subsequently sequenced on an Illumina MiSeq with 2 × 300 bp
reads. The generated raw reads were quantified using FastQC v0.11.9 [51]. Then, the
low-quality reads with a Phred quality score <20 were filtered out by Trim Reads Tool from
CLC Genomics Workbench v22.0.1 (Qiagen, Hilden, Germany). The trimmed reads were
assembled into contigs using SPAdes v3.15.4 on the Galaxy platform [52,53]. The assembly
statistics were evaluated using QUAST v5.2.0 [54]. An N50 value of at least 50,000 was
required for downstream analyses [55].

4.4. Genomic Characterization and In-Silico Identification of Antimicrobial Resistance, Stress, and
Virulence Genes

In-silico MLST was performed to assign a sequence type to each LA-MRSA isolate
using MLST v2.0 [56]. SCCmecFinder v1.2 with a minimum gene coverage of 80% and
minimum identity cut-off of 90% was used to determine SCCmec types; spaTyper v1.0 was
applied to identify spa types [57,58]. Acquired antimicrobial resistance genes, mutations
in genes associated with antimicrobial resistance, and stress genes were in-silico screened
using NCBI AMRFinderPlus v3.10.42 [59]. VFDB was primarily used for in-silico detection
of virulence genes on the BV-BRC platform v3.28.5 [60,61]; however, the virulence genes
that were not included in VFDB were additionally predicted by AMRFinderPlus. The
minimum length and percentage identity of these two bioinformatic tools were adjusted to
80% and 90%, respectively, to determine the absence/presence of a particular gene.

4.5. Core Genome Alignment and Phylogenetic Tree Reconstruction

The trimmed paired-end reads of each LA-MRSA were aligned against the LA-MRSA
ST398 reference genome (strain S0385; GenBank accession no. AM990992) using Snippy
pipeline v4.6.0. Snippy-core v4.6.0 was used for SNP calling from core-genome align-
ment [62]. Gubbins was run to eliminate the polymorphic sites of recombination in the
alignment [63]. Further, the number of pair-wise SNP distances was computed using
Snp-Dists v0.8.2 [64]. The phylogenetic tree of LA-MRSA CC398 based on SNPs in the
core genome was reconstructed on MEGA v11 [65]. The maximum-likelihood inference,
together with Kimura’s two-parameter substitution model (K2P), was utilized to infer the
evolutionary tree [66]. The bootstrap support values of 1000 replicates were calculated to
assess the robustness of each node of the resulting tree. The final phylogenetic tree was
visualized and integrated with a set of metadata using iTOL v6.8 [67].

5. Conclusions

Our study demonstrates how to apply WGS technologies for the epidemiological inves-
tigation of zoonotic transmission occupationally caused by LA-MRSA CC398 in Thailand.
The WGS analyses with a high-resolution genomic approach also reveal genetic recombina-
tion through the evolutionary process, influenced by the introduction of an exotic strain of
LA-MRSA CC398. Diverse antimicrobial resistance-related genes are widespread in our
LA-MRSA isolates. Cross-resistance genes emphasize the judicious usage of antimicrobials
in livestock production. The co-existence of several antimicrobial resistance genes on
plasmids and the virulence gene repertoire reflects the robustness of biosecurity-associated
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strategies to confine horizontal gene transfer among bacterial communities outside agricul-
tural areas as well as to reduce the risk of transmission at pre-harvest. These also accentuate
the primary role of the One Health approach, collaboratively addressing antimicrobial
resistance issues.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics12121745/s1. Table S1: pairwise SNP distance matrix
of the 13 LA-MRSA CC398 isolates based on core-genome alignment; Table S2: distribution of five
stress genes identified by the AMRFinderPlus database among the 16 LA-MRSA CC9 and CC398;
Figure S1: map focusing on the central region of Thailand. Refs. [68–71] are cited in the Supplementary
Materials.
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Abstract: Oxytetracycline (OTC) is administered in the poultry industry for the treatment of digestive
and respiratory diseases. The use of OTC may contribute to the selection of resistant bacteria in the
gastrointestinal tract of birds or in the environment. To determine the effect of OTC on the selection
of resistant Escherichia coli strains post-treatment, bacteria were isolated from droppings and litter
sampled from untreated and treated birds. Bacterial susceptibility to tetracyclines was determined by
the Kirby–Bauer test. A total of 187 resistant isolates were analyzed for the presence of tet(A), (B),
(C), (D), (E), and (M) genes by PCR. Fifty-four strains were analyzed by PFGE for subtyping. The
proportion of tetracycline-resistant E. coli strains isolated was 42.88%. The susceptibility of the strains
was treatment-dependent. A high clonal diversity was observed, with the tet(A) gene being the most
prevalent, followed by tet(C). Even at therapeutic doses, there is selection pressure on resistant E. coli
strains. The most prevalent resistance genes were tet(A) and tet(C), which could suggest that one of
the main mechanisms of resistance of E. coli to tetracyclines is through active efflux pumps.

Keywords: Escherichia coli; antibiotic resistance; droppings; broiler litter; oxytetracycline; resistance
genes

1. Introduction

One of the most important side effects of using antimicrobials in productive animals
is the selection of resistant bacteria. Efforts have been made to control the improper
or excessive use of antimicrobials, highlighting the global action plan on antimicrobial
resistance adopted at the World Health Assembly in May 2015, where different objectives
related to this issue were established [1]. The use of tetracyclines has led to the emergence
of resistant bacterial variants, in particular those containing tet genes, which are generally
associated with mobile genetic elements or conjugative transposons [2–4]. These elements
code for different resistance mechanisms, such as efflux pumps, ribosomal protection,
enzymatic inactivation, and mutations, such as the one described in the 30S ribosomal
subunit. In Gram-negative bacteria, the efflux pump systems are encoded by tet genes,
mostly by tet(A), tet(B), tet(C), and tet(E), while the tet(M) gene, which is one of the most
studied determinants, encodes for ribosomal protection [5].

Antibiotic resistance genes (ARGs) are currently considered to be emerging contami-
nants because they have been detected throughout the environment, including soils, river
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sediments, watercourses, and wastewater [6,7]. The presence of ARGs in different environ-
ments is a risk because it confers selection pressure on pathogenic and commensal strains
at the genetic level, leading to the emergence of antimicrobial resistance. The genes can
be acquired by other pathogenic bacteria that affect humans and animals, which has a
socio-economic impact due to increased treatment costs and production losses due to the
spread of ARGs [8,9].

Escherichia coli is a Gram-negative bacillus that is part of the normal intestinal micro-
biota of animals and humans. However, there are some pathogenic strains that can cause
fatal diseases in the host [10]. These bacteria are used as indicator bacteria for antimicrobial
resistance levels in different productive species, as they have been described as a reservoir
of resistance genes, which could be transmitted to pathogenic and zoonotic bacteria [10–13].
Antimicrobial use increases the risk of antimicrobial resistance in E. coli in pigs. However,
there is little information concerning the impact of dose or concentration and or the effects
of antimicrobial use over time [14]. Chantziaras et al. [15] evaluated the correlation between
antibiotic use and the prevalence of E. coli strains isolated from pigs, poultry, and cattle.
Their results indicated that there is a correlation between the use of specific antimicrobials
and the level of resistance of these microorganisms. They concluded that more detailed data
collection and harmonization are needed due to data restrictions in their study. Although
it has been previously observed that oral administration of tetracycline does not induce
significant changes in the cecal bacterial community of chickens, a relationship between
its use as a growth promotor and an increase in the population of tetracycline-resistant E.
coli harboring tet(A) or tet(B) has been shown. However, the effect of therapeutic doses
of oxytetracycline (OTC) on the selection of tetracycline-resistant E. coli under controlled
conditions has not been demonstrated [15].

Da Costa et al. [16] investigated variations in the prevalence of antibiotic resistance
in E. coli isolated from the fecal matter of broilers raised with three different commercial
antimicrobial treatments administered through their water supply. After the administration
of different antibiotics, resistance grew quickly. The sharp rise in antimicrobial resistance
rates following drug administration was a direct result of the formation of new antimicrobial
resistance patterns rather than the amplification of previously resistant organisms [16].

Herrero-Fresno et al. [17] determined that the intestinal microbiota of apramycin-
treated pigs showed resistance selection from treatment, resulting in noticeably greater
counts of resistant strains than untreated pigs [17]. More recently, Das et al. [18] analyzed
the incidence and distribution of oxytetracycline- and ciprofloxacin-resistant E. coli isolated
from live broilers and the farm environment. They determined that 100% of commensal E.
coli strains isolated from chickens and the environment were resistant to tetracyclines, with
the majority harboring the tet(A) gene [18].

In an in vivo study, Shah et al. [19] determined that the use of antimicrobials such
as oxytetracycline as growth promoters in the diet has no detrimental effect on beneficial
bacteria, but an alteration in the growth of harmful bacteria was observed [19]. However,
there are no known controlled studies that determine the effect of OTC administration, at
therapeutic doses, in broilers on the selection of post-treatment resistant strains of E. coli.
The objective of this study was to determine the presence of E. coli isolates not susceptible to
OTC and resistance genes in broiler droppings and litter from treated and untreated birds
and to determine if there is a relationship between treatment and the selection of resistant
bacteria. The purpose of this study focused on generating further scientific knowledge
regarding whether the use of OTC at therapeutic doses predisposed to the selection of
resistant E. coli in a controlled environment by determining phenotypic and genotypic
resistance in droppings and poultry litter, as these by-products could be a potential source
of reservoir and future dissemination of ARGs into the environment.
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2. Results
2.1. Isolation and Confirmation of E. coli

E. coli were isolated from samples collected the day before treatment to determine a
base resistance profile. E. coli was only isolated from manure samples. E. coli isolates were
confirmed by biochemical tests. No microorganisms were observed in the litter samples
prior to treatment.

Post-treatment, E. coli colonies were isolated and confirmed by biochemical tests and
PCR. Six manure samples and six litter samples were analyzed for each experimental group
on days 1, 7, 14, and 21 post-treatment, and six litter samples for each experimental group
on days 7 and 14 post-slaughter. Five typical colonies on MacConkey agar were obtained
from each sample and confirmed by the IMViC test: positive for ornithine, motility, and
methyl red and negative for Voges–Proskauer and citrate (Figure 1).

Figure 1. Representative images of IMViC for the confirmation of E. coli strains: (a) positive reaction
to E. coli. [1: MIO agar (+); 2: methyl red (+); 3: Voges–Proskauer broth (−); 4: citrate agar (−)] and
(b) negative reaction to E. coli. [1: MIO agar (−); 2: methyl red (−); 3: Voges–Proskauer broth (+);
4: citrate agar (+)].

2.2. Determination of Antimicrobial Susceptibility

Susceptible and resistant strains were detected at all sample points in both cloacal
and litter samples. Strains with intermediate sensitivity were categorized as resistant.
Non-susceptible strains were found in both the treated and untreated groups, with the
highest percentage in the treatment group on day one post-treatment in litter and droppings
(Tables 1 and 2).

The OTC treatment in poultry had a significant effect on tetracycline E. coli resistance
isolates of droppings, where the chi-squared test showed an association between the
treated group and E. coli resistance (Table 1). On another hand, McNemar’s test indicated
an increase in E. coli resistance from the same individual’s droppings pre-treatment relative
to post-treatment (p < 0.05).

In relation to the isolates detected in poultry litters, there were significant differ-
ences between the treated and untreated groups, showing that the treatment affected the
resistance of E. coli to tetracyclines isolated from litter (Table 2).

The emergence of tetracycline resistance among commensal organisms such as E.
coli may result in a non-response to antibiotic therapy, as these microorganisms can be
reservoirs of ARGs, which can be transferred to avian pathogens, increasing mortality and
thus economic losses at the production level.
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Table 1. Percentage of non-susceptible isolates detected in bird droppings, according to experimental
groups after oxytetracycline treatment.

Experimental Groups Strains
Post-Treatment Days

p-Value 1

0 1 7 14 21

Treated Total number of isolates 16 20 19 22 23
Non-susceptible strains (%) 37.5 100 84.21 63.63 34.8

Susceptible strains (%) 62.5 0.0 15.78 36.36 65.2 3.5 × 10−7

Untreated Total number of isolates 30 13 17 12 14
Non-susceptible strains (%) 0 76.92 41.17 8.33 28.57

Susceptible strains (%) 100 23.07 58.82 91.66 71.42
1 Significance difference p < 0.05 (chi-squared test).

Table 2. Percentage of non-susceptible isolates detected in poultry litter, according to experimental
groups after oxytetracycline treatment.

Experimental Groups Strains
Post-Treatment Days

p-Value 1

1 7 14 21 29 36

Treated Total number of isolates 29.0 12.0 18.0 17.0 22.0 25.0
Non-susceptible strains (%) 82.8 75.0 72.2 17.6 68.2 92.0

Susceptible strains (%) 17.2 25.0 27.8 82.4 31.8 8.0 2.2 × 10−16

Untreated Total number of isolates 52 15 15 10 10 25
Non-susceptible strains (%) 3.8 0.0 0.0 30.0 30.0 8.0

Susceptible strains (%) 96.2 100.0 100.0 70.0 70.0 92.0
1 Significance difference p < 0.05 (chi-squared test).

2.3. Detection of Resistance Genes

The presence of tet(A), tet(B), tet(C), tet(E), and tet(M) genes in the resistant E. coli
strains was determined by conventional PCR. Figure 2 shows the amplification products
for the detected genes.

The most prevalent resistance gene was tet(A), followed by tet(C), tet(B), tet(M), and tet(E).
Molecularly, tet genes are resistance determinants, which encode inactivation mech-

anisms comprising the efflux pump system and ribosomal protection. The tet(A) gene
was one of the most frequently detected genes in this study, which is consistent with the
literature. Studies describe that this gene is one of the most frequently detected genes in
both Gram-positive and Gram-negative bacteria and encodes for efflux pump systems that
contribute to tetracycline resistance by constantly reducing the antibiotic concentration
inside the cell [2]. Thus, this gene can be a potential risk of dissemination within the
production chain and contribute to antimicrobial resistance.

2.4. Isolate Subtyping

Fifty-four E. coli strains isolated pre-treatment and on day 1 post-treatment were
analyzed by PFGE genotyping. The criteria for isolate selection for PFGE are based on the
fact that OTC at therapeutic doses immediately eliminates sensitive bacteria and selects for
resistant strains; when there is a predominance of one clone, it would continue to spread
during treatment. The PFGE technique was also used to observe whether there was a
predominance of a single clone or multiple clones.

A phylogenetic analysis was performed using the PFGE pulsotypes and was compared
to the antibiotic resistance profile (Figure 3). The PFGE pulsotypes were classified into
42 types. The Simpson diversity index was 0.66, which means that the isolated E. coli was
highly diverse. The phylogenetic dendrogram classified the E. coli strains into nine clusters.
The samples from droppings were grouped mainly in clusters I, II, VII, and IX, while those
from the litter were grouped in clusters III, IV, V, VI, and VIII. tet(A) genes were found in
almost all isolates, both before and after treatment. tet(D) and tet(E) genes were not found.
Isolates from clusters III, IV, V, and VI contained tet(B), tet(C), and tet(M) genes and were
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isolated exclusively from litter samples. Only eight isolates, also all litter samples, were
negative for the presence of the tet genes.

Figure 2. Representative image of the PCR products observed on 2% agarose gel. tet(A), 210 bp; tet(B),
659 bp; tet(C), 418 bp; tet(E), 278 bp; uspA, 884 bp; and 16sRNA, 585 bp. Lanes 1 to 6 correspond to
target gene amplicons, and lane C+ corresponds to the positive control for each gene.

Figure 3. Dendrogram of the cluster analysis of E. coli strains generated by Gel Compar II software,
version 5.10, using the unweighted pair group arithmetic mean method (UPGMA), with 1% tolerance.
The resistance genes detected in each strain are marked with a color. The analyzed strains were
isolated from the samples prior to the start of treatment and the first sampling point (day 1 post-
treatment). From I to IX, corresponds to the different clusters. Shaded areas indicate positivity.
D: Simpson diversity index.
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3. Discussion

In this study, the highest prevalence of resistant isolates came from droppings and
litter samples from OTC-treated poultry. Although it was not possible to statistically
correlate the concentrations with the selection of resistant bacteria, a higher prevalence of
non-susceptible E. coli was determined in the first sampling point, where the concentrations
in both matrices were significantly higher than in the subsequent sampling. Therefore,
it is inferred that the isolated E. coli population in the first point underwent a higher
selection pressure by the excreted antimicrobial, where the concentrations of OTC and its
epimer detected were 22,742 µg kg−1 in litter and 2,087 µg kg−1 in droppings of treated
animals [20].

High concentrations of antimicrobials have been shown to produce selection pressure
on resistant microbiota [21]. Berge et al. [22], who studied bacterial resistance patterns in
E. coli from cattle fecal samples after a single dose of florfenicol, observed an increase in
the number of resistant E. coli isolates [22]. Similarly, Fairchild et al. [23] investigated the
effects of tetracycline administration on commensal bacteria from commercial poultry and
found that Enterococcus spp. and E. coli were resistant to tetracyclines with 32.2% harboring
tet(A) and 30.5% containing tet(B) resistance genes [23].

Low residue concentrations, even below the detection limit (LOD), may also be associ-
ated with the presence of resistant microorganisms [24–26]. Resistance resulting from even
low doses of antibiotics is of worldwide concern since, currently, OTC is not only used
for the treatment of productive animals but also in the poultry industry at subtherapeutic
doses through feed to promote growth. Use to promote growth is still allowed in some
countries, such as Brazil and China [27].

The presence of pre-treatment E. coli in manure samples can be attributed to the fact
that this bacterium is a commensal microorganism, so birds are colonized during their first
days of life; however, the detection of resistant strains could be due to selection pressure
contributing to the emergence of resistance genes and their potential dissemination through
these production systems. On the other hand, prior to treatment, the wood shavings used
for litter were sampled, and according to the analyses, no E. coli was isolated from this
product. Therefore, and considering that the wood shavings have a very low water activity,
we can assure that there was no external contamination from this litter component.

The phenotype for tetracycline resistance matched the genotypic resistance, deter-
mined by tet gene positivity, in almost all isolates in 75 non-susceptible E. coli isolates
from droppings at days 1, 7, 14, and 21 post-treatment and 97 E. coli isolates from litter
samples at days 1, 14, 21, 29, and 36 post-treatment. Most of the genes present in the isolates
from droppings and litter were tet(A), followed by tet(C), tet(B), tet(M), and tet(E). None
of the isolates harbored tet(D). Only 17 resistant isolates had none of the resistance genes
analyzed; therefore, the resistance of these strains could be mediated by a different gene.
This discrepancy between phenotypic and genotypic resistance could be due to mutations
in resistance genes. In a previous study, where this difference between genotypic versus
phenotypic evidence of rifampicin resistance in Mycobacterium tuberculosis was observed,
mutations in the resistance regions were determined [28].

Moreover, many tetracycline resistance genes have been described. The tet genes
encode for different resistance mechanisms, such as efflux pumps, ribosomal protection,
enzymatic modification, and other unknown mechanisms [2]. Therefore, it is possible that
a tet gene, other than tet(A), (B), (C), (D), (E), and (M), may be mediating the resistance of
isolates showing phenotypic resistance by disc diffusion test. It is also possible to attribute
this resistance to a new, undescribed gene. Davis et al. [29] observed a new aminoglycoside
resistance gene, rmtE, that belongs to the 16S ribosomal RNA methylase gene family [29].

In this study, a high clonal diversity was observed that could be the result of the
adaptability of E. coli strains. Resistant E. coli isolates are highly represented by these
resistance genes. This finding is consistent with the results of previous studies, where
the most prevalent genes reported have been tet(A) and tet(B) [30,31]. In a current study,
Sreejith et al. [32] determined through susceptibility analysis that 77% of the E. coli isolates
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were tetracycline resistant, where 85.18% of the isolates had tet(A) genes and 22.22% had
tet(B) genes [32]. The high prevalence of tet(B) could be explained by the gene’s ability to
reside on highly mobile genetic elements that efficiently transfer the gene between bacteria,
like plasmids. The ability of tet(A) to spread freely and rapidly in farm animals and in the
environment has also been reported [33].

In this study, the fourth most prevalent gene was tet(M), which was found in 14% of
the isolates. Other studies have determined a prevalence of tet(M) between 5% and 13% in
E. coli strains [31,34,35].

In this study, PFGE grouped the isolates containing the tet(B) gene in clusters IV and
VI, which came exclusively from the litter. This could be explained by the selective pressure
that occurs in the litter, where tet(B) was detected in isolates shortly after treatment. Sreejith
et al. [32] found that the presence of antibiotics in feed and in the farm environment can
help tet(A) and tet(B) persist in the microbiome for a long time. The presence of antibiotics,
even at low concentrations, ensures the persistence of these resistant genes, which can be
expressed dominantly in the microbial community [32]. This aspect becomes relevant as
these bacteria could be a reservoir of resistance genes, which can be transmitted to other
microorganisms [36].

Previous studies have shown the effects of the use of antibiotics at subtherapeutic
doses on the selection of resistant bacteria [24,25]. We found an association between the
therapeutic treatment given to the birds and the presence of resistant bacteria. Others have
shown the presence of resistant bacteria and resistance genes is due to the strong selective
pressure provided by the presence of antibiotic treatment [37]. Our results show the use
of antimicrobials at therapeutic doses in poultry production can lead to the selection and
persistence of resistant E. coli strains, which can be a risk to both human and animal health.
It is important to highlight that resistant bacteria with transferable resistance genes were
detected up to 36 days post-treatment in the chicken litter. We consider that one of the
limitations of our study is that only one concentration of the antimicrobial was studied, so
we cannot conclude similarities with respect to the lower doses under the same conditions;
however, this study lays the foundation for further research in this area and provides
scientific information that supports the need to monitor and control the antimicrobials used
in the animal production industry.

The results provide scientific information that supports the growing concern about
the use of antimicrobials in animal production and the constant worldwide effort to reduce
the use of these veterinary drugs to preserve their efficacy since different antimicrobials are
critical in veterinary and human medicine. For this reason, the constant monitoring and
responsible use of these veterinary drugs is essential.

4. Materials and Methods
4.1. Experimental Animals

Commercial male broilers from Ross 308 genetic line (Ross®, Aviagen Inc., Huntsville,
AL, USA), which is characterized by high yields, strong disease resistance, and weight gain,
were raised from birth in an experimental unit specially designed to carry out this study.
In this experiment, the birds were kept in pens of 1.5 m2 surface area with clean shavings
that later became part of the birds’ litter. Temperature (25 ± 5 ◦C), humidity (50–60%),
and ventilation were controlled in the unit. The animals were kept with ad libitum access
to water and non-medicated feed. This study was approved by the Institutional Animal
Care and Use Committee (CICUA by its Spanish acronym) through the certificate No.
18187-VET-UCH-E1. Handling and euthanasia were based on Directive 2010/63/EU and
the AVMA Guidelines for the Euthanasia of Animals: 2020 Edition [38,39].

The birds were separated into a treated group and an untreated group. Group A
(treatment) was 6 birds treated orally with a pharmaceutical formulation containing OTC
at 10% at a therapeutical dose of 80 mg kg−1 for 10 consecutive days. The antibiotic
was administered by orogastric tube to ensure the complete intake of the dose for each
bird. Group B (non-treatment) had 6 untreated birds under the same conditions. To avoid
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cross-contamination, we followed the biosafety measures established by the CONICYT
Biosafety Standards Manual [40], along with the biosafety standards instituted by the
FAVET Biosafety Committee.

4.2. Sampling Collection

Cloacal and litter samples were collected at 5 sampling points: before treatment
and on days 1, 7, 14, and 21 post-treatment. In addition, litter samples were analyzed
one and two weeks after the birds were slaughtered (corresponding to days 29 and 36 post-
treatment). Cloacal samples were collected from each bird with sterile cotton swabs and
were stored in sterile polypropylene tubes. Ten grams of litter were collected from each
group and were stored in sterile plastic bags. All samples were processed immediately.

4.3. E. coli Identification and Isolation

One gram of litter was homogenized with 9 mL peptone water for E. coli isolation.
The cloacal samples were homogenized with 4.5 mL buffered peptone water (Huankai
Microbial®, Guangzhou, China). Three loops of the enriched sample were streaked on
MacConkey agar (OXOID®, Hants, UK) plates and incubated at 37 ◦C for 24 h. Triplicates
of each sample were performed. After incubation, five typical colonies per plate were
collected, and biochemical identification was performed to confirm E. coli colonies using
IMViC test [41,42]. In addition, PCR analysis was carried out for uspA gene detection
for confirmation of E. coli identity [43]. Confirmed isolates were stored at −20 ◦C in
20% glycerol.

4.4. Antimicrobial Susceptibility Testing

All confirmed E. coli isolates were analyzed by the Kirby–Bauer disk diffusion method,
which was performed using antimicrobial susceptibility test discs in Mueller–Hinton agar
(Sigma Aldrich®, Saint Louis, MI, USA) according to the recommendation of the Clinical
and Laboratory Standards Institute (CLSI). First, a suspension of fresh, pure culture was
prepared, and the turbidity of the bacterial suspension was adjusted with 0.85% saline
solution until an OD600nm between 0.08 and 0.1 was reached, which is equivalent to 0.5 Mc-
Farland turbidity. The adjusted suspension was inoculated into Mueller–Hinton agar plates,
and tetracycline disks (30 µg) (OXOID®, Hants, UK) were positioned over the inoculated
plate. The plates were incubated inverted at 35 ◦C for 16–18 h, and the inhibition halos
were measured. The diameter of the inhibition zone of each disc was compared with the
interpretation criteria of the Clinical and Laboratory Standards Institute guidelines. E. coli
ATCC 25922 was used as a quality control [44].

4.5. PCR Detection of Tet Genes

The presence of resistance tet genes was determined by conventional polymerase chain
reaction or PCR. After E. coli identification and isolation, template DNA was extracted from
MacConkey agar plates using heat treatment [45] and was quantified by spectrophotometry
(NANO-400 microspectrophotometer, Hangzhou Allsheng instruments Co., Hangzhou,
China). Samples that exhibited an absorbance ratio of 260/280 nm close to the optimal range
(1.8–2.0) were analyzed by PCR. The genes analyzed were tet(A), tet(B), tet(C), tet(D), tet(E),
and tet(M) [46]; the 16S rRNA gene was included for confirmation of DNA presence [47]
(Table 3).

For the identification of the genes tet(A), tet(B), tet(C), tet(D), and tet(E), PCR multiplex
reactions were performed using GoTaq® Green Master Mix following manufacturer’s
instructions (Promega, Madison, WI, USA). For a 25 µL reaction, a mixture of 12.5 µL of
GoTaq® Green Master Mix, 1 µL of nuclease-free water, 1 µL of primer tet(A)-F, 1 µL of
primer tet(A)-R, 1 µL of primer tet(B)-F, 1 µL of primer tet(B)-R, 1 µL of primer tet(C)-F, 1 µL
of primer tet(C)-R, 1 µL of primer tet(D)-F, 1 µL of primer tet(D)-R, 1 µL of primer tet(E)-F,
1 µL of primer tet(E)-R, and 1 µL of DNA sample was prepared.
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Table 3. Primers and conditions for each tetracycline resistance gene.

Gene Sequence (5′ > 3′) Annealing
Temperature (◦C) Size Reference

tet(A)
F: GCTACATCCTGCTTGCCTTC

54 210 [46]R: CATAGATCGCCGTGAAGAGG

tet(B)
F: TTGGTTAGGGGCAAGTTTTG

54 659 [46]R: GTAATGGGCCAATAACACCG

tet(C)
F: CTTGAGAGCCTTCAACCCAG

54 418 [46]R: ATGGTCGTCATCTACCTGCC

tet(D)
F: AAACCATTACGGCATTCTGC

54 787 [46]R: GACCGGATACACCATCCATC

tet(E)
F: AAACCACATCCTCCATACGC

54 278 [46]R: AAATAGGCCACAACCGTCAG

tet(M)
F: GTGGACAAAGGTACAACGAG

54 406 [46]R: CGGTAAAGTTCGTCACACAC

16sRNA
F: GACCTCGGTTTAGTTCACAGA

54 585 [47]R: CACACGCTGACGCTGACCA

E. coli
uspA

F: CCGATACGCTGCCAATCAGT
54 884 [43]R: ACGCAGACCGTAGGCCAGAT

For the identification of the genes tet(M), PCR single reactions were performed. For a
25 µL reaction, a mixture of 12.5 µL of GoTaq® Green Master Mix, 9 µL of nuclease-free
water, 1.25 µL of primer tet(M)-F, 1.25 µL of primer tet(M)-R, and 1 µL of DNA sample
was prepared.

Nuclease-free water was used as a negative control. On the other hand, previously
sequenced DNA from strains positive for the genes studied was used as a positive control.

The PCR protocol included an initial denaturation step at 94 ◦C for 5 min, followed
by 35 cycles of denaturation (94 ◦C for 1 min), annealing (tet: 54 ◦C for 1 min; uspA and
16S rRNA: 58 ◦C for 1 min), and elongation (72 ◦C for 1 min), with a final extension step
at 72 ◦C for 10 min. Five µL of the PCR product was visualized on electrophoresis gels
(2% (w/v) agarose in 1 × TAE buffer), previously stained with SafeView Plus (Fermelo
Biotec, Santiago, Chile). The bands were visualized by ultraviolet transillumination, and
the sizes of the PCR products were determined using the 100 base pair (bp) size scale
(Maestrogen Hsinchu, Taiwan). Isolated strains previously sequenced for the genes studied
were used as positive controls.

4.6. Pulsed-Field Gel Electrophoresis

Genetic relatedness among the tetracycline-resistant E. coli isolates was established
from their XbaI-digested chromosomal DNA fragments. The clonality of 54 E. coli strains
isolated from litter and droppings samples was determined by pulsed-field gel electrophore-
sis (PFGE) subtyping. Resistant strains from sampling point 0 (pre-treatment day) and
post-treatment day 1 from the two experimental groups were analyzed. The first sampling
point was considered the most representative as it was carried out immediately after the
end of treatment.

The PFGE technique was performed according to the Centers for Disease Control
and Prevention (CDC) using the Standard Operating Procedure for PulseNet PFGE of E.
coli non-O157 (STEC) [48] with minor modifications. Bacterial isolates were suspended
in cell suspension buffer (CSB; 100 mM Tris:100 mM EDTA, pH 8.0) at a wavelength of
420 nm (OD = 0.4). The bacterial suspension was mixed with proteinase K (20 mg/mL) and
1% melted SeaKem Gold agarose for cell lysis and carefully transferred into plug molds,
which were then cooled to 4 ◦C. The solid plugs were washed and digested overnight with
restriction enzyme XbaI (Thermo-Fisher Scientific, Waltham, MA, USA). After restriction
digestion, electrophoresis was performed with the CHEF-DR III (Bio-Rad) system using
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1% pulsed-field certified agarose (Bio-Rad, Hercules, CA, USA) in 0.5 X TBE (45 mM Tris-
HCl, 45 mM boric acid, 1 mM EDTA). The electrophoresis conditions were as follows: initial
switch time 2.16 s, final switch time 54.7 s, run time 20 h, included angle 120◦, gradient
6 V/cm, and temperature 14 ◦C. The gel was stained for 30 min with Gelred®, and the
fingerprinting profile was observed by an illuminated UV wave to the gel. DNA bands on
agarose gels were pictured and saved in TIFF format. DNA band profiles were analyzed by
GelCompar II Software v 5.1 (Applied Maths, Sint-Martens-Latem, Belgium).

The PFGE profiles were compared using a Dice similarity coefficient and UPGMA
analysis to create the dendrogram; a band position tolerance of 1% was used. A cutoff point
of 80% was used to analyze genetic relatedness and establish genetic patterns. Genetic
diversity was quantified using the Simpson diversity index.

4.7. Data Analysis

To determine the effect of OTC treatment on tetracycline E. coli resistance from the
same individual’s droppings, the McNemar’s test was performed, where the classification
criteria were antimicrobial susceptibility (susceptible and non-susceptible) and condition
(pre-treatment and post-treatment). Moreover, to determine the effect of OTC treatment on
tetracycline E. coli resistance from litter and droppings between groups, the chi-squared
test was performed. Frequencies corresponded to the percentages of non-susceptible and
susceptible isolates. Rstudio® V0.99.903 was used for analysis. A statistically significant
difference was considered when the p-value < 0.05. For the genotypic resistance analysis, a
genetic profile was performed using the results of the conventional PCR for the design of
the different genetic patterns obtained.

5. Conclusions

The highest proportion of non-susceptible E. coli isolates (resistant and of intermediate
sensitivity) to tetracyclines was detected in dropping and litter samples from the group
treated with OTC. Therefore, even at therapeutic doses, there is selection pressure on E.
coli strains resistant to tetracyclines isolated from litter. The tet(A) and tet(C) genes were
most frequently identified; therefore, we conclude that the main mechanism of resistance
in the E. coli isolates from our study was mediated by active efflux pumps. The PFGE
analysis showed high clonal diversity; however, some clonal strains were isolated from
the excreta of both the treated and untreated group, suggesting a local spread of these
microorganisms. These results lay the foundation for future controlled studies considering
different antimicrobial doses and distance between experimental groups to determine the
dissemination and persistence of resistant bacteria and resistance determinants in both
animals and the environment.
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Abstract: Decades of antimicrobial overuse to treat respiratory disease in foals have promoted the
emergence and spread of zoonotic multidrug-resistant (MDR) Rhodococcus equi worldwide. Three
main R. equi MDR clonal populations—2287, G2106, and G2017—have been identified so far. However,
only clones 2287 and G2016 have been isolated from sick animals, with clone 2287 being the main
MDR R. equi recovered. The genetic mechanisms that make this MDR clone superior to the others
at infecting foals are still unknown. Here, we performed a deep genetic characterization of the
accessory genomes of 207 R. equi isolates, and we describe IME2287, a novel genetic element in
the accessory genome of clone 2287, potentially involved in the maintenance and spread of this
MDR population over time. IME2287 is a putative self-replicative integrative mobilizable element
(IME) carrying a DNA replication and partitioning operon and genes encoding its excision and
integration from the R. equi genome via a serine recombinase. Additionally, IME2287 encodes a
protein containing a Toll/interleukin-1 receptor (TIR) domain that may inhibit TLR-mediated NF-
kB signaling in the host and a toxin–antitoxin (TA) system, whose orthologs have been associated
with antibiotic resistance/tolerance, virulence, pathogenicity islands, bacterial persistence, and
pathogen trafficking. This new set of genes may explain the success of clone 2287 over the other MDR
R. equi clones.

Keywords: multidrug-resistant; Rhodococcus equi; clone 2287; IME2287

1. Introduction

Rhodococcus equi is an animal and human pathogen mainly known for being the most
common cause of severe pneumonia in foals [1,2]. R. equi is a soil saprotroph that becomes
pathogenic upon acquiring a virulence plasmid (pVAP) that allows R. equi to infect and
proliferate in macrophages [3]. So far, three different pVAPs have been reported, presenting
different host tropisms: equine pVAPA, porcine pVAPB, and ruminant pVAPN [4–6].
R. equi is endemic on many horse-breeding farms [2,7,8]. It mainly produces disease
in foals between 1 and 4 months of age, typically in the form of a multifocal purulent
pneumonia [9,10]. The pulmonary infection is contracted during the neonatal period via
inhalation of contaminated aerosolized dust [11–13]. No commercial vaccines or other
consistently efficient immunoprophylactic strategies are available [14,15]. The elevated
costs resulting from veterinary care, long-term therapy, and mortality of foals on endemic
farms have forced many breeders to adopt practices such as chemoprophylaxis for all foals
during the first weeks following birth [16] or to treat foals presenting ultrasonographic lung
lesions with antimicrobials before the onset of clinical signs [17,18]. Only a few antibiotics
have been seen to be clinically effective in horses to treat R. equi [19,20], and the combination
of a macrolide and rifampin has been the treatment of choice since the 1980s [21–23]. Before
the early 2000s, R. equi resistant to macrolides and rifampin were rarely found [24]. Then,
the practice of thoracic screening plus subclinical treatment was implemented, resulting in
a considerable increase in the use of macrolides and rifampin on endemic farms and the
subsequent emergence of MDR R. equi isolates resistant to these two antibiotics [25].
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Over time, the constant antimicrobial selective pressure exerted by the continuous pro-
phylactic antimicrobial treatment has promoted the spread of multidrug-resistant (MDR)
R. equi [24–26]. To date, isolates resistant to macrolides and/or rifampin have been re-
ported in 16 US states [24], China [6,27], Ireland [28,29], France [30], and Poland [31].
Our previous work revealed that in the US, R. equi isolates resistant to macrolides and
rifampin are mainly clustered in three clonal populations: clone 2287, clone G2016, and
clone G2017 [26,32,33]. Clone 2287 harbors pRErm46, a 90 kb conjugative plasmid that
carries antimicrobial resistance genes (ARGs) for macrolides, lincosamide, streptogramin
B (MLSB), tetracycline, and sulfamethoxazole [34] and a chromosomal rpoBS531F mutation
conferring resistance to rifampin. pRErm46 horizontal gene transfer (HGT) into a different
R. equi genetic background gave rise to clone G2016, associated with a different rifampin re-
sistance mutation (rpoBS531Y). These two clones are the only resistant ones recovered so far,
despite an intense search of sick horses, with clone 2287 accounting for most of the clinical
cases [26]. Clone G2017, carrying MLSB resistance plasmids pRErm51 and pMobErm51,
has been found exclusively in the environment [26,33]. Although the presence of pVAPA
(a conjugative plasmid that carries the virulence factors required to colonize the equine
host efficiently) has been reported in members of the three MDR clonal populations, clone
2287 is the most-recovered MDR isolate from sick animals [35,36]. Here, we investigated
the accessory genome of 207 R. equi (environmental and clinical isolates) to elucidate the
genetic mechanisms that make clone 2287 superior at infecting foals.

2. Materials and Methods
2.1. Bioinformatic Analysis

BLAST+ v2.9.0 [37] was used to align the contigs of 207 R. equi isolates character-
ized in our earlier studies [32,33,35] to known R. equi genetic elements (R. equi chromo-
some, pVAPA, pRErm46, and erm(51)) at >95% identity and >80% coverage. Similarly,
BLASTn [37] was used to align the unknown contigs from sample 156 to the other novel
contigs and the nucleotide NCBI database. IME2287 annotation was performed using
Prokka V1.14.5 [38] and InterProScan V86.0 [39] and subsequently manually inspected and
curated based on BLASTx [37] analysis.

2.2. Bacterial Strains and Culture Conditions

Two R. equi strains were used in this study: R. equi PAM2287 (NCBI BioSample
database no. SAMN04880532), which is a macrolide- and rifampin-resistant clinical isolate
carrying virulence plasmid pVAPA, macrolide resistance plasmid pRErm46, rifampin
mutation rpoBS531, and mobilizable element IME2287 [35], and R. equi 103-ApraR, which
is a plasmidless derivative strain of reference strain R. equi 103 containing the aac(3)IV
apramycin resistance cassette integrated on the chromosome [40]. R. equi isolates were
routinely cultured in brain heart infusion medium (BHI; Difco Laboratories-BD, Franklin
Lakes, NJ, USA) at 30 ◦C and 200 rpm unless otherwise stated. Agar media were prepared
by adding 1.6% of bacteriological agar (Oxoid, Basingstoke, United Kingdom). Media were
supplemented with antibiotics (erythromycin, 8 µg/mL; apramycin, 50 µg/mL; rifampin,
25 µg/mL; Sigma, Saint Louis, MO, USA) when required. All in vitro bacterial work
(including the bacterial conjugation and the plasmid loss assays) were carried out in our
laboratory at the Athens Veterinary Diagnostic Laboratory from the University of Georgia
(Athens, GA, USA).

2.3. Bacterial Conjugation

Conjugation assays were carried out as described previously by Alvarez-Narvaez et al. [41].
Briefly, R. equi donor (MDR R. equi clone 2287) and recipient (macrolide-susceptible
103-ApraR) strains were grown overnight in BHI and in the presence of the corresponding
antibiotic. Then, donor and recipient bacteria were mixed 1:1 in 5 µL of BHI and spotted in
a thick drop onto a BHI plate. After 72 h of incubation at 30 ◦C, the bacterial mixture was
scraped and resuspended in PBS. Serial dilutions were plated onto BHI agar supplemented
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with apramycin (recipient selection) or apramycin plus erythromycin (transconjugant se-
lection). Conjugation ratios were calculated using the following formula: conjugation
ratio = no. of transconjugant cells/no of recipient cells.

2.4. Plasmid Loss Assay

R. equi PAM2287 was inoculated into 10 mL of BHI, or donor horse serum (DHS),
and grown at room temperature (RT, ~22 ◦C) or 37 ◦C with shaking (200 rpm) for 24 h.
After that, bacteria were subcultured in 10 mL of fresh BHI or DHS at an initial optical
density at 600 nm wavelength (OD600) of 0.02. OD600 was measured using a Thermo
Scientific™ Multiskan™ FC Microplate Photometer (Thermo Fisher Scientific, Waltham,
MA, USA). Every subculture was considered a passage, and 45 passages were performed
in this experiment. At passages 0, 15, 30, and 45, cultures were serially diluted 1:10 in
PBS and plated onto BHI plates. In parallel, R. equi PAM2287 was inoculated into 5 mL
test tubes (n = 10) containing 1 g of autoclaved soil (121 ◦C for 20 min; Ref. [42]) from the
gardens of the University of Georgia School of Veterinary Medicine at a concentration of
5 × 104 CFU/g. Inoculated tubes were mixed well (shaking at ~1800 rpm in a vortex genie
2 bench mixer (Scientific Industries, Bohemia, NY, USA) for 30 min) and incubated statically
at RT (n = 5) and 37 ◦C (n = 5) for up to 45 days. On days 0, 15, 30, and 45, the soil of 1 tube
per temperature condition was resuspended in 2 mL phosphate-buffered saline (PBS) (by
shaking at ~1800 rpm in a vortex genie 2 bench mixer (Scientific Industries) for 30 min) and
quantitatively cultured through serial 10-fold dilutions in BHI. One hundred colonies per
medium (BHI, DHS, and soil) and temperature (RT and 37 ◦C) were randomly selected and
re-plated onto BHI, BHI-Ery, and BHI-Rmp plates. The presence of pRErm46 IME2287 and
pVAPA was tested using PCR.

2.5. PCR

Transconjugants were confirmed using PCR for the macrolide-resistant gene erm(46)
and apramycin-resistant gene aac(3)IV. pVAPA, pRErm46, and IME2287 mobilization were
also tested using PCR. Table 1 contains the list of oligos used in this study. PCRs were
carried out using a T100 thermocycler (Bio-Rad, Hercules, CA, USA) and GoTaq Flexi
DNA polymerase (Promega, Madison, WI, USA) under the conditions specified in Alvarez-
Narvaez et al. [41]. Briefly, we used an initial denaturation step for 5 min at 95 ◦C, followed
by 30 amplification cycles (involving 30 s at 95 ◦C of denaturation, 30 s of oligonucleotide
hybridization at the appropriate melting temperature, and 2 min of elongation at 72 ◦C)
and a final elongation of 10 min at 72 ◦C.

Table 1. List of oligos used in this study.

Name Sequence 5′–3′ Amplicon Size (bp) Purpose Source

IME2287_repAB_F GGAGCACTACTACTGGACG
1746 IME2287 backbone marker [43]IME2287_repAB_R GTTGACTGTGAACTCGGTGT

IME2287_sigma70_F CTTGCGAGTAGGACATGAAG
1752 IME2287 backbone marker [43]IME2287_sigma70_R GACCTTCGTCAGGGAGTAAG

IME2287_tnpR- helix_F TCTACGTCGACAAGAAGTCC
1745 IME2287 backbone marker [43]IME2287_tnpR- helix_R GTATGTGAACCGACCTTGTG

ChoE_F AGTTGTCGATTCCCATCGTC
672 choE gene, chromosomal

marker
[5]ChoE_R AAGCGCAACTACTTCGAGGAG

TraA-F1 AGAGTTCATGCGTGACAACG
959 traA gene, pVAPA backbone

marker
[5]TraA-R1 GTCCACAGGTCACCGTTCTT

erm(46)F TATGGAGTCGATCTGCAACG
1098

macrolide resistance gene
erm(46) [34]erm(46)R GAGATCGGACGAGTCTGACA

pRErm46_traG_F ACCGTCGTAGCAGTAGCC
1533 traG gene, pRErm46 backbone

marker
[35]pRErm46_traG_R CCTCAGCGAGTGTCTTCTC

ApraF GGCCACTTGGACTGATCGAG
937 apramycin cassette aac(3)IV

inserted in chromosome
[40]ApraR GCATGACCGACTGGACCTTC
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3. Results
3.1. The Search for Genetic Elements in MDR R. equi Clone 2287 Selected and Maintained
over Time

PacBio and Illumina whole-genome assemblies from 62 R. equi clinical isolates (40 MDR
clone 2287 and 22 susceptible) collected between 2002 and 2017 in different US states and
characterized in our earlier study [32] were used to identify potential new genetic elements
associated exclusively with MDR R. equi clone 2287 (Table S1). Four thousand and one
contigs from the 40 members of clonal population 2287 were first aligned to known R. equi
genetic elements (chromosome, virulence plasmid pVAPA, and MDR plasmid pRErm46).
In total, 2669, 85, and 168 contigs matched with the R. equi chromosome (accession number
NC_014659), pVAPA1037 (accession number NC_011151), and pRErm46 (accession number
KY494640), respectively, with >95% similarity and >80% coverage, and 1079 contigs were
identified as unknown.

Strain 156 showed fewer unknown contigs, only two: contig_221 and contig_249.
These two contigs were aligned to all the unknown contigs from the other resistant strains
and to the genomes of the 18 susceptible isolates. Only contig_249 was common in all resis-
tant strains and was not present in the assemblies of any susceptible isolates. Contig_249
was 22,578 bp long and comprised a novel 14,317 bp genetic element (Figure 1) that we
noted, IME2287 (integrative mobilizable element from clone 2287), and a subsequent partial
IME2287 duplication of 8260 bp in length. Further analysis of the contigs carrying this novel
piece of DNA showed that in most of the cases, IME2287 was the only genetic element that
appeared in the contigs, repeated (and sometimes inverted) in tandem (Figure 2). Further
analysis showed that only one isolate (sample 169) presented with IME2287 randomly
inserted in the bacterial chromosome (Figure 2).
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Figure 1. Genetic structure of IME2287. IME2287 carries its own replication and partitioning ma-
chinery (dark grey) comprised of ParG-like, ParA-like, RepB-like, and a RepA proteins in the same 
operon and excision/integration capacities via a serine recombinase (white with grey lines). Other 
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Figure 1. Genetic structure of IME2287. IME2287 carries its own replication and partitioning machin-
ery (dark grey) comprised of ParG-like, ParA-like, RepB-like, and a RepA proteins in the same operon
and excision/integration capacities via a serine recombinase (white with grey lines). Other exciting
genes in IME2287 include the following: a putative virulence operon (black with white polka dots)
composed of a Toll/interleukin-1 receptor protein (TcpR) and a transmembrane protein (TMP) and a
putative toxin–antitoxin system containing a PIN domain-containing protein (toxin) and a MerR-like
DNA binding protein (antitoxin). See text and Table 2 for other IME2287 components. DRs, direct
repeats, (shaded) at the junction with genomic DNA and adjacent inverted repeats (IRs) comprise
the TTAC sequence targeted by IME2287. This figure was produced using SnapGene Viewer v7.0.3
(www.snapgene.com) and manually edited with Microsoft PowerPoint for Mac v16.78.3.
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Table 2. Annotation of IME2287 from R. equi sample 156.

IME2287
Locus Tag

Location
(nt Position)

Size
(bp)

Product
(BlastX)

Coverage
(AA Level)

Identity
(AA Level) Species

direct_repeat 1 4 3 - - - -
inverted_repeat 5 34 29 - - - -
IME2287_0010 46 303 257 ParG >90% >80% Conserved in Actinobacteria
IME2287_0020 306 1067 761 ParA >50% >50% Conserved in Actinobacteria
IME2287_0030 1165 1488 323 Conserved hypothetical protein >90% >80% Conserved in Rhodococcus spp.
IME2287_0040 1478 1765 287 RepB >70% >80% Conserved in Rhodococcus spp.
IME2287_0050 1765 2651 886 RepA >70% >70% Conserved in Rhodococcus spp.
IME2287_0060 2873 3520 647 Conserved hypothetical protein >70% >50% Conserved in Actinobacteria
IME2287_0070 3531 3854 323 Conserved hypothetical protein >50% >50% Conserved in Rhodococcus spp.
IME2287_0080 3814 4413 599 Conserved hypothetical protein >50% >50% Conserved in Rhodococcus spp.
IME2287_0090 4528 5208 680 Hypothetical protein no match no match No match
IME2287_0100 5167 5409 242 Conserved hypothetical protein >70% >50% Conserved in Rhodococcus spp.
IME2287_0110 5503 6471 968 TIR domain-containing protein >90% >40% Conserved bacterial protein
IME2287_0120 6543 6731 188 Transmembrane protein no match no match No match
IME2287_0130 7010 7903 893 Sigma70 >70% >35% Conserved in Actinobacteria
IME2287_0140 7900 8241 341 TPR-like domian-containing protein no match no match No match
IME2287_0150 8392 9024 632 PIN domain-containing protein >85% >40% Conserved in Actinobacteria
IME2287_0160 9073 9543 470 MerR-like DNA binding protein >60% 60% Conserved in Actinobacteria
IME2287_0170 10,014 11,267 1253 Serine recombinase >40% >70% Conserved in Rhodococcus spp.
IME2287_0180 11,264 12,223 959 Conserved hypothetical protein >85% >25% Conserved in Actinobacteria
IME2287_0190 12,470 12,886 416 Conserved hypothetical protein >80% >50% Conserved in Actinobacteria
IME2287_0200 13,038 13,931 893 Conserved hypothetical protein >90% >40% Conserved in Actinobacteria

inverted_repeat 14,284 14,313 29 - - - -
direct_repeat 14,314 14,317 3 - - - -

See Figure 1 for the genetic structure of the element.
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sented by arrows. In the middle, contig 182 from MDR clinical isolate 169 (GenBank accession no.
SAMN13392202). Below, a portion of the Rhodococcus equi 103S chromosome (ORFs are represented
by black arrows; GenBank accession no. FN563149.1). (B) Example of IME2287 duplications. Above,
IME2287 with ORFs represented by arrows. Below, the environmental MDR isolate 36 (GenBank
accession no. WVCU00000000). Regions with significant similarity (nBlast, Score matrix Blosum62)
are connected by colored lines (light grey, sequences in direct orientation; dark grey, sequences in
reverse orientation). All connecting lines between sequences represent a percentage of identity > 97%.
This figure was produced using the Artemis Comparison Tool (ACT) [44] and manually edited with
Microsoft PowerPoint.
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3.2. Molecular Characterization of IME2287, a Putative Mobilizable Element Associated with
Macrolide Resistance in MDR R. equi

The in silico annotation of IME2287 identified 20 ORFs (Figure 1), of which 11 were
predicted to have a biological function or a functional domain and 9 were classified as
hypothetical proteins. Homology searches showed that the novel set of genes carried by
IME2287 share high homology with genes previously found in the genus Rhodococcus and
other Actinobacteria. Table 2 lists the 20 ORFs with the in silico functional predictions and
corresponding homologies. Of interest, four genes are clustered together and code for
proteins involved in DNA replication and partitioning. In this order, ORF IME2287_0010
was predicted to be a ParG-like DNA binding protein with a ribbon–helix–helix domain
in its C-terminal region, ORF IME2287_0020 was identified as an AAA-ATPase ParA
partitioning protein, ORF IME2287_0030 was classified as a RepB-like RNA polymerase
with a DNA binding domain, and ORF IME2287_0050 was found to be a RepA plasmid
replicase. These genes indicate that IME2287 is most likely a self-replicative genetic element.

ORF IME2287_0170 encodes a serine recombinase that would allow IME2287 to ex-
cise and reintegrate into the R. equi genome. A maximum identity value of 87% with its
closest homolog unclassified ISBli29 from Brevibacterium linens (Actinobacteria) indicates
that the serine recombinase is a novel orphan transposase, which we named ISRe2287.
The presence of this gene and the replication and partitioning machinery suggested
that IME2287 could be an integrative conjugative element (ICE). However, no conju-
gation genes were predicted in IME2287, and we found the inverted repeat (IR) se-
quence 5′-CAATCATTCCTTACAGCAAGTCAGCTTGTT-3′ invariably followed by the
directly repeated (DR) tetranucleotide TTAC, supporting that IME2287 could be a trans-
posable element. Additionally, IME2287 carries a gene that encodes a protein containing a
Toll/interleukin-1 receptor (TIR) domain (TcpR, IME2287_0140) that acts by suppressing the
innate immune system in other bacteria species [45–48] and a putative toxin–antitoxin sys-
tem composed of a PIN domain-containing protein (toxin, IME2287_0150) and a MerR-like
DNA binding protein (antitoxin, IME2287_0160).

3.3. IME2287 Moved from MDR R. equi Clone 2287 to other R. equi Genetic Backgrounds
Associated with Macrolide Resistance

To explore if IME2287 was a mobile genetic element, the whole-genome assemblies of
10 additional MDR R. equi clinical isolates harboring pRErm46 but with genetic backgrounds
different from clone 2287 were analyzed. Two isolates were members of the new MDR R.
equi clonal population G2016 (Table 3), and eight were classified as singletons (an MDR
R. equi isolate that shows a unique genetic background and therefore does not belong to
any of the known R. equi clonal populations) in previous phylogenetic analysis [26,32].
We observed the presence of IME2287 in one of the R. equi G2016 clones and two of the
singletons, indicating that this element moved from R. equi clone 2287 into other R. equi
isolates through horizontal gene transfer (HGT).

Furthermore, we looked for evidence of IME2287 in the PacBio whole-genome assem-
blies from 135 R. equi environmental isolates collected from 100 farms in central Kentucky
for a previous investigation [26,33]. The 45 environmental MDR R. equi that previous
phylogenetic analysis [26,33] classified as part of clonal population 2287 were shown to
harbor both pRErm46 and IME2287 in their genome, while none of the 38 susceptible
isolates did (Table 3). R. equi clone G2016 (sample 52), the only MDR environmental isolate
of this clone, carried pRErm46 but was not shown to have IME2287. Similarly, only 7 of
the 39 MDR R. equi environmental isolates phylogenetically classified as members of the
clonal population G2017 were shown to carry pRErm46/tnRErm46. Of these seven, three
also carried IME2287, and four did not. Regarding the environmental singleton-resistant
isolates, nine out of twelve were seen to carry pRErm46 or tnRErm46, and from those nine,
seven isolates also carried IME2287 (Table 3).
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Table 3. Association between genetic background, susceptibility, and the presence of pRErm46/tnErm46
and IME2287.

Source Genetic
Background

pRErm46/tnRErm46
and IME2287

pRErm46/
tnRErm46 Only

No pRErm46/tnRErm46
or IME2287 Total

Clinical

Clone 2287 40 0 0 40
Clone G2016 1 1 0 2
Clone G2017 0 0 0 0

Singletons 2 6 0 8
Susceptible 0 0 22 22

Environmental

Clone 2287 45 0 0 45
Clone G2016 0 1 0 1
Clone G2017 3 4 32 39

Singletons 7 2 3 12
Susceptible 0 0 38 38

Total 98 14 95 207

Numbers correspond to the number of isolates found in each clonal population and carrying each genetic
element combination.

As previously seen in the clinical isolates, IME2287 always appears in an individual
contig that exclusively contains copies of these elements (Figure 2). Interestingly, we did
not find any clinical or environmental isolates that presented IME2287 without any genetic
elements (pRErm46 or tnRErm46) associated with the erm(46) resistance gene, suggesting
that IME2287 could be hijacking pRErm46 conjugation machinery to move.

3.4. IME2287 Mobilization Is Independent of Macrolide Resistance Plasmid pRErm46

We previously reported that macrolide resistance plasmid pRErm46 was mobilizable
at a high frequency through horizontal gene transfer via bacterial conjugation [35,41]. The
findings above lead to the following question: is IME2287 mobilizable simultaneously
with pRErm46? To answer this question, conjugation assays were carried out using MDR
R. equi clone 2287 as a donor and susceptible (pRERrm46- negative) avirulent R. equi 103-

with an apramycin resistance aac(3)IV cassette (103-ApraR) [40] as the recipient in a ratio
1:1. Transfer of pRErm46 to 103-ApraR was observed at a frequency of 2.06 ± 0.70 × 10−3

transconjugants/recipient cells. In total, 90 CFUs were PCR-tested for virulence plasmid
pVAPA and novel element IME2287. Five out of the ninety colonies tested were shown
to have acquired pVAPA together with pRErm46, but no colonies were carrying IME2287,
indicating that its mobilization is most likely independent from pRErm46 conjugal transfer.

Next, we investigated if IME2287 is lost over time in the same fashion pRErm46 is. We
monitored changes in the antimicrobial resistance phenotype and genotype of MDR R. equi
clone 2287 culture-passed daily in BHI and DHS at RT (~22 ◦C) or 37 ◦C for 45 passages. In
parallel, we looked for changes in the antimicrobial resistance phenotype and genotype of
MDR R. equi clone 2287 incubated in autoclaved soil at RT or 37 ◦C for 45 passages (Table 4).
We observed that the percentage of macrolide- and rifampin-resistant colonies of clone 2287
was maintained for the entire experiment duration (45 passages) in all conditions, except
for bacteria incubated in DHS at 37 ◦C, where macrolide resistance declined progressively
over time. This indicates that, regardless of the temperature in BHI and soil, macrolide and
rifampin resistance expression do not represent a fitness cost for R. equi clone 2287.

We PCR-tested the 46 CFUs that were shown to have lost macrolide resistance for the
presence of pRErm46 and IME2287 (Table 5). As expected, all susceptible colonies had
lost the macrolide resistance plasmid, but only half of those (n = 23) also lost IME2287,
indicating again that the mobilization of these two elements is independent. Interestingly,
looking at IME2287 loss over time, we realized that up to passage 30, the colonies that lost
pRErm46 still maintained IME2287. In passage 45, 23 out of 36 (~64%) appeared to have
lost both elements. This indicates that the loss of IME2287 is most likely subsequent to the
loss of the pRErm46 plasmid.
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Table 4. Maintenance of resistant phenotype to macrolides or rifampin in soil and during subcul-
turing in DHS and BHI. The table exclusively presents conditions with a decrease in antimicrobial
resistance phenotype.

CFU with Macrolide-Resistant Phenotype
DHS Soil

Passage RT 37 ◦C RT 37 ◦C

0 100% 100% 100% 100%
15 100% 99% 100% 100%
30 99% 97% 100% 100%
45 100% 64% 100% 95%

Numbers reflect the proportion of colony forming units (CFUs) that presented a macrolide-resistant phenotype
after a particular number of passages under different temperature conditions (room temperature (RT) or 37 ◦C)
and in different media (commercial donor horse serum (DHS) or autoclaved soil (Soil)). In bold are the conditions
where we have seen a decrease in the resistance phenotype.

Table 5. pRErm46 and IME2287 stability in R. equi 2287 genetic background.

Media Temp. Passage Loss of
pRErm46 Only

Loss of pRErm46 and
IME2287

Soil 37 ◦C 45 5 0

DHS

37 ◦C 30 1 0

RT
15 1 0
30 3 0
45 13 23

Total 23 23
In the plasmid loss experiment, 46 colonies lost the macrolide resistance phenotype. The numbers in the table
reflect the number of macrolide-susceptible colonies that lost pRErm46 only or pRErm46 and IME2287 under
different temperature conditions (room temperature (RT) or 37 ◦C) and in different media (brain heart infusion
(BHI), commercial donor horse serum (DHS) or autoclaved soil (Soil)). The passage in which each colony was
retrieved is also indicated in the table. PCR was used to determine the presence/absence of pRErm46 and IME2287
(see materials and methods).

4. Discussion

The emergence and spread of MDR bacterial clones represent a significant threat to
animal and human health. The success of these dominant bacterial clades relies on the
acquisition of virulence and antimicrobial resistance (AMR) genes associated with mobile
genetic elements [49]. Although we currently know more about resistance mechanisms and
their mobilization dynamics, there is still much to learn to help us prevent their selection
and spread. Here, we explored the accessory genome of MDR R. equi clone 2287, looking
for genetic elements that could explain its superiority over other MDR R. equi clones.
Considering that bacterial genomes are subject to genetic drift that deletes superfluous
sequences [50], we hypothesized that any genetic element that would provide an advantage
in the adaptation of MDR clone 2287 would be exclusively present in all clone members
and maintained over time. Based on this, we first performed a preliminary screening
of clone 2287’s accessory genome, trying to identify genetic elements present in all the
genomes of the clonal population and not in susceptible strains. We only identified one
genomic sequence under this threshold, and its genomic annotation indicated that we
were dealing with a putative mobile genetic element. Consequently, we named the novel
element IME2287.

The oldest member of clone 2287, in which we detected the presence of IME2287, is
an isolate collected in Florida in 2002. Since then, IME2287 has been found in all the R.
equi phylogenetically classified as clone 2287 that were analyzed (n = 85, over a period of
15 years in five different US states); the most recent isolate was found in Kentucky in 2017.
It is not surprising to find the R. equi genome harboring new genetic elements because
this bacteria species is a unique example of plasmid-driven full virulence, antimicrobial
resistance, and host adaptation [10]. However, R. equi tends to lose its virulence host-
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adapted plasmids (pVAPs) when living as a saprotroph in the soil as they introduce a
fitness cost due to the expression of the virulence genes [5,51]. The fact that IME2287 has
been maintained for more than 15 years in this clonal population is intriguing and suggests
that instead, IME2287 may not impact R. equi fitness, or if it does, the role that IME2287
plays for the bacterium overcomes that fitness cost.

We performed a deep genetic characterization of IME2287, looking for genes that
could explain its persistence over time. We found that IME2287 carries a potential new
virulence factor. The tcpR gene encodes a putative TIR domain protein that we designated
as TcpR (Figure 1, Table 2). In eukaryotes, TIR domains are part of Toll-like receptors
(TLRs), a family of proteins that recognize pathogens and initiate the innate immune re-
sponse [52]. TIR domain proteins are also found in plants, where they mediate disease
resistance, and in bacteria, associated with virulence and bacterial metabolic regulation [47].
TIR domain proteins have been reported to block TLR signaling, inhibiting innate im-
mune responses in important animal and human pathogens such as Brucella spp. [53],
uropathogenic Escherichia coli (UPEC) [54], nosocomial strains of Enterococcus faecium [55],
and Staphylococcus aureus [48]. TIR domain proteins are frequently carried on mobile genetic
elements and, in some cases, are associated with ARGs [48]. The innate immune system is
the principal response against intracellular R. equi [56]. Therefore, an extra virulence factor,
such as TcpR, would help R. equi circumvent innate host immunity during infection, which
is extremely important for the bacteria. It would explain why IME2287 is still within all
MDR R. equi clinical isolates 15 years after being first reported. Furthermore, this extra
virulence factor could be the key to clone 2287’s superiority at infecting animals over the
other genomic backgrounds.

Another interesting operon also found in IME2287 consists of two genes that encode
an MerR transcriptional regulator and a PIN domain ribonuclease (MerR-PIN). In silico
work has classified MerR-PIN operons as putative Type 2 toxin–antitoxin (TA) systems [57],
in which the PIN ribonuclease is toxic to the cell and stable. At the same time, the MerR
antitoxin is unstable and requires continuous transcription to inhibit the produced toxin [58].
MerR-PIN and other Type II TA systems are often found in plasmids or, as appreciated in
IME2287, inserted in chromosomes in association with mobile genetic elements [57,59]. TA
systems have been associated with antibiotic resistance, virulence factors, and pathogenicity
islands in pathogenic bacteria [58]. One of the first functions assigned to TA systems was
plasmid stabilization through a process known as “post-segregational killing”, a suicide
mechanism for those cells that do not carry the TA plasmid after cell division [57]. More
recently, Type II TA systems have been described as involved in bacterial permanence
under stress conditions such as nutrient starvation or antibiotic exposure [60]. Under stress
conditions, the antitoxins are selectively degraded, leaving toxins to promote growth arrest
and dormancy. Once the stressor is removed, dormant persistent cells revert to the actively
growing state and repopulate the original population [60]. Based on the current information
regarding Type II TA systems, we hypothesized that the MerR-PIN system could have a
double function for MDR R. equi, (i) avoiding the loss of IME2287 during cell division for
over 15 years and (ii) mediating the permanence of MDR R. equi in the soil even in the
absence of antimicrobial selective pressure. Future in vitro experimentation to determine
MerR-PIN functionality is guaranteed.

IME2287 has been observed in several different genetic backgrounds, indicating that
this genetic element can move through horizontal gene transfer. The IME2287 genetic char-
acterization revealed that IME2287 carries a replication and partitioning operon (Figure 1,
Table 2) and an integration/excision capability via a serine recombinase. This is consistent
with the core modules of integrative conjugative elements (ICEs) previously identified in
Actinomycetes [61]. However, IME2287 lacks the conjugation module, often consisting of a
relaxase, a coupling protein, and a mating pair formation system [61]. We also identified
IR and DR flanking IME2287, suggesting that this genetic element is likely a mobilizable
transposon or a non-canonical IME [62]. The distinction between mobilizable transposons
and IMEs is unclear and is considered irrelevant for some [62]. Various non-canonical IMEs
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(that do not encode any relaxase) have been identified in the Firmicutes and Proteobacteria
phyla, sometimes with several copies integrated in tandem, like in the case of IME2287 [63].
Regardless of the nature of IME2287 (transposon, or IME), the in silico data obtained in
this project reflect that at some point, IME2287 jumped from clone 2287, its native genomic
background, to other R. equi. IME2287 was found in 50% (13/27) of pRErm46 containing
non-clone 2287 R. equi, suggesting that its mobilization could be tied to the antimicrobial
resistance plasmid mobilization. Hence, we hypothesized that IME2287 (lacking its conju-
gal machinery) could hijack the pRErm46 conjugation apparatus to spread. We explored
this possibility using mating experiments, and we found that none of the transconjugants
that acquired pRErm46 also received IME2287. This indicates that IME2287 mobilization is
likely independent of pRErm46. However, we cannot discard that IME2287 could indeed
be using pRErm46 mobilization machinery but with a very low mobilization rate, or maybe
IME2287 transfer is not triggered or selected by exposure to macrolides.

Given the lack of success of our IME2287 transfer attempt, we decided to test if the
loss of this novel genetic element was tied to the loss of pRErm46. Our experiments
subculturing clone 2287 in the absence of antimicrobials and under different media and
temperature conditions showed that the loss of IME2287 is independent of pRErm46 and
that the recently discovered genetic element would get lost, most probably after the loss of
the macrolide-resistant plasmid. Additionally, this last experiment allowed us to study the
persistence of clone 2287 resistant phenotypes without selective pressure. We observed that
clone 2287 maintained a rifampin resistance phenotype during the entire duration of the
experiment, independent of the incubation conditions. Willingham-Lane and collaborators
studied the stability of three lab-generated rifampin-resistant rpoB mutations in the R. equi
103S genetic background by passing bacteria in BHI at 37 ◦C [64]. They reported that two
of the three rpoB mutations reverted to the wild-type form after 20 passages (>90% revert)
and that these mutations resulted in decreased growth in vitro and in soil. This, together
with the fact that the mutation present in MDR clone 2287 (rpoBS531F) has been impossible
to recreate in the laboratory (Willingham-Lane personal communication), suggests that
rpoBS531F has been naturally selected over other potential rpoB mutations because it does
not impact R. equi fitness either in vitro (soil and BHI at RT) or in vivo (DHS and 37 ◦C). In
our experiment, clone 2287 maintained its macrolide resistance phenotype when incubated
at room temperature independently of the medium. We only found a significant reduction
(of ~35%) in macrolide resistance when clone 2287 was subcultured in horse serum at 37 ◦C.
Willingham-Lane et al. also investigated the stability of macrolide resistance in R. equi 103S
subcultured in BHI at 37 ◦C and the performance of the macrolide-resistant strain in vitro
and soil [64]. Under their conditions, macrolide resistance was lost over time (decrease
~50% after 40 passages), and the growth of the macrolide-resistant strains was affected
in vitro and in soil. We did not observe a decrease in the macrolide-resistant phenotype in
BHI over time, but the duration of our experiment was shorter. Additionally, our previous
work did not detect a fitness cost associated with the presence of pRErm46 in R. equi
103S [35]. We decided to subculture bacteria in DHS and soil at different temperatures to
recreate the closest conditions R. equi will face inside the host (DHS at 37 ◦C) and in the
environment (soil at RT). Taking this into consideration, our results indicate that in the
environment (i.e., bacteria in soil), the presence of pRErm46 does not have an impact on the
growth of clone 2287, which will be able to keep the macrolide-resistant plasmid for long
periods in the absence of antimicrobial selective pressure. However, inside the host, when
antimicrobials are not administered (DHS at 37 ◦C), the expression of the virulence genes is
essential for R. equi survival at the expense of reduced growth [3], which will prompt the
bacteria to lose the non-essential MGEs such as pRErm46 and IME2287.

5. Conclusions

The work presented herein studied a clonal competitive event in the zoonotic human
pathogen R. equi. We characterized an accessory genetic element, IME2287, in the genome
of MDR R. equi clone 2287 that could explain its superiority over other MDR R. equi
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clones. More specifically, this study elucidated at least two molecular traits in IME2287,
a toxin–antitoxin (TA) system and a host NF-kB signaling inhibitor, that successful MDR
R. equi clones may acquire to their advantage when infecting and colonizing the host.
Unfortunately, the factors that trigger IME2287 mobilization and the genetic mechanisms
required for this task are still unknown.
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Abstract: Extended-spectrumβ-lactamases (ESBL) give rise to resistance against penicillin and cephalosporin
antibiotics in multiple bacterial species. The present study was conducted to map genetic determinants
and related attributes of ESBL-producing bacteria in three wild aquatic bird species and chickens at the
“Trimmu Barrage” in district Jhang, Punjab province, Pakistan. To study the prevalence of ESBL-producing
bacteria, a total of 280 representative samples were collected from wild bird species; cattle egrets (Bubulcus
ibis), little egrets (Egretta garzetta) and common teals (Anas crecca) as well as from indigenous chickens (Gallus
gallus domesticus) originating from a local wet market. The isolates were confirmed as ESBL producers
using a double disc synergy test (DDST) and bacterial species were identified using API-20E and 20NE
strips. A polymerase chain reaction (PCR) was used to detect ESBL genetic determinants and for genus
identification via 16S rRNA gene amplification. A phenotypic antimicrobial susceptibility test was performed
for ESBL-producing isolates against 12 clinically relevant antibiotics using the Kirby–Bauer disk diffusion
susceptibility test. A phylogenetic tree was constructed for the sequence data obtained in this study and
comparative sequence data obtained from GenBank. The overall prevalence of ESBL-producing bacteria was
34.64% (97/280). The highest percentage (44.28%; 31/70) of ESBL-producing bacteria was recovered from
chickens (Gallus gallus domesticus), followed by little egrets (Egretta garzetta) (41.43%; 29/70), common teal
(Anas crecca) (28.57%; 20/70) and cattle egrets (Bubulcus ibis) (24.28%; 17/70). Five different ESBL-producing
bacteria were identified biochemically and confirmed via 16S rRNA gene sequencing, which included
Escherichia coli (72; 74.23%), Enterobacter cloacae (11; 11.34%), Klebsiella pneumoniae (8; 8.25%), Salmonella enterica
(4; 4.12%) and Pseudomonas aeruginosa (2; 2.06%). Based on PCR, the frequency of obtained ESBL genes in
97 isolates was blaCTX-M (51.55%), blaTEM (20.62%), blaOXA (6.18%) and blaSHV (2.06%). In addition, gene
combinations blaCTX-M + blaTEM, blaTEM + blaOXA and blaCTX-M + blaSHV were also detected in 16.49%, 2.06%
and 1.03% of isolates, respectively. The ESBL gene variation was significant (p = 0.02) in different bacterial
species while non-significant in relation to different bird species (p = 0.85). Phylogenetic analysis of amino
acid sequence data confirmed the existence of CTX-M-15 and TEM betalactamases. The average susceptibility
of the antibiotics panel used was lowest for both Klebsiella pneumoniae (62.5%± 24.42) and Salmonella enterica
(62.5% ± 31.08) as compared to Enterobacter cloacae (65.90% ± 21.62), Pseudomonas aeruginosa (70.83% ±
33.42) and Escherichia coli (73.83%± 26.19). This study provides insight into the role of aquatic wild birds as
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reservoirs of ESBL-producing bacteria at Trimmu Barrage, Punjab, Pakistan. Hence, active bio-surveillance
and environment preservation actions are necessitated to curb antimicrobial resistance.

Keywords: ESBL; microbiota; wild birds; aquatic birds; Trimmu Barrage; phylogenetics

1. Introduction

Antimicrobial resistance (AMR) has been categorized among the top ten lead threats of
public health significance by the World Health Organization (WHO) [1]. AMR-associated
global human mortality is expected to rise to the hefty figure of 10 million per annum by
2050 as compared to 0.7 million in 2019 [2]. Antibiotics, mainly cephalosporin and penicillin,
are vulnerable to structural degradation through a wide variety of bacteria-origin hydrolyz-
ing enzymes known as extended-spectrum β-lactamase (ESBL) [3]. Hundreds of individual
strains of bacteria belonging mainly to several species of Enterobacterales and a few non-
Enterobacterales orders are known to produce ESBL enzymes [4]. β-lactamases include
a wide variety of hydrolytic enzymes that tend to destabilize the structural integrity of
β-lactam antibiotics through degradation of the amide bond of the β-lactam ring [4]. ESBL-
producing bacteria are used as bio-surveillance markers to map the emergence and extent
of antimicrobial resistance (AMR) under one-health research paradigms [5]. Classically, the
ESBL-producing bacteria species were thought to be associated with clinical settings which
would transfer mainly via nosocomial, and community-acquired channels [6]. However,
the larger picture revealed by recent studies shows a complicated and multi-origin spread
of resistant bacteria [7,8]. Trans-border dissemination of resistant bacteria includes wild
migratory birds, human traffic, farm animals, arthropod-borne vectors, fomites, water, and
food chains, although it is not limited to these factors [7,9,10]. Due to multiple factors,
including habitat destruction, annual migration, and the search for feeding sites or breeding
needs, wild birds often move into urban or peri-urban areas where they may encounter
humans and other animals [11]. Many species of bacteria colonize wild aquatic birds as
a part of gut microbiota [12]. In this way, resistant bacteria thrive, are carried away to
far-furlong areas and are dispensed to new geographical locations and environments as
soon as the birds migrate seasonally or interact with other species [13,14]. To feed and
breed, the aquatic birds often contact stagnant water sources, streams, garbage landfills,
farmed animals, other bird species and even human settlements [13]. For bacteria, AMR is a
key component for adaptation in a changing environment under evolutionary process [15].
Two of the main driving forces behind AMR include first the mutations (intrinsic factors),
which in most cases decreases the permeability of antibiotics to enter inside the bacterial
cells, and second the acquired genetic elements of resistance (e.g., plasmids, integrons,
transposons) which are transmissible horizontally [15].

In the Jhang district, Punjab province, Pakistan, Trimmu Barrage controls water flow
at the downstream site of the junction between the Chenab and Jhelum rivers. The Trimmu
Barrage represents a typical wetland that provides a balanced ecosystem consisting of
both terrestrial and aquatic environments. As many as eighty-nine different avian species,
including year-round inhabitants and seasonal migratory birds, were recorded at Trimmu
Barrage in a previous study [16]. The present study aimed to determine the nature of ESBL
genetic determinants in different species of ESBL-producing bacteria isolated from three
different wild bird species, including the cattle egret (Bubulcus ibis), little egret (Egretta
garzetta), and common teal (Anas crecca) along with indigenous chickens (Gallus gallus
domesticus) sourced from the local wet-market, by using molecular characterization and
phylogenetic analysis. This project was carried out to provide insight into the potential of
wild birds to harbor resistant bacteria.
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2. Results
2.1. Prevalence of ESBL-Producing Bacteria and Genetic Determinants in Bird Species

Out of 280 collected samples, 97 (34.6%) were found to contain ESBL-producing
bacteria based on the double disc synergy test (DDST) (Table 1). The highest prevalence
of ESBL-producing bacteria was recorded in chickens (44.3%). However, among the three
studied wild bird species, ESBL-producing bacteria were found to be highest in the little
egrets (41.4%), followed by the common teals (28.6%) and cattle egrets (24.3%) (Table 1).
PCR detected all ESBL genetic determinants, including blaCTX-M (593 bp), blaTEM (445 bp),
blaSHV (1016 bp) and blaOXA (296 bp) with varying percentages and combinations in different
samples (Table 1). Only blaCTX-M and blaTEM were detected consistently in all species of
birds, while blaSHV was detected only in cattle egrets (5.9%) and little egrets (3.5%). Similarly,
blaOXA was found only in little egrets (13.8%) and chickens (6.5%) (Table 1).

Table 1. ESBL genes detected in bacteria isolated from different bird species at Trimmu Barrage.

Bird Species Total ESBL n (%)
ESBL Gene/Gene Combinations Identified

blaCTX-M
n (%)

blaTEM
n (%)

blaSHV
n (%)

blaOXA
n (%)

blaCTX-M + blaTEM
n (%)

blaCTX-M + blaSHV
n (%)

blaTEM + blaOXA
n (%)

Cattle egret
(Bubulcus ibis) 17 (24.3) 11 (64.7) 3 (17.7) 1 (5.9) - 2 (11.8) - -

Little egret
(Egretta
garzetta)

29 (41.4) 18 (62.1) 5 (17.2) 1 (3.5) 4 (13.8) - 1 (3.5) -

Common teal
(Anas crecca) 20 (28.6) 5 (25) 8 (4) - - 5 (25) - 2 (10)

Chicken
(Gallus gallus
domesticus)

31 (44.3) 16 (51.6) 4 (12.9) - 2 (6.5) 9 (29) - -

Total number 97 (34.6) 50 (51.6) 20 (20.6) 2 (2.1) 6 (6.2) 16 (16.5) 1 (1) 2 (2.1)

2.2. Diversity of ESBL-Producing Bacteria

Five different bacteria species of ESBL producers were identified using biochemical
commercial kits, API 20E, and 20NE, (bioMérieux, Craponne, France). Ninety-seven
isolates were recovered, including Escherichia coli (72; 74.2%), Enterobacter cloacae (11; 11.3%),
Klebsiella pneumoniae (8; 8.3%), Salmonella enterica (4; 4.1%) and Pseudomonas aeruginosa (2;
2.1%). The distribution of the isolated ESBL-producing bacteria concerning bird species was
demonstrated in Table 2. Selected isolates belonging to each species were further confirmed
by 16S rRNA gene amplification and sequencing. The sequence data was submitted to the
GenBank as Enterobacter cloacae (OP744530), Klebsiella pneumoniae (OP744528, OP744534),
Salmonella enterica (OP744581), and Pseudomonas aeruginosa (OP745421).

2.3. Genetic Determinants Detected in Different ESBL-Producing Bacteria

The One-way ANOVA was used to determine the statistical significance of the ESBL
gene variation (types and percentage distribution) in relation to different bird species and
bacterial species. The ESBL gene variation was significant (p = 0.02) in different bacterial
species while non-significant in relation to different bird species (p = 0.85). blaCTX-M
remained the most frequent yet least variable determinant, with a prevalence ranging from
37.5% to 54.5%. blaTEM was detected in all species except K. pneumoniae. blaSHV was rare and
appeared in just 2.8% of E. coli. Only one E. cloacae (9.1%) and five E. coli (6.94%) harbored
the blaOXA gene. A total of three paired ESBL gene combinations were detected; however,
blaCTX-M and blaSHV combinations were found exclusive to K. pneumoniae (Table 3).
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Table 2. Prevalence of ESBL-producing bacterial species recovered from wild birds and chickens at
Trimmu Barrage.

Bird Species No. of Samples ESBL Bacterian
(%)

E. coli
n (%)

E. cloacae
n (%)

K. pneumoniae
n (%)

S. enterica
n (%)

P. aeruginosa
n (%)

Cattle egret (Bubulcus ibis) 70 17 (24.3%) 12 (12.37%) 4 (4.12%) 0 1 (1.03%) 0

Little egret (Egretta
garzetta) 70 29 (41.4%) 24 (24.74%) 1 (1.03%) 2 (2.06%) 1 (1.03%) 1 (1.03%)

Common teal (Anas crecca) 70 20 (28.6%) 16 (16.49%) 3 (3.09%) 1 (1.03%) 0 0

Chicken (Gallus gallus
domesticus) 70 31 (44.3%) 20 (20.62%) 3 (3.09%) 5 (5.15%) 2 (2.06%) 1 (1.03%)

Total number 280 97 (34.6%) 72 (74.2%) 11 (11.3%) 8 (8.3%) 4(4.1%) 2 (2.1%)

Table 3. Frequency and diversity of ESBL genetic determinants associated with different bacterial
species recovered from wild birds and chickens at Trimmu Barrage.

Bacterial Species Total ESBL n (%)
ESBL Gene/Gene Combinations Identified

blaCTX-M
n (%)

blaTEM
n (%)

blaSHV
n (%)

blaOXA
n (%)

blaCTX-M + blaTEM
n (%)

blaCTX-M + blaSHV
n (%)

blaTEM + blaOXA
n (%)

Escherichia coli 72 (74.2%) 38 (52.8%) 14 (19.5%) 2 (2.8%) 5 (6.9%) 13 (18.1%) 0 0

Enterobacter cloacae 11 (11.3%) 6 (54.5%) 4 (36.4%) 0 1 (9.1%) 0 0 0

Klebsiella
pneumoniae 8 (8.3%) 3 (37.5%) 0 0 0 3 (37.5%) 1 (12.5%) 1 (12.5%)

Salmonella enterica 4 (4.1%) 2 (50%) 1 (25%) 0 0 0 0 1 (25%)

Pseudomonas
aeruginosa 2 (2.1%) 1 (50%) 1 (50%) 0 0 0 0 0

Total number 97 (34.6%) 50
(51.55%) 20 (20.6%) 2 (2.06%) 6 (6.2%) 16 (16.5%) 1 (1.03%) 2 (2.1%)

2.4. Phylogenetic Analysis

The phylogenetic tree constructed showed three clades and included an outgroup
(catalase enzyme). CTX-M partial protein sequences obtained in this study (UZZ47306.1,
UZZ47307.1, and UZZ47308.1) were clustered in clade I and consisted of different groups of
CTX-M enzyme. Out of the five groups of CTX-M enzymes (CTX-M-1, CTX-M-2, CTX-M-8,
CTX-M-9, and CTX-M-25), the present study sequences were grouped next to the CTX-
M-1 and CTX-M-15 (a subtype of CTX-M-1 group). TEM enzyme sequence (UZZ47309.1)
appeared in clade II, consisting of TEM sequences from India and Croatia (Figure 1).

2.5. Antibiotic Susceptibility Profile

A complete antibiogram of the ESBL-producing bacteria isolated in this study against
12 antimicrobial agents is given in Table 4. All isolated ESBL-producing bacteria in this
study were highly resistant to ceftiofur and ampicillin. The resistance of S. enterica, K.
pneumoniae, and E. cloacae against tylosin was 50%, 50% and 45.5%, respectively, while E.
coli and P. aeruginosa were sensitive (Table 4). All isolated ESBL-producing bacteria were
highly sensitive to the other antimicrobial agents tested in this study.
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Table 4. Antibiogram of ESBL-producing bacteria isolated from wild birds and chickens at
Trimmu Barrage.

Antibiotic

E. cloacae
(n = 11)

K. pneumoniae
(n = 8)

S. enterica
(n = 4)

P. aeruginosa
(n = 2)

E. coli
(n = 72)

R S I R S I R S I R S I R S I

n (%)

Streptomycin 1 (9) 10 (90.9) 0 2 (25) 6 (75) 0 2 (50) 2 (50) 0 1 (50) 1 (50) 0 3 (4.16) 69 (95.8) 0

Neomycin 2 (18.2) 8 (72.7) 1 (9) 1 (12.5) 6 (75) 1 (12.5) 1 (25) 3 (75) 0 0 1 (50) 1 (50) 21 (29.2) 46 (63.9) 5 (6.9)

Gentamicin 0 11 (100) 0 3 (37.5) 3 (37.5) 2 (25) 1 (25) 3 (75) 0 0 2 (100) 0 12 (16.7) 55 (76.4) 5 (6.9)

Florfenicol 3 (27.3) 8 (72.7) 0 2 (25) 6 (75) 0 0 4 (100) 0 0 2 (100) 0 7 (9.7) 61 (84.7) 4 (5.6)

Ceftiofur 6 (54.5) 5 (45.5) 0 4 (50) 3 (37.5) 1 (12.5) 2 (50) 2 (50) 0 1 (50) 1 (50) 0 64 (88.9) 8 (11.1) 0

Enrofloxacin 3 (27.3) 6 (54.5) 2 (18.2) 3 (37.5) 5 (62.5) 0 1 (25) 3 (75) 0 0 2 (100) 0 6 (8.3) 65 (90.3) 1 (1.4)

Norfloxacin 4 (36.4) 7 (63.4) 0 2 (25) 6 (75) 0 0 4 (100) 0 0 2 (100) 0 0 70 (97.2) 2 (2.8)

Tylosin 5 (45.5) 5 (45.5) 1 (9) 4 (50) 4 (50) 0 2 (50) 1 (25) 1 (25) 0 1 (50) 1 (50) 11 (15.3) 61 (84.7) 0

Ampicillin 7 (63.6) 4 (36.4) 0 6 (75) 1 (12.5) 1 (12.5) 3 (75) 0 1 (25) 2 (100) 0 0 41 (56.9) 27 (37.5) 4 (5.5)

Doxycycline 3 (27.3) 6 (54.5) 2 (18.2) 1 (12.5) 5 (62.5) 2 (25) 1 (25) 2 (50) 1 (25) 1 (50) 1 (50) 0 14 (19.4) 47 (65.3) 11
(15.3)

Colistin 4 (36.4) 6 (54.5) 1 (9) 0 8 (100) 0 2 (50) 2 (50) 0 0 2 (100) 0 9 (12.5) 60 (83.3) 3 (4.2)

Imipenem 0 11 (100) 0 1 (12.5) 7 (87.5) 0 0 4 (100) 0 0 2 (100) 0 3 (4.2) 69 (95.8) 0

R: Resistant: S: Sensitive; I: Intermediate.

The overall susceptibility to the panel of antibiotics was lowest for both K. pneu-
moniae (62.5% ± 24.42) and S. enterica (62.5% ± 31.08) as compared to E. cloacae (65.9%
± 21.62), P. aeruginosa (70.8% ± 33.42) and E. coli (73.8% ± 26.19) (Table 5). The mean
susceptibility of ESBL-producing bacteria was found to be highest for imipenem (96.7%)
followed by norfloxacin (87.2%), florfenicol (86.5%), gentamicin (77.7%), colistin (77.5%),
enrofloxacin (76.5%), streptomycin (72.3%), neomycin (67.3%), doxycycline (56.5%), tylosin
(51%), ceftiofur (38.8%) and ampicillin (17.3%).
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Table 5. The overall susceptibility antibiogram of ESBL-producing bacteria isolated from wild birds
and chickens at Trimmu Barrage.

Antimicrobials E. cloacae K. pneumoniae S. enterica P. aeruginosa E. coli
Streptomycin 90.9 75 50 50 95.8

Neomycin 72.7 75 75 50 63.9
Gentamicin 100 37.5 75 100 76.4
Florfenicol 72.7 75 100 100 84.7
Ceftiofur 45.5 37.5 50 50 11.1

Enrofloxacin 54.5 62.5 75 100 90.3
Norfloxacin 63.6 75 100 100 97.2

Tylosin 45.5 50 25 50 84.7
Ampicillin 36.4 12.5 0 0 37.5

Doxycycline 54.5 62.5 50 50 65.3
Colistin 54.5 100 50 100 83.3

Imipenem 100 87.5 100 100 95.8
Mean 65.90416667 62.5 62.5 70.83333 73.83833

Standard Deviation 21.62692533 24.42521052 31.07907803 33.4279 26.19029
Standard Error 6.243155581 7.050950935 8.971757032 9.649802 7.560486

Minimum 36.36 12.5 0 0 11.11
Maximum 100 100 100 100 97.22

Count 12 12 12 12 12

3. Discussion

Antimicrobial resistance (AMR) is a phenomenon wherein microbes attain the abil-
ity to survive a particular concentration of a given antimicrobial substance where they
would otherwise be inhibited or killed [17]. Wild birds are reservoirs of pathogens and
bacteria resistant to highly and critically important antimicrobials, i.e., ESBL-producing
bacteria and MDR strains. Wild birds can occupy different ecological niches and adapt to
many urban, suburban and rural environments, representing true environmental sentinels.
Due to their ability to move and through the deposition of droppings, birds can play an
important role as vectors in the environmental circulation and spread of zoonotic agents,
antimicrobial-resistant bacteria and resistance genes [18]. The bio-surveillance system based
on monitoring the frequency rates of ESBL-positive bacteria, especially E. coli, has become a
primary indicator for tracking AMR globally [19]. This system goes beyond a singular focus
by embracing the One Health approach, which considers the interconnectedness of animal,
human and environmental health in tackling AMR across these sectors [1,5]. Additionally,
it facilitates direct comparisons of AMR prevalence and patterns across various regions
worldwide.

In Pakistan, most of the selected antibiotics are used in veterinary prescriptions and
food animal production, including in the poultry sector [20]. However, some of the selected
antibiotics are exclusively used in human medicine (e.g., imipenem and cefotaxime). The
antibiotics panel was finally selected under the One Health approach to represent antibiotics
of both human and veterinary importance [21]. The emergence of resistant bacteria in wild
birds is attributed to environmental contamination with antibiotic residues. The use of tylosin,
specifically, was found in 100% (30/30 flocks) of the studied broiler population in Pakistan [21]
and vigorous use of tylosin in broiler production was reported previously [20,21]. Although
tylosin is primarily active against Gram-positive bacteria, there are reports of a correlation
between exposure to tylosin and a change in susceptibility to other antibacterial drugs and even
the emergence of multidrug-resistant strains of enterobacteria [22,23]. Such reports suggest that
tylosin susceptibility of resistant strains is variable.

There are reports of a high prevalence of ESBL-producing bacteria from clinical and
non-clinical sources (mainly poultry and water bodies) in Pakistan [24,25]. The present
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study included three targeted and commonly found aquatic wild bird species, including
cattle egrets (Bubulcus ibis), little egrets (Egretta garzetta) and common teals (Anas crecca)
as well as the commercial chickens (Gallus gallus domesticus) originated at the diverse
aquatic and land environment of the Trimmu Barrage in the district Jhang, Punjab province,
Pakistan. Of 280 samples, 97 (34.6%) contained ESBL-positive bacteria based on DDST.
The highest prevalence of ESBL-producing bacteria was recorded in chickens (44.3%).
Previously, in Pakistan, various studies have reported the existence of ESBL-positive
bacteria in commercial chickens with variable prevalence in different regions. Similar to
our findings, a study conducted in three districts of the province of Khyber Pakhunkhwa
(KPK) (Peshawar, Kohat, and Nowshera) reported an overall prevalence of 43.5% among
samples from chickens (liver, spleen and meat) [26]. A study conducted in the Faisalabad
metropolitan area (Punjab, Pakistan) reported a relatively low prevalence of ESBL-positive
bacteria in poultry (13.7%) as compared to cattle (31%) and humans (55%) (28). From
Pakistan, a meta-analysis study on ESBL-producing bacteria revealed an overall prevalence
of 40% [24]. Recent studies in Pakistan have reported a much higher prevalence; in a study
conducted in Islamabad, ESBL-positive bacteria in chicken was 62.4% [27] and 82% in
KPK [28]. Overall, the prevalence of ESBL-positive bacteria in commercial chicken is quite
high in Pakistan, as suggested by the current study and previous studies on this subject.
This situation is partly explained due to the practice of high antimicrobial use (AMU) for
treating bacterial infections, prophylaxis and growth promotion [21]. In Pakistan, the usage
of antimicrobials in commercial broiler farming is very high; 22 antibiotics belonging to
different classes have been reported to be used on poultry farms, 60% of which have been
categorized as critically important antimicrobial classes (CIA) for human medicine by the
World Health Organization [20]. Antimicrobials are known to induce selective pressure
among normal microflora as well as the avian pathogenic species for evolution into the
resistance types [9].

Beta-lactamases (bla) are the largest class of antibiotic-resistance genes, which cause
resistance to beta-lactam antibiotics (Penicillins and cephalosporins). ESBL enzymes TEM
and SHV are known penicillinases. Both have been detected in the present study. According
to Beta-Lactamase DataBase (BLDB), 7996 types of beta-lactamases have been identified
(http://www.bldb.eu/ accessed on 16 August 2023) [29]. The present study was limited
to extended-spectrum beta-lactamases (ESBL) reporting. Amoxicillin was used in the
present study as a co-amoxiclav disc while performing a double disc synergy test (DDST).
Therefore, ampicillin was used for antibiogram data. Ampicillin was mainly included
as a representative of a medically important antibacterial drug; however, it is also used
in broiler production in Pakistan. A recent study reported that 91.7% of Salmonella spp.
recovered from chicken meat in Pakistan were found resistant to ampicillin [30]. A com-
parable prevalence of 38.18% ESBL-producing E. coli has been reported in Bangladesh in
migratory wild bird species where various genetic determinants related to ESBL production
mechanisms were reported as blaTEM, blaCMY, blaCTX-M and blaSHV were detected in 95.2%,
90.5%, 85.7% and 42.9% of isolates, respectively [31]. In this study, ESBL-producing bacteria
were highly prevalent in the little egret (Egretta garzetta) (41.4%), followed by the common
teal (Anas crecca) (28.57%) and cattle egret (Bubulcus ibis) (24.28%) at the Trimmu Barrage,
Jhang, Punjab, Pakistan. Previous studies conducted in Africa, reported very high preva-
lence (92.9%) of ESBL-producing bacteria in cattle egrets (Bubulcus ibis) as compared to our
findings (24.3%), however, consistent to our findings the blaCTX-M-15 (83.3%) was reported
as the major resistance determinant gene along with blaCTX-M-9 (11.8%) and carbapenemase
resistance genes (blaKPC-2 and blaKPC-3) [32,33].

To our knowledge, no study has been conducted to report the prevalence of ESBL-
producing bacteria originating from the little egret (Egretta garzetta) in Pakistan. The present
study spotlights the emergence of ESBL E. coli in little egrets as the highest (41.43%) among
all the studied bird species. A study conducted in Greece reported ESBL genes in 11 out
of 12 E. coli isolates in fecal samples of different wild and feral bird species (n = 362) but
did not find any positive samples from little egrets [34]. This might be attributed to the
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lower sample size, consisting of only eight samples. A study conducted in China in little
egrets reported the ESBL gene prevalence as 46.7% (7/15), with ESBL genes blaOXY and
blaTEM as dominant types [35]. In the present study, a comparable prevalence of ESBL
bacteria (41.43%) has been noted in little egrets; however, with a different set of genetic
determinants, including blaCTX-M, blaOXA, blaSHV and blaTEM. The little egret is considered
a successful aquatic bird species colonizing and thriving in wetland environments in the
Punjab and Sindh provinces of Pakistan. Sewage, as well as untreated industrial and
municipal waste, causes pollution of the wetlands in Pakistan [36]. Heavy metals have been
previously detected in the eggshells of little egrets at the Trimmu Barrage area [37]. Given
that, it is evident that the environmental contamination of wetlands impacts the types of
gut microbiota colonizing the aquatic bird species, especially the little egret. This exposure
leads to the colonization of antimicrobial-resistant bacteria in aquatic wildlife [37].

The present study detected 28.6% ESBL E. coli in common teals (Anas crecca). Previous
studies indicated a variable prevalence of ESBL-producing bacteria in ducks: 0% in mallards
(Anas platyrhynchos) in the Czech Republic [38] and 33.3% (1/3) in mallards in Poland [39];
31% ESBL E. coli were reported from multiple migratory bird species, including common
teals (Anas crecca) in Pakistan with blaTEM dominant gene type [40] and 47% in ducks in
Sweden with blaCTX-M-15 as the dominant ARG [41]. In 2017, the first preliminary report was
published that provided evidence of the existence of ESBL-producing Klebsiella pneumoniae
in wild migratory birds in wetlands in Pakistan [42].

Similar to these findings, the present study reported CTX-M-1 as the predominant
group with 88.8% of blaCTX-M-producing isolates, whereas blaCTX-M-15 remained the most
dominant genotype as per DNA sequencing analysis in Eurasian coot (Fulica atra), rosy
starling (Pastor roseus) and northern shoveler (Anas clypeata) [42]. However, our study
also reported the existence of combinations of genetic determinants related to ESBL genes
(blaCTX-M and blaTEM; 37%), (blaCTX-M and blaSHV; 12.5%) and (blaTEM and blaOXA; 12.5%)
in Klebsiella pneumoniae isolates in different species of wild birds. The “CTX-M pandemic”
is the term used to describe the global spread of ESBL-containing isolates. Since the early
2000s, the CTX-M-type enzymes have been recognized as the most common ESBL category,
deposing TEM and SHV as the leading ESBL enzyme types [43]. Previously, CTX-M enzyme
genetic determinants have been largely reported in clinical settings, communities, food
products, pet animals, environments and farm animals [44]. However, our study reports
the existence and dissemination of blaCTX-M genes in the fecal microbiota of wild birds
and domestic poultry. The blaCTX-M-15 type gene was identified in the present study, as
demonstrated by phylogenetic analysis.

A previous study reported an overall prevalence of ESBL-producing E. coli at 17.3%
in fecal samples of wild migratory birds in Pakistan [45]. Of these, 88.4% of isolates ex-
hibited multidrug resistance (MDR) characteristics and were found resistant to antibiotics,
including cefotaxime, ceftazidime, ampicillin, doxycycline, tetracycline and sulfamethox-
azole/trimethoprim, whereas blaCTX-M-15 was found the most common ESBL gene [45].
Similar to these findings, the ESBL-producing bacteria isolated in the present study were
found resistant to multiple antibiotics, and the mean resistance percentage obtained as
ampicillin (74.1%), ceftiofur (58.7%), tylosin (32.1%), streptomycin (27.6%), doxycycline
(26.8%), colistin (19.8%), enrofloxacin (19.6%), neomycin (17%), gentamicin (15.8%), flor-
fenicol (12.4%), norfloxacin (12.3%) and imipenem (3.3%). These findings indicate that the
multidrug resistance phenomenon is common in ESBL-producing bacteria.

Five different species of ESBL-producing bacteria have been identified in our study,
including E. coli, 74.2%, E. cloacae, 11.3%, K. pneumoniae, 8.3%, S. enterica, 4.1% and P.
aeruginosa, 2.1%. High prevalence and diversity of ESBL-producing bacteria were noted
in Catalonia, including ESBL prevalence (11.5%) in wild birds with blaCMY-2 (50%) and
blaCTX-M-15 (18%) and various species of bacteria, including K. pneumoniae (20%), C. freundii
(15%), E. cloacae (5%), P. mirabilis (5%), Providencia spp. (5%) and Serratia marcescens (2.5%)
were also isolated [46]. The nature and diversity of gut microflora in wild birds are
dependent on multiple intrinsic (genetic makeup, age, sex, breed, etc.) and extrinsic factors
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(diet, environment, behavior, social contact, etc.) [47]. Although different species of ESBL-
producing bacteria can be isolated by using modified (antibiotics-supplemented) selective
culture media, mostly the members of the family Enterobacteriaceae are resistant to β-lactam
antibiotics. The prevalence of ESBL-producing E. coli (74.2%) was notably higher than other
co-species of bacteria in the present study. Nevertheless, this finding is inconsistent and
varies in different geographical regions and wild bird species. However, it can partially
be explained by the remarkable ability of E. coli to sustain a wide range of regulatory and
metabolic pathways that allow it to survive in different habitats and the alimentary canals
of a diverse range of host species [48].

As employed in the present study, 16S rRNA gene sequencing provides an effective tool
for bio-surveillance of antimicrobial resistance in wild birds. It can be utilized as a relatively
economical, reliable, less labor-intensive and user-friendly alternative to biochemical and
serological identification techniques for bacteria, especially in low and middle-income
countries. The occurrence of antimicrobial-resistant bacteria in wild bird species could pose
a significant challenge for public health in the future. Therefore, it becomes increasingly
important to periodically monitor the wild bird species as silent spreaders of resistant
bacteria.

4. Materials and Methods
4.1. Collection of Pooled Fecal Material

The sampling period spanned November 2021 to December 2022. The selection of
the three target species was based on relative abundance, convenience sampling and
available resources. Selected bird species included two indigenous flying species, cattle
egrets (Bubulcus ibis) and little egrets (Egretta garzetta), along with one winter visitor species,
common teals (Anas crecca). The birds were observed at their nesting, feeding and breeding
hotspots at Trimmu Barrage (district Jhang), Punjab, Pakistan. Sterile aluminum foil
sheets (1 m2) were spread on the ground at different hotspots to collect fresh droppings.
Fresh droppings (3–4) obtained from individual birds of the same species were pooled
to prepare a representative sample. Similarly, fresh fecal material was collected from the
indigenous chickens (Gallus gallus domesticus) originating from a local wet market. A total of
280 representative samples, consisting of seventy samples from each species, were collected
in vials of sterile transport media and shipped to the Microbiology laboratory of the College
of Veterinary and Animal Sciences, Jhang. Samples were stored at 4 ◦C until processed
further.

4.2. Isolation and Confirmation of ESBL-Producing Bacteria

The representative specimens (n = 280) were pre-enriched in 10 mL of tryptone soy
broth (CM0129, Oxoid, Hampshire, UK) supplemented with 4 mg/L cefotaxime (Caisson
C032-100G, Smithfield, UT, USA) and incubated at 37 ◦C for 24 h. Pre-enriched broth
(100 µL) was streaked on MacConkey agar (Oxoid CM0007, Hampshire, UK) plates supple-
mented with 4 mg/L cefotaxime and incubated at 37 ◦C for 24 h [49]. Individual colonies
selected from MacConkey agar were sub-cultured in tryptone soy broth to obtain a pure
culture. A double disc synergy test (DDST) was used to confirm pure cultures as ESBL
producers by following the protocol described in the M100 performance standards for
antimicrobial susceptibility testing by the Clinical and Laboratory Standards Institute
(CLSI) [50]. Briefly, the 0.5 McFarland standard equivalent test culture was swabbed onto
the Mueller-Hinton (CM0337B, Oxoid, Hampshire, UK) agar plates and two antibiotic
discs cefotaxime (CTX-30) and amoxicillin/clavulanic acid (AMC-30) were placed at a
center-center distance of 20 mm and plates were incubated at 37 ◦C for 24 h. Expansion
of the zone of inhibition of CTX-30 toward the AMC-30 disc was marked as a positive
DDST. The species of ESBL bacteria were identified by using API-20E and 20NE strips
(bioMérieux, Craponne, France) according to the manufacturer’s instructions.
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4.3. Molecular Identification of ESBL-Producing Bacteria and Detection of Genetic Determinants of
β-Lactamase Associated Genes

The primer sets utilized for the amplification of ESBL genetic determinants (blaCTX-M,
blaTEM, blaSHV and blaOXA) as well as the 16S rRNA gene sequencing-based genus confirma-
tion of selected isolates have been summarized in Table 6. All the isolates, pre-confirmed
as ESBL producers by DDST, were sub-cultured on Tryptone Soy Broth and incubated
overnight at 37 ◦C for 18 h. Fresh broth cultures (1 mL) were processed for extraction of
genomic DNA by using WizPrep™ gDNA Kit (Wizbiosolutions, Gyeonggi-do, Republic
of Korea) as per manufacturer’s instructions to obtain a DNA concentration of minimally
10 ng/µL. PCR-positive controls for genetic determinants were maintained at the Microbiol-
ogy laboratory of the College of Veterinary and Animal Sciences, Jhang, Pakistan, through
preserved stains, including E. coli strain MASMS_A3 (GenBank: ON736876.1) for blaCTX-M
and blaTEM genes. In contrast, K. pneumoniae strain MASJG8 (GenBank: OP744534.1) was
used for blaSHV and blaOXA genes. Positive control amplicons were verified through nu-
cleotide sequencing and the BLAST tool of the NCBI. Nuclease-free distilled water was
used as a negative control template. Mono-plex PCRs for ESBL genetic determinants were
carried out by mixing 25 µL PCR master mix (Dream Taq Green 2x, ThermoFisher, Waltham,
MA, USA), template DNA (4 µL), forward and reverse primers (10 pM/µL) as 2 µL per
reaction for each primer and completed to total volume 50 µL with nuclease-free water
(AM9932, Invitrogen™ Waltham, MA, USA). All PCR tubes were kept in a thermal cycler
(Biorad, T100, Hercules, CA, USA) for amplification of the targets under these conditions:
pre-denaturation monocycle at 94 ◦C for 15 min, 30× (denaturation at 94 ◦C for 30 s, an-
nealing temperatures as per Table 6, for 30 s and extension at 72 ◦C for 2 min) followed by
a 10 min final extension at 72 ◦C.

Table 6. Primers used for detection of ESBL genetic determinants and 16S rRNA gene.

Target Gene Primers Primer Sequences (5′-3′) Annealing Temp. (◦C) Amplicon Size Reference

blaCTX-M
F ATGTGCAGYACCAGTAARGTKATGGC

58 593 bp
[51]R TGGGTRAARTARGTSACCAGAAYCAGCGG

blaTEM
F TCGCCGCATACACTATTCTCAGAATGA

50 445 bp
R ACGCTCACCGGCTCCAGATTTAT

blaSHV
F CGCCGGGTTATTCTTATTTGTCGC

68 1016 bp [52]
R TCTTTCCGATGCCGCCGCCAGTCA

blaOXA
F ATTATCTACAGCAGCGCCAGTG

56 296 bp [53]
R TGCATCCACGTCTTTGGTG

16S rRNA
fD1 AGAGTTTGATCCTGGCTCAG

52 1500 bp [54]
rP2 ACGGCTACCTTGTTACGACTT

The reaction mixture for amplification of 16S rRNA gene was prepared by using
12.5 µL PCR master mix (Dream Taq Green 2x, Thermo Fisher Scientific, Waltham, MA,
USA), gDNA (2 µL), primers (fD1 and rP2) at concentration 10 pM as 1 µL each and
completed to total volume 25 µL with nuclease-free water. The thermocycling parameters
for amplification of the 16S rRNA gene included initial denaturation at 94 ◦C for 10 min,
36x (denaturation at 94 ◦C for 60 s, annealing at 52 ◦C for 30 s, and extension at 72 ◦C for
2 min) followed by a single final extension step at 72 ◦C for 10 min. The PCR products were
electrophoresed using the Mupid One Electrophoresis System (NIPPON Genetics, Tokyo,
Japan) at 90 volts for 45 min by using agarose gel (1.3%) stained with ethidium bromide
at 0.5 µg/mL of the gel. Stained gels were examined with a UV-transilluminator (Fisher
Scientific, Hampton, NH, USA) to visualize and capture gel images.
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4.4. Sequencing of PCR Amplicons and Phylogenetic Analysis

Selected PCR amplicons were tested for DNA concentration (>30 ng/µL) and DNA pu-
rity (A260/A280~1.8) via Nanodrop-1000 Spectrophotometer (ThermoScientific, Greenville,
SC, USA) and processed for sanger sequencing by commercial service provider, Beijing
Genomics Institute (BGI), Shenzhen (518083), China. For phylogenetic analysis, raw se-
quence reads were trimmed using BioEdit 7.0 software. Selected sequence data were
uploaded to the GenBank database. Sequence data obtained in this study was processed
by using the BLAST-p program from the National Center for Biotechnology Information
(NCBI) to obtain similar sequence data available at the NCBI. For phylogenetic analy-
sis protein sequence data included present study GenBank accession numbers CTX-M
(UZZ47306.1, UZZ47307.1 and UZZ47308.1) and TEM (UZZ47309.1) while comparative
sequence data included CTX-M-1 (ANB66384.1), CTX-M-2 (AXZ96455.1, ANB66384.1), CTX-
M-8 (RWX04827.1, WP032489598.1), CTX-M-9 (AEZ49559.1, WP032489926.1), CTX-M-15
(AIJ49764.1, WCC58485.1), CTX-M-25 (WP022542384.1, AYD88365.1), TEM (AMA19646.1,
WCP19826.1) and catalase as outgroup sequences (PSY21416.1 and WP000488340.1). A
phylogenetic tree was constructed using the maximum likelihood method with bootstraps
(1000) and the Jones–Taylor–Thornton (JTT) model using MEGA 11 software (64-bit) [55].

4.5. Antibiotic Susceptibility Testing

The phenotypic antimicrobial susceptibility test was performed using the Kirby–Bauer
disk diffusion susceptibility test for ESBL-producing isolates, including E. cloacae (n = 11), K.
pneumoniae (n = 8), S. enterica (n = 4), P. aeruginosa (n = 2) and E. coli (n = 72) against the panel
of 12 antibiotics discs (Oxoid, UK; Condalab, Spain) included streptomycin (10 µg), neomycin
(30 µg), gentamicin (10 µg), florfenicol (30 µg), ceftiofur (30 µg), enrofloxacin (5 µg), norfloxacin
(10 µg), tylosin (30 µg), ampicillin (10 µg), doxycycline (30 µg), colistin (10 µg) and imipenem
(10 µg). Testing and result interpretation protocols were followed as described in the M100s
manual of the Clinical Laboratory Standards Institute (CLSI), 2020 [50].

4.6. Statistical Analysis

Descriptive statistical analysis, including prevalence, percentages and analysis of
variance using One-way ANOVA, was performed using IBM-SPSS (Version-25) software.

5. Conclusions

This study described the prevalence, diversity, genotypic characterization, phylogeny
and antibiotic susceptibility of the extended-spectrum β-lactamase (ESBL) producing
bacteria of wild bird and commercial chicken origin at the Trimmu Barrage (district Jhang),
Punjab, Pakistan. The study found that several member species of Enterobacteriaceae are
ESBL producers, possess a wide range of genetic determinants (blaCTX-M-15, blaTEM, blaSHV,
and blaOXA), and are resistant to multiple antibiotics of clinical relevance. The presence
of ESBL genes in bacteria connects to the co-emergence of resistance against non-beta
lactam antibiotics as well. Conclusively, the wild aquatic birds often found in urban
and peri-urban areas have the potential to disseminate resistant microflora through their
movement and interaction with biotic and abiotic subjects in the environment. The findings
of the present study may be helpful for health officials, veterinary professionals and public
policymakers to chalk out an effective control and prevention plan by creating public
awareness, preserving wildlife, and environmental interventions to slow down the pace of
emerging antimicrobial resistance.
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Abstract: Antimicrobial resistance is a global concern, posing risks to human and animal health.
This research quantified antimicrobial resistance (AMR) in E. coli isolates from poultry fecal and
environmental samples in Bangladesh and explored their association with antimicrobial use (AMU).
We screened 725 fecal and 250 environmental samples from 94 conventional broilers and 51 Sonali
farms for E. coli presence using MALDI-TOF mass spectrometry. AMU data were collected at flock
levels, expressed as treatment incidence (TI), while minimum inhibitory concentrations (MIC) for
14 antibiotics were determined on five fecal E. coli isolates per farm and on all environmental isolates.
MIC results were interpreted using human clinical breakpoints and EUCAST epidemiological cut-
off values (ECOFFs). Acquired resistance against commonly used antimicrobial agents such as
ciprofloxacin, tetracycline and ampicillin, was extremely high and predominantly clinically relevant.
There was a moderate correlation between fecal and environmental antibiotic resistance index (ARI),
but there was no significant correlation between AMU and AMR, suggesting that the observed AMR
prevalence is unrelated to current AMU in poultry, but may be due to high historical AMU. A high
level of multidrug resistance, including against critically important antimicrobials, was found in
both farm types. Therefore, an AMR/AMU surveillance program is urgently needed in the poultry
production sector of Bangladesh.

Keywords: MIC; fecal and environmental samples; ECOFF value; CLSI; broiler; Sonali; multidrug
resistance (MDR); E. coli; Bangladesh

1. Introduction

Antimicrobial resistance (AMR) has been identified by the World Health Organization
(WHO) as one of the major threats to public health in the present and near future [1].
The WHO launched a Global Action Plan (GAP) in 2015 to tackle this developing global
issue in a comprehensive manner, based on a ‘One Health’ strategy that emphasizes
the interdependence of human, animal and environmental health [2,3]. South Asia is
considered to be exposed to the highest risk of AMR among all WHO regions due to its
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large human population and high level of antimicrobial use (AMU) in both humans and
animals [4]. The escalation of evolutionary trends leading to AMR poses a significant
threat to the health of both humans and animals [2,5,6]. Apart from their crucial role
in treating and preventing human infections, antibiotics have been extensively used in
food-producing animals. However, this practice poses a significant concern as it creates a
reservoir of antibiotic-resistant bacteria and AMR genes, which have the potential to be
transferred to humans [7]. This transfer of antibiotic resistance from animals to humans
further exacerbates the global challenge of antimicrobial resistance and brings attention
to the effectiveness of antibiotics in human healthcare [6,8,9]. The World Organization for
Animal Health (WOAH) recommends monitoring AMR in commensal E. coli sampled from
animals [10]. Indeed, although commensal E. coli is known not to be harmful to their host,
several studies have shown that E. coli can develop resistance and serve as a reservoir for
multidrug resistance (MDR) both in animal populations and environment, making it a
useful indicator organism for measuring antimicrobial resistance (AMR) [11–13]. According
to the Bangladesh Fish Feed and Animal Feed Act, 2010, the government banned the use of
antimicrobials in animal feed [14]. In accordance with WHO GAP standards, Bangladesh
has approved a National Action Plan (NAP) to combat AMR [15]. Population density,
easy access and inappropriate use of antimicrobials, contamination of environments with
animal manure, all contribute to the occurrence of drug-resistant community-acquired
infections [16–20]. In Bangladesh, Sonali chicken consumption holds the second position
after broiler meat in terms of popularity [18]. Sonali chicken, which is a cross-breed of
Rhode Island Red cocks and Fayoumi hens, exhibits a similar appearance and taste to
native chickens. In Bangladesh, several studies have been conducted on the prevalence
of MDR E. coli in broilers [21–25]. However, none of these studies have investigated the
link between AMR and AMU. Additionally, there is a lack of available data on AMR
of E. coli in Sonali chickens. Furthermore, there is a notable absence of studies that use
epidemiological cut-off values (ECOFFs) to interpret the results. ECOFF values provide
a standardized framework for interpreting antimicrobial susceptibility data, allowing for
more reliable comparisons and informed decision-making. To address these gaps, this
study aimed to quantify antimicrobial resistance patterns in E. coli isolates obtained from
chicken fecal and environmental samples collected from farms raising conventional broiler
and Sonali chickens, the most produced and consumed poultry types in Bangladesh [18],
using appropriate testing protocols and interpretation criteria. In addition, the associations
between antimicrobial use (AMU) and resistance (AMR), as well as any differences in
resistance among broiler and Sonali chicken isolates, were explored.

2. Results

In total, 725 fresh fecal and 250 environmental samples were collected. E. coli was
recovered in 98% and 78% of fecal and environmental samples, respectively. The number of
isolates obtained per farm ranged from three to seven. Minimum inhibitory concentrations
(MICs) testing was conducted on 691 fecal and 191 environmental E. coli isolates, corre-
sponding to 3–5 isolates randomly selected per farm. The MIC values for QC strains were
within the acceptable ranges as described by CLSI [26].

2.1. AMR Results

Results of the antimicrobial susceptibility testing (MIC distributions) are summarized
in Table 1 for fecal and in Table 2 for environmental isolates of both broiler and Sonali
farms. The Supplementary Tables provide separate results for broiler and Sonali farms,
including findings for both fecal and environmental samples (Supplementary Tables S1–S4).
All fecal and environmental isolates showed MDR towards three to seven antibiotic classes.
Based on ECOFFs, the proportion of isolates resistant (i.e., non-wild type) to ciprofloxacin,
tetracycline, ampicillin, nalidixic acid, trimethoprim or sulfamethaxole ranged from 93% to
99%. About two-thirds of fecal isolates were resistant to chloramphenicol or azithromycin.
In contrast, about two-thirds of isolates were wild types with respect to gentamicin or
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tigecycline and the proportion of resistant isolates was ≤6% for ceftazidime and cefotaxime,
whereas for colistin, it was 12%. The antimicrobial compounds associated with the highest
levels of resistance in the environmental isolates were the same as in fecal samples, despite
slightly lower proportion of resistant isolates. The main difference was for chloramphenicol,
with the proportion of resistant isolates dropping to a third of all tested environmental
isolates. No significant difference was observed in the resistance prevalence between broiler
and Sonali fecal and environmental isolates.

Acquired resistance in non-wild-type isolates was predominantly clinically relevant
as assessed using CLSI clinical breakpoints (Tables 1 and 2).

As shown in Figure 1, a significant (p < 0.001) correlation (R2 = 0.35) was found
between the antimicrobial resistance index (ARI) of fecal and environmental isolates in
both broiler and Sonali.
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2.2. AMU in Flock Level

Antimicrobials were used on all farms, but there was a huge variation in the amount
of AMU in the different farms. The quantification of AMU (TIDDDvet) and the detailed
results were described by Ibrahim et al., 2023 [27]. The median of treatment incidence
which expresses the number of Defined Daily Dose (TIDDDvet) was 60.0 (range 18.3–188.2)
for conventional broilers and 58.3 (range 31.1–212.6) for Sonali chickens. This indicates that
conventional broilers and Sonali birds were treated with antimicrobials for approximately
60% and 58% of their lifetime, respectively [27].

2.3. Linking Antimicrobial Use and Antimicrobial Resistance

Prior to exploring the association between antimicrobial use and antimicrobial resis-
tance, Figure 2 depicts the frequency distribution of the ARI.
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Figure 2. Distribution of antimicrobial resistance index of farms.

There was no significant (p = 0.73) correlation between flock level of total antimicrobial
use (TIDDDvet) and antimicrobial resistance (ARI), as shown in Figure 3.
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Figure 3. The correlation between antimicrobial use (TIDDDvet) and antimicrobial resistance index
(ARI) on all sampled farms.

In both broiler and Sonali farms, ciprofloxacin, ampicillin, tetracycline, colistin, gen-
tamicin and trimethoprim were reported as being most commonly used. In Table 3, the
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association between the use of these molecules and the observed resistance prevalence is
shown. Only for tetracycline (p = 0.01) and gentamicin (p = 0.02) a significant association
was found between the use of the compound in the farm and the resistance prevalence.

Table 3. Proportion of farms that used most common six (6) antimicrobials and two antimicro-
bial class.

Name of Antibiotics Number
of Farms

No. of
Susceptible

Isolates

No. of Resistant
Isolates

Prevalence of
Resistance (%) p Value

Ciprofloxacin
Use 64 4 311 99

0.399
No use 78 8 368 98

Ampicillin
Use 91 33 422 93

0.983
No use 51 17 219 93

Tetracycline
Use 75 2 361 99

0.01
No use 67 10 318 97

Trimethoprim
Use 22 7 101 94

0.760
No use 120 32 551 95

Colistin
Use 80 378 30 7

0.570
No use 62 266 17 6

Gentamicin
Use 8 25 15 38

0.02
No use 134 511 140 22

Fluoroquinolones class
Use 89 9 485 98

0.812
No use 53 3 194 98

Sulfonamides class
Use 101 26 475 95

0.829
No use 41 11 179 94

3. Discussion

The emergence of antimicrobial resistance has become a major animal and public
health threat. The current findings reveal a high level of antimicrobial resistance in fecal and
environmental isolates towards the most commonly used antimicrobials in both broiler and
Sonali farms. Furthermore, in all fecal and environmental isolates, 100% of the investigated
poultry E. coli strains showed MDR towards three to seven antibiotic classes. Although this
is not the first report of MDR E. coli in poultry in Bangladesh [21–25,28,29] this manuscript’s
results have added value over previous reports both in terms of the methods used and
interpretation of the results. For example, we have used MIC testing, compared to disk
diffusion in the past, which is generally regarded as less reliable than MIC testing and is not
reliable at all for certain antibiotics, such as colistin [30] and we interpreted susceptibility
testing results using both wild-type cut-off value and clinical breakpoints. Additionally,
this manuscript describes for the first time, the association between antimicrobial usage
(AMU) and antimicrobial resistance (AMR), as well as the correlation between ARI of fecal
and environmental isolates based on Bangladesh data.

The E. coli isolates obtained both from fecal and environmental samples from broiler
and Sonali chicken in the current study show acquired resistance in varying degrees to
different antimicrobial agents. All the isolates collected from fecal samples in this study had
similar to higher resistance levels (higher percentage of resistant bacteria) to commonly used
antimicrobials on the farm compared to some of the previous studies in Bangladesh [21–25].
Based on most recent publications [28,31], E. coli in poultry and poultry environments were
found to have varying but generally high degrees of ampicillin, ciprofloxacin, tetracycline,
sulfamethoxazole and trimethoprim resistance in Bangladesh, reaching up to 100%, similar
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to this study. These high levels of acquired resistance are likely due to the long-term use of
these antimicrobials in poultry in Bangladesh.

In the current study, colistin resistance was found in 12% of fecal isolates, which may
more closely estimate colistin resistance prevalence in poultry in Bangladesh, compared
with previous investigations using the disk diffusion method, which reported higher
resistance rates [21,22,28], that is not reliable for colistin susceptibility testing [21,30]. Since
many laboratories still rely on the cheaper disk diffusion test, the emergence of colistin
resistance may be misjudged and needs to be monitored closely using the appropriate test
methods [30]. Nevertheless, it has been shown using molecular methods that mobilized
colistin resistance (mcr) genes, which are associated with colistin resistance, has been
detected in up to 25% of E. coli isolates obtained from poultry in Bangladesh [32]. It
is important to mention that during the time of this study, antimicrobial combinations
including colistin, but excluding the liquid single oral solution in bottles of at least one liter,
were prohibited by the Directorate General of Drug Administration in 2019 [33]. However,
despite this ban, farmers continued to use colistin due to its availability in liquid form
on the market. Finally, colistin was fully prohibited in all forms in 2022 [34]. It is unclear
to what extent the observed lower resistance prevalence for colistin in the current study,
compared to previous studies in Bangladesh, is due to the use of a different methodology
of sampling and/or resistance detection or due to the (partial) ban of colistin use. Further
molecular characterization of current isolates may confirm observed phenotypic results but
were out of the scope of the current investigations.

In case of cefotaxime, this study found 5% and 7% resistance in fecal and environmental
isolates, respectively, whereas high resistance has been reported in isolates from poultry
cloacal swabs and farm sewage samples in Bangladesh, though in a different region and
using a different susceptibility testing protocol [22]. In this study, E. coli isolates obtained
from both fecal and environmental samples were 100% wild type for meropenem, though
other studies showed meropenem resistance in cloacal samples, sewerage and hand washes
samples in Bangladesh [22,23,35]. Considering the fact that meropenem is probably not
used in poultry in Bangladesh, the rare occasion of isolating meropenem-resistant E. coli in
poultry, likely indicates human to poultry transmission of such isolates.

In this study, E. coli isolates demonstrated high levels of acquired resistance (98% and
89% in fecal and environmental isolates, respectively) to the quinolone-class antibiotic
ciprofloxacin [36]. Ciprofloxacin has been widely used in commercial poultry farms in
Bangladesh over the last decade [33,35] though its use in poultry is strictly regulated in the
European Union (EU) or even forbidden in the USA and in large parts of the world [37,38].
According to a recent study in Bangladesh, fluoroquinolones were the most frequently used
antimicrobial class in broiler chickens [27]. In this context, combinations of ciprofloxacin
with trimethoprim were banned by the Directorate General of Drug Administration in
Bangladesh in 2019 [33]. Furthermore, ciprofloxacin use can cause cross-resistance to other
members of the quinolone class [36]. Consequently, resistance to nalidixic acid was found
to be 96% and 72% for fecal and environmental isolates, respectively, despite the fact that
this antibiotic was not used in the farms of Bangladesh.

Azithromycin is a commonly used macrolide for the treatment of invasive E. coli infec-
tions in humans in Bangladesh [28]. The fact that 65% fecal and 67% environmental isolates
obtained in the current study had acquired resistance against this critically important agent
indicates a potential serious human health issue. The high percentage of azithromycin
resistance in E. coli isolates found in poultry and poultry environments in the current study
is somewhat unexpected because this antibiotic is not commonly used in the poultry farms
of Bangladesh [27]. One explanation might be the fact that farmers often raise other animals
such as cattle or goats on the same farm and azithromycin is a commonly used antibiotic
for large animal treatment in Bangladesh [29]. In a recent study, Amin et al. (2020) found
that E. coli resistance against azithromycin was 100% in cattle and their environment [29].
In this context, azithromycin was recently banned for veterinary use by the Directorate
General of Drug Administration, Bangladesh (2022) [34].
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We also interpreted the MIC results using human clinical breakpoint showing that the
acquired resistance was very often also clinically relevant. For example, in Bangladesh, fluo-
roquinolones, which are considered as a first-line antibiotic therapy for E. coli infections [28],
are widely used to treat bacterial infections in humans, poultry and other animals.

The fecal AMR index and environmental AMR index had a moderate correlation of
0.54. This correlation indicates that flocks contaminated the farm environment and/or vice
versa. This could be attributed to the lack of farm biosecurity and the fact that poultry litter
is often dried on the farm premises before sale, or directly used as a fertilizer in vegetable
fields. This correlation, however, was only moderate, implying that there could be other
(fecal) sources of E. coli isolates with a different antimicrobial resistance pattern in the farm
environment. Possible sources might be the proximity of other farms or animal species
(cattle, goat, etc.), or even the presence of humans and related wastewater. Resistance in
environmental isolates may also be indirectly related to AMU in chickens and other host
species through resistance selection induced by antibiotic residues present in both manure
and wastewater. Contact with these bacteria has the potential to spread AMR in humans.

All the E. coli isolates (100%) of the current study showed MDR against at least three,
but up to seven antimicrobial classes which is consistent with previous studies [25,39–41].
According to a recent comprehensive analysis, food animals and particularly poultry, are
probably responsible for a proportion of E. coli infections in humans with extra-intestinal,
extended-spectrum cephalosporin resistance [41,42]. Interventions that restrict antibiotic
use in food-producing animals have been linked to a decrease in the presence of antibiotic-
resistant bacteria in these animals [43]. There is a limited but indicative set of evidence that
suggests a similar link in the human populations studied, particularly those with direct
exposure to food-producing animals [43].

In the current study, the observed associations between AMU and AMR were very
weak to absent. Stuart Levy introduced the threshold theory, which suggests that a certain
level of antimicrobial drug consumption is required to trigger the emergence of resistance
in a particular environment [44]. Austin et al. (1999) supported this theory by describing
the sigmoidal rise in resistance over time in the presence of a constant rate of antimicrobial
consumption [45]. This suggests that small changes in the amount of antimicrobials used
in a population with a low level of AMR may lead to much larger changes in resistance
than the effect of comparable changes in use in a population where already a (very) high
level of resistance is present [46]. This might explain why we could not find significant
associations. It also highlights the importance of reacting on emerging resistance at the
earliest possible phase. Furthermore, when studying the link between use and resistance in
bacteria using field data, the observed levels of resistance are a reflection of current and
historical use, whereas measured use often only reflects recent use or, at best, a retrospect
of only a short period [36,47–49].

The Bangladesh government has developed a National Action Plan (NAP) for the
period 2017–2022 to combat AMR [15]. The main goals were to identify and restrict the
sale of critical antimicrobials used in food animals, to stop the “over-the-counter drug
sale”, to monitor and assess compliance with withdrawal periods, by providing training to
farmers and poultry workers to raise awareness. However, the findings of this study clearly
indicate that these goals have not been achieved so far. Establishing a regulatory framework
(e.g., antimicrobial use law) to control AMU is of utmost importance in Bangladesh to
effectively combat AMR. Given that the current timeframe of the NAP has expired, it is
essential to extend it and identify the reasons for the NAP’s shortcomings in order to take
appropriate measures for its successful implementation. The findings of this study are
expected to provide valuable insights for policymakers and practitioners, aiding them in
revising the NAP to address the present circumstances and expedite its practical execution.
To comprehend the resistance mechanisms and relatedness of the E. coli strains, future
research should involve conducting genotypic resistance and phylogenetic analysis due to
the high level of resistance observed.
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4. Materials and Methods
4.1. Study Design

A cross-sectional study was conducted in seven (7) districts of Bangladesh to collect
AMU data and samples for isolating E. coli. A total of 145 small-scale (range: 500–2500 num-
ber of birds) commercial conventional broiler (94) and Sonali (51) poultry farms were
recruited. The recruitment criteria of the farms were described in Ibrahim et al., 2023 [27].
Eligible farms adopted an all-in all-out production system and had a farm size of >1000 birds
per batch. In cases where multiple sheds were present, only one shed was considered
randomly. Each farm was visited twice, upon the delivery of day-old chicks and within
two days prior to the chicken being sold [27].

On each farm, samples were collected on the second visit. Fresh feces were collected
from 5 healthy-appearing chickens and environmental samples (swab from soil) were
collected in the area between the farm gate and the shed and near the vegetable field
due to the practice of using poultry litter as manure for vegetables. Two environmental
samples were collected from each farm located in the northern districts (n = 105) and one
environmental sample from each farm located in the southeast districts (n = 40). The swabs
were transported in ice-pack cooled boxes to the Central Disease Investigation Laboratory
(CDIL), Bangladesh where they were stored at –80 ◦C until further use.

Fecal samples were inoculated on MacConkey III agar (Oxoid company, Dhaka,
Bangladesh) and incubated aerobically at 37 ◦C for 18 to 24 h. Environmental samples were
first resuscitated in 10 mL Brain Heart Infusion (BHI) broth and incubated aerobically at
37 ◦C for 18 to 24 h before being inoculated on MacConkey agar and incubated aerobically
at 37 ◦C for another 18 to 24 h. Before sending all lactose positive Enterobacteriaceae isolates
to the laboratory of Ghent University, Belgium, these isolates were passaged three times
on MacConkey III agar, as required by Belgian law to minimize the chance of importing
Newcastle Disease virus and highly pathogenic Avian Influenza virus.

Upon arrival at the laboratory, isolates were purified on Columbia agar with 5% sheep
blood and subsequently confirmed to be E. coli using MALDI-TOF mass spectrometry,
as described previously [50]. Antimicrobial susceptibility testing of the E. coli isolates
was performed using a Sensititre EU Surveillance E. coli EUVSEC Plate (Trek Diagnostic
Systems, Thermofisher Scientific, Merelbeke, Belgium) according to the manufacturer’s
guidelines. In short, 1 to 3 colonies were suspended in sterile saline to an optical density
of 0.5 McFarland. Fifty microliter of this suspension was inoculated in 10 mL sterile
Mueller Hinton broth. Again, fifty microliter of the Mueller Hinton broth with bacteria
was transferred to each of the wells in the Sensititre micro-titer plate with the lyophilized
antimicrobials using a multichannel (final concentration of 2.5 × 104 CFU/well).

After incubation at 35 ◦C for 18–24 h, the plates were examined and growth end-
points were established for each antimicrobial to provide MICs. The Minimum inhibitory
concentration (MIC) was defined as the lowest concentration by which no visible growth
could be detected. Quality control (QC) strains, E. coli ATCC 25922 and E. coli NCTC
13846 (for QC colistin resistance), were used throughout the study [26]. MIC values were
interpreted based on (1) the epidemiological cut-off values (ECOFFs) published by the
European Committee on Antimicrobial Susceptibility Testing (EUCAST) [51] and (2) the
human clinical breakpoints published by CLSI [26] as no clinical breakpoints for poultry
were available (Table 4).

Isolates having MIC values greater or equal than the ECOFF were considered to have
acquired resistance and classified as non-wild type. Isolates having MIC values greater
than the clinical breakpoints for susceptibility or resistance were considered intermediate or
resistant, respectively. Note that no clinical breakpoints were available for tigecycline and
while no ECOFF value was available for sulfamethoxazole, non-wild type was assumed if
a bi- or multimodal MIC distribution was observed.
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Table 4. Panel of antimicrobial substances and concentration ranges included in antimicrobial
susceptibility testing and applied epidemiological cut-offs (ECOFFs) and clinical breakpoints.

Antimicrobial
(Abbreviation)

Concentration
Range Tested

(mg/L)

Non-Wild-Type
Population * (mg/L)

Clinical Breakpoint for
Susceptibility # (mg/L)

Clinical Breakpoint
for Resistance # (mg/L)

Ampicillin (AMP) 1–64 ≥8 ≤8 ≥32
Cefotaxime (FOT) 0.25–4 ≥0.25 ≤1 ≥4
Ceftazidime (TAZ) 0.5–8 ≥1 ≤8 ≥16
Meropenem (MERO) 0.03–16 ≥0.06 ≤1 ≥4
Nalidixic acid (NAL) 4–128 ≥8 - ≥32
Ciprofloxacin (CIP) 0.015–8 ≥0.06 ≤0.25 ≥1
Tetracycline (TET) 2–64 ≥8 ≤4 ≥16
Colistin (COL) 1–16 ≥2 ≤1 ≥4
Gentamicin (GEN) 0.5–32 ≥2 ≤4 ≥16
Trimethoprim (TMP) 0.25–32 ≥2 - ≥16
Sulfamethoxazole (SMX) 8–1024 - - ≥512
Chloramphenicol (CHL) 8–128 ≥16 ≤8 ≥32
Azithromycin (AZI) 2–64 ≥16 - ≥32
Tigecycline (TGC) 0.25–8 ≥0.5 - -

* According to EUCAST (https://mic.eucast.org/search/, most recently viewed on 15 May 2023); # According to
CLSI M100-ED32:2022 [26].

The antimicrobial susceptibility results were primarily interpreted using the EUCAST
epidemiological cut-off values [52], which identify whether an isolate has acquired resis-
tance against a certain antibiotic compared to the wild-type population [53,54]. On the other
hand, human clinical breakpoints provides insights into whether the observed acquired
resistance patterns are clinically relevant. We therefore chose to report both interpretations.

The European Food Safety Authority (EFSA) defined antimicrobial resistance level as
the percentage of tested isolates of a given microorganism that were resistant to a given
antimicrobial. These levels are described as rare (<0.1%), very low (0.1% to 1%), low (>1% to
10%), moderate (>10% to 20%), high (>20% to 50%), very high (>50% to 70%) and extremely
high (>70%) [55].

An isolate was defined as multi-drug resistant if it was resistant to antimicrobial
compounds belonging to at least three different antimicrobial classes. The antimicrobial
resistance index (ARI) of an isolate was calculated as the proportion of tested antimicrobial
compounds against which resistance was observed. It was computed based on 13 rather
than 14 compounds because cefotaxime and ceftazidime belong to the same antibiotic class
and exhibited resistance simultaneously. The average antimicrobial resistance index (ARI)
for each farm was calculated by determining the ARI of all isolates from that farm and
taking the mean of those values.

4.2. AMU

The quantification of AMU was described in detail in Ibrahim et. al, 2023 [27]. In
brief, AMU was quantified by computing the treatment incidence (TI) which expresses
the number of Defined Daily Dose (DDDvet) administered per 100 animal days at risk. It
reflects the percentage of the lifetime of a bird for which it was treated with antimicrobials.

TIDDDvet =
total amount o f AS administered or purchased

DDDvet (mg /kg/ day)× no. o f days at risk × kg o f AAR
× 100 AAR

AS—active substance; AAR—animal at risk.

4.3. Data Analysis

Descriptive statistics related to AMU (TIDDDvet) and AMR were computed using Excel®

2016. Correlations between all variables were explored by means of Pearson’s correlation
test. Additionally, R2 was computed to assess the proportion of variance in antimicrobial
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resistance explained by the TI. The assumptions of normality and homogeneity of variance
were assessed by examining histograms and normal probability plots of residuals. A t-test
was conducted to compare the resistance of E. coli between broiler and Sonali poultry. To
test whether the use of antibiotics was associated with the presence of resistant E. coli
strains, we used the generalized linear mixed model (GLMM) with a binomial logistic
probability function. Farm was included as subject, isolate as within-subject factor and their
working correlation were set as independent. The use or no use of antibiotic was included
as fixed factor. Associations were considered significant when p-values were ≤0.05. The
data were analyzed using SPSS software (SPSS version 27®; IBM, Armonk, NY, USA).

5. Conclusions

In Bangladesh, E. coli isolates obtained from poultry feces and the environment of
broiler and Sonali chicken farms exhibit high levels of multidrug resistance to commonly
used antibiotic classes including fluoroquinolones, which are classified as a “high priority
critically important antibiotic” for humans. Unexpectedly, high antimicrobial use was not
associated with the level of AMR, probably due to an overall (very) high level of resistance.
The fecal and environmental AMR indexes were moderately correlated, which may indicate
a lack of biosecurity on Bangladesh poultry farms. A comprehensive and multisectoral
approach is necessary to address these factors and combat the spread of resistance in the
poultry industry.
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Abstract: Exposure of bacteria to low concentrations of biocides can facilitate horizontal gene transfer,
which may lead to bacterial adaptive responses and resistance to antimicrobial agents. The emergence
of antibacterial resistance not only poses a significant concern to the dairy industry but also adds
to the complexity and cost of mastitis treatment. This study was aimed to evaluate how selective
stress induced by benzalkonium chloride (BC) promotes antibiotic non-susceptibility in Staphylococcus
spp. In addition, we investigated the efficacy of photodynamic inactivation (PDI) in both resistant
and susceptible strains. The study determined the minimum inhibitory concentration (MIC) of BC
using the broth microdilution method for different Staphylococcus strains. The experiments involved
pairing strains carrying the qacA/qacC resistance genes with susceptible strains and exposing them
to subinhibitory concentrations of BC for 72 h. The recovered isolates were tested for MIC BC and
subjected to disc diffusion tests to assess changes in susceptibility patterns. The results demonstrated
that subinhibitory concentrations of BC could select strains with reduced susceptibility and antibiotic
resistance, particularly in the presence of S. pasteuri. The results of PDI mediated by toluidine blue
(100 µM) followed by 60 min irradiation (total light dose of 2.5 J/cm2) were highly effective, showing
complete inactivation for some bacterial strains and a reduction of up to 5 logs in others.

Keywords: Staphylococcus sp.; antimicrobial resistance; photodynamic inactivation

1. Introduction

Intramammary infection in cows caused by Staphylococcus spp. is the most concerning
disease that affects the dairy chain, causing vast economic losses worldwide. Bovine
mastitis is conditioned by diverse factors and, for this reason, requires specific treatment
according to the infecting agent, thus making disease control even more difficult, generating
high costs for the producer [1]. S. aureus and Staphylococcus non-aureus showing resistance
to antibiotics and biocides have been isolated in the dairy chain. It is known that the
inappropriate use of antimicrobial agents in the dairy industry has contributed to the
emergence of multi-resistant pathogens [2].

Antimicrobial agents and biocides have a wide range of applications worldwide, and
are an important tool for management of unwanted bacterial growth. However, antibi-
otic and biocide effectiveness is decreasing due to the emergence of resistance through
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different mechanisms across different lineages and species. Indeed Staphylococcus spp.
has a remarkable ability to acquire resistance to antimicrobial agents, either through mu-
tation of chromosomal bacterial genes or through the incorporation of resistance genes
through transfer from other microorganisms [3]. It has been proposed that there is a
link between antibiotics and resistance to disinfectants such as quaternary ammonium
compounds (QACs). In fact, QACs are frequently used in the food industry, including
dairy environments, for disinfection of the environment and equipment due to their broad
antimicrobial spectrum against bacteria, fungi, and viruses. Many QAC resistance genes
(qacA, qacB, smr, qacG, qacH, qacJ) have already been identified in bacteria isolated from
different sources. Due to their location on mobile genetic elements, the interaction between
different species of Staphylococcus is facilitated [2]. QAC efflux pump determinants are
usually found on multidrug resistance plasmids in Staphylococcus spp. strains. In this regard,
previous studies have found the qacA/B genes located on the same plasmid that confers
resistance to β-lactams in clinically- and in food-derived strains with the potential for
uptake by plasmid-free S. aureus, indicating its ability to transfer under selective stress [4,5].

In the current scenario, the emergence of multi-resistant strains becomes a challenge for
the pharmaceutical industry. The recurrent problem of lack of options for controlling these
pathogens makes essential to seek new therapeutic alternatives and to review practices that
may influence the emergence of antibiotic-resistant bacteria. Photodynamic inactivation
(PDI), also known as antimicrobial photodynamic therapy, is an emerging therapy that
involves the use of a photosensitizer agent with specific wavelength light to generate
reactive oxygen species with the goal of destroying microbial agents. This procedure lacks
genotoxic and mutagenic effects, preventing the development of bacterial resistance, and
had exhibited excellent results in pathogens isolated from bovine mastitis [6].

The present study demonstrates that exposure to benzalkonium chloride (BC) subin-
hibitory concentrations select S. aureus strains with reduced susceptibility, and also confers
an increase in antibiotic resistance. In addition, we evaluate and underline the effects of
PDI on mutant strains that presented multi-resistance to antibiotics and BC.

2. Results
2.1. Exposure to Subinhibitory Concentration of Benzalkonium Chloride

Resistant strains of S. xylosus and S. pasteuri were, respectively, paired with the sus-
ceptible strains of S. aureus ATCC29213 and ATCC6538 (Figure 1). All tested strains were
recovered after 72 h of passage in a 1/2 × MIC of BC and were renamed according to
Figure 2. Control group strains were also recovered after 72 h.

2.2. Agar Diffusion and MIC of Benzalkonium Chloride

After BC sub-MIC assays, all strains were subjected to antimicrobial agar diffusion
testing using cefoxitin, cefazolin, clindamycin, and penicillin discs. Oxacillin MIC values
were determined by E-test. Table 1 shows the antimicrobial susceptibility obtained before
and after exposure to sub-MIC BC. Phenotypic alteration occurred in only one strain
(Table 1). Regarding the S. aureus strains that were grown together with S. xylosus, only
the strain named 8 (M6538.x) showed a two-fold increase (7.8 µg/mL) in MIC of BC
value compared to that of its parental ATCC6538 strain (3.9 µg/mL). Moreover, when the
S. aureus ATCC6538 strain was confronted with S. pasteuri, the recovered mutant exhibited
a four-fold increase in resistance (15.7 µg/mL) compared to the parental MIC of BC value
(3.9 µg/mL). In addition, mutant number 10 of the S. aureus ATCC29213 strain (named
M29213.p) showed a two-fold increase (15.7 µg/mL) of the BC MIC compared to value of
its parental strain (7.8 µg/mL) (Table 1). None of the recovered strains of the control group
showed alterations in MIC or antibiotic susceptibility and, for this reason, they were not
included in Table 1.
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Figure 1. Schematic representation of benzalkonium chloride exposure assay. S. xylosus carries 
qacA/B and mecA genes, and S. pasteuri carries qacC gene. S. aureus ATCC6538 and ATCC29213 strains 
are susceptible to BC and antibiotics. T1: 24 h post co-culture. T2: 24 h post subculture of T1. T3: 24 
h post subculture of T2. Created in BioRender.com. 

Figure 1. Schematic representation of benzalkonium chloride exposure assay. S. xylosus carries qacA/B
and mecA genes, and S. pasteuri carries qacC gene. S. aureus ATCC6538 and ATCC29213 strains are
susceptible to BC and antibiotics. T1: 24 h post co-culture. T2: 24 h post subculture of T1. T3: 24 h
post subculture of T2. Created in BioRender.com.
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Table 1. Susceptibility to antimicrobial agents and benzalkonium chloride before (grey) and after 
subinhibitory concentration exposition. 

Strains MIC BC 
µg/mL 

MIC Oxacilin 
µg/mL Clindamicin Cefalotin Cefazolin Penicillin 

1. S. xylosus 7.8 6 R S S S 
5. Mxylosus.a 7.8 6 R S S S 
7. Mxylosus.b 7.8 6 R S S S 
2. S. pasteuri 7.8 6 R S S S 
9. Mpasteuri.a 15.7 6 R S S S 
11. Mpasteuri.b 15.7 6 R S S S 
3. ATCC 29213 7.8 0.125 S S S S 
6. M29213.x 7.8 0.125 S S S S 
10. M29213.p 15.7 0.125 S S S S 
4. ATCC 6538 3.9 0.094 S S S S 
8. M6538.x 7.8 0.094 S S S S 
12. M6538.p 15.7 0.094 R R R R 
BC: Benzalkonium chloride; R: resistant; S: susceptible. 

Figure 2. Nomenclature used for the strains and control group recovered after 72 h of exposure to
subinhibitory concentration of benzalkonium chloride.

Table 1. Susceptibility to antimicrobial agents and benzalkonium chloride before (grey) and after
subinhibitory concentration exposition.

Strains MIC BC
µg/mL

MIC
Oxacilin
µg/mL

Clindamicin Cefalotin Cefazolin Penicillin

1. S. xylosus 7.8 6 R S S S

5. Mxylosus.a 7.8 6 R S S S

7. Mxylosus.b 7.8 6 R S S S

2. S. pasteuri 7.8 6 R S S S

9. Mpasteuri.a 15.7 6 R S S S

11. Mpasteuri.b 15.7 6 R S S S

3. ATCC 29213 7.8 0.125 S S S S

6. M29213.x 7.8 0.125 S S S S

10. M29213.p 15.7 0.125 S S S S

4. ATCC 6538 3.9 0.094 S S S S

8. M6538.x 7.8 0.094 S S S S

12. M6538.p 15.7 0.094 R R R R
BC: Benzalkonium chloride; R: resistant; S: susceptible.

2.3. Photodynamic Inactivation (PDI) of Planktonic Cultures

All bacterial strains exposed to PDI mediated by TB (TB-PDI) showed a very high
reduction in their populations. There were differences between the effect of the treatment
among strains, but even in the strain that showed the least reduction, the number of
bacteria decreased from 1.25 × 107 to 3 × 104 CFU/mL total bacteria, which represents a
99.76% mortality in the bacterial population (Figure 3, strain number 4). The S. xylosus and
S. pasteuri strains named as 1, 7, 2 and 11 (Figure 2) were more susceptible to the TB-PDI
treatment. Moreover, strains 7, 2 and 11 showed virtually total bacterial death after TB-PDI.
S. aureus strains named 3, 10, 4 and 12 (Figure 2) appeared to be less susceptible to the
treatment, although the bacterial mortality observed was around 99%. The total CFU/mL
of the strains before and after treatment, and the percentage of bacterial death, are shown
in Table 2.
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Figure 3. Total viable bacteria (CFU/mL) exposed to a light dose of 0 or 2.5 J/cm2. Strains were
named as 1: S. xylosus; 7: Mxylosus.b; 2: S. pasteuri; 11: Mpasteuri.b; 3: S. aureus ATCC29213; 10:
M29213.p; 4: S. aureus ATCC6538; 12: M6538.p. Control assays irradiated without TB and non-treated
bacteria showed values of CFU/mL ranging from 1 × 107 to 5 × 107 CFU/mL. Thus, no toxic per se
effect of TB was observed. Each bar represents the mean ± SD values of 2 independent experiments
performed in triplicate. Statistical significance of TB-PDI (grey bars) vs. control TB non-irradiated
(black bars): p = 0.0026, two-way ANOVA and D’Agostino–Pearson normality test p > 0.05.

Table 2. Effect of TB-PDI on bacterial survival of the different strains studied.

Strain
CFU/mL

% Death
No Light Light

1 5.5 × 107 5 × 101 99.99

7 5 × 107 0 100

2 4.55 × 107 0 100

11 3.8 × 107 0 100

3 1.55 × 107 1.1 × 103 99.99

10 2.5 × 107 4.8 × 103 99.98

4 1.25 × 107 3 × 104 99.76

12 6.25 × 106 1.75 × 102 99.99

It is worth mentioning that the three strains (named 11, 10 and 12) with high MIC
of BC values were shown to be susceptible to TB-PDI. Therefore, this therapy may be
useful to combat strains bearing the qac genes. None of the strains studied showed intrinsic
photosensitivity in the absence of the photosensitizer TB.

3. Discussion

The growing restrictions on antimicrobial use and the expansion of multi-resistant
bacteria highlight the necessity to explore alternative or complementary methods to control
mastitis in dairy herds [7,8]. One of the major challenges is that Staphylococcus spp., besides
possessing a wide array of virulence factors that hinder its elimination, also exhibits diverse
responses to the presence of antimicrobial agents. Acquired resistance is one of these
mechanisms, which can arise through mutations in normal genes due to external and
internal factors, or by acquiring genetic information from other microorganisms, enabling
the bacteria to survive in harsh environments [9]. Environmentally relevant concentrations
of biocides are likely below those required to inhibit microbial growth. In our present study,
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we observed that susceptible strains to BC, when exposed to subinhibitory concentrations of
this agent in the presence of resistant strains, exhibited changes in susceptibility not only to
BC but also to several antibiotics. These findings support the evidence that prolonged use of
BC may facilitate the emergence of antibiotic-resistant strains and compromise the efficacy
of other antimicrobial agents, thereby diminishing the ability to control infections [10].
Quaternary ammonium-based sanitizers are commonly used to clean dairy equipment
and environments. However, as our study reveals, the prolonged and/or improper use of
these sanitizers can foster the development of more resilient bacterial clones, particularly in
S. aureus. Hence, it is crucial to implement appropriate cleaning and disinfection strategies
and to regularly assess the efficacy of these products to minimize the risk of selecting and
disseminating resistant strains. A previous study by Weber et al. [11] has shown that the
improper use or dilution of sanitizers can exert selective pressure on microorganisms, thus
effectively contributing to the rise in bacterial resistance. Furthermore, the presence of
these resistance genes in mobile elements, such as plasmids, enables rapid and facilitated
transfer between different Staphylococcus species. In our study, we detected changes in
susceptibility patterns of susceptible strains exposed to BC within a period as short as
72 h. Interestingly, the control group strains did not exhibit any changes, indicating that
these events may occur more readily under stress conditions. However, several factors can
influence the success of this transfer. Our results revealed that among the strains confronted
with S. xylosus, only one displayed a change in susceptibility, while both S. aureus ATCC
strains demonstrated resistance acquisition when exposed to S. pasteuri. This suggests
that both S. aureus ATCC strains have good receptivity, and that S. pasteuri may be a more
efficient donor compared to S. xylosus. However, to substantiate this claim, further studies
involving different types of plasmids would be necessary, as the observed variability
could be influenced by factors such as the specific plasmid type, the donor and recipient
strains involved, as well as their interactions [12]. Based upon our findings, it can be
inferred that adaptive mutations initially select strains with increased tolerance to chemical
stress, subsequently leading to a selective pressure that favors the development of a cross-
resistance phenotype to various other antimicrobials. The definition of tolerant strains
varies among researchers. According to Gerba [13], tolerant strains are those exhibiting any
increase in minimum inhibitory concentration (MIC) compared to their control. However,
other authors define tolerant strains as those capable of surviving treatment without
an increase in MIC, with tolerance preceding the development of resistance [14]. After
conducting the strain confrontations, we observed both scenarios mentioned earlier in
the mutants, with variations observed between the species involved. For instance, strain
S. aureus ATCC29213 did not exhibit an increase in the MIC of BC when confronted with
S. xylosus, but was able to survive for 72 h in subinhibitory concentration. However, when
confronted with S. pasteuri, its MIC increased twice compared to its initial value. On the
other hand, S. aureus ATCC6538 displayed an increase in MIC in both situations, with
a four-fold higher increase observed in the presence of S. pasteuri. Notably, S. aureus
ATCC6538 demonstrated cross-resistance potential, as it exhibited changes in resistance
phenotypes to all four tested antibiotics. Therefore, we understand that tolerance may
be associated with metabolic changes that enable survival in environments. For tolerant
strains that do not exhibit altered antibiotic phenotypes, it is only a matter of time before
they acquire cross-resistance to other agents. While all strains require an adaptation period,
there are cases where the emergence of resistant strains may occur more rapidly within
a population. The excessive use of antimicrobials in milk production can lead to the
selection of drug-resistant bacterial strains and contribute to increased selective pressure
within the bacterial population present in the environment. Consequently, there is a
growing concern regarding the spread of these resistant bacteria, which can compromise
milk quality and the health of animals and humans involved in the production chain.
Therefore, the identification of an effective mastitis treatment that does not promote the
selection of drug-resistant populations is extremely necessary. Photodynamic therapy has
demonstrated remarkable efficacy in the treatment of microbial diseases in humans [15,16].
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However, limited research has explored its application in bovine mastitis pathogens and
drug-resistant bacteria. Silva et al. [17] evaluated the effect of photoinactivation on strains
of clinical and subclinical mastitis isolated from sheep, and concluded that this treatment is
promissory for bovine mastitis. Furthermore, Sellera et al. [6] demonstrated the efficacy of
PDI on different antibiotic-resistant species isolated from bovine mastitis. These studies
provide evidence that photoinactivation therapy holds great promise as an alternative
for treating mastitis in animals, as positive outcomes have been consistently achieved
irrespective of the parameters and photosensitizers employed. In our study, we have
shown that TB-PDI can effectively reduce bacterial populations that were resistant to BC
under experimental conditions. Strains that acquired resistance to biocides were more
sensitive to TB-PDI treatment than the same strains used as controls. This might be due to
the accumulation of diverse negative stimuli upon the bacterial population. Nevertheless,
all the strains studied showed very high sensitivity towards PDI treatment, which positions
PDI as a very promising multipurpose alternative: on one hand, to kill resistant strains of
bacteria that cause mastitis in herds and that function as a resistant gene reservoir (which
can be passed into non-resistant strains in certain conditions); on the other hand, to kill
bacteria that acquire resistance genes from the environment. In any event, the final result
will be the reduction of the total number of bacteria from animals and from equipment
utilized in the dairy industry.

4. Materials and Methods
4.1. Bacterial Strains

Experiments were conducted using two reference strains Staphylococcus aureus ATCC
6538 and ATCC 29213. S. aureus ATCC6538 is conventionally used to evaluate the efficacy
of biocidal agents [18], and S. aureus ATCC29213 represents a methicillin-sensitive strain
that serves as a standard quality-control strain in laboratory testing [19]. Additionally, two
wild Staphylococcus spp. strains isolated from dairies in previous studies [20] were used
to perform the experiments: (a) S. xylosus which carry the qacA/B and mecA genes; and (b)
S. pasteuri which carry the qacC and lsaB genes.

4.2. Determination of BC Minimum Inhibitory Concentration

The microdilution broth method was used to determine the minimum inhibitory
concentration (MIC) of BC, performed according to the Clinical and Laboratory Standards
Institute (CLSI) guidelines for MIC testing of Staphylococcal species [21]. All strains were
inoculated in Mueller–Hinton broth and incubated at 37 ◦C for 24 h. Afterwards, cultures
were standardized using the McFarland 0.5 scale (1 × 108 CFU/mL) as the starting inoculate,
and an aliquot of 100 µL of standardized bacteria was added. Then, the 96-well plates were
coated with 100 µL serial dilutions of the sanitizer tested. The dilution ranges applied for
BC spanned from 1.95 µg/mL to 250 µg/mL. Media-only aliquots were added as sterility
checks and as a positive control of antibiotic-mediated killing. All test sample volumes were
200 µL/mL per well with duplicates. The plates were incubated for 24 h at 37 ◦C under
static conditions. Following incubation, the turbidity was measured using a microplate
reader (Multiskan EX, Thermo Electron Corporation, Waltham, MA, USA) at 595 nm optical
density. The lowest concentrations of BC that resulted in a greater reduction in turbidity
compared to the respective positive-growth controls were defined as the MIC. All MIC
tests were performed in three biological replicates.

4.3. Benzalkonium Chloride Exposure Assays

The subinhibitory concentration (subMIC) of BC was defined based on the MIC
values determined previously. The experiments were performed by confronting strains
carrying the qacA/qacC resistance genes (S. xylosus and S. pasteuri) with sensitive strains
(S. aureus ATCC 29213 and ATCC 6538) according to Karatzas et al. [22], with modifications.
Overnight cultures were standardized to 8.5 × 108 CFU/mL in 5 mL of TSB. Following this,
a mixture containing 2.5 mL of each strain to be confronted (one resistant and one sensitive
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strain) was added to two separate tubes. One tube served as a control, while the other tube
had 1/2× MIC of BC added. The tubes were incubated in agitation (200 rpm) at 37 ◦C for
24 h. The next day, from all tubes that showed bacterial growth, an aliquot of 50 µL was
transferred to a new tube with fresh medium using the same 1/2 × MIC concentration of
BC and incubated under the same conditions. These passages were performed for up to
72 h. After this period, an aliquot was plated on trypticase soy agar (TSA) and mannitol
agar, incubated for 24 h, and colonies with different morphologies in TSA and mannitol
were separated onto a new plate and frozen for subsequent coagulase and phenotypic
testing (Figure 1). The isolates recovered after 72 h were subjected to determination of
the MIC of BC to verify resistance transfer. The disk diffusion test was also performed to
evaluate changes in susceptibility patterns. All bacteria were stored in TSB medium with
20% glycerol at −20 ◦C until use.

4.4. Antimicrobial Susceptibility Testing by Agar Disk Diffusion

Agar disk diffusion was performed in all strains before and after of subMIC BC
exposure assays using clindamycin (2 µg), cefalotin (30 µg), penicillin (10 U) and cefazolin
(30 µg) according to CLSI standards [21]. In addition, oxacillin MIC were determined
using E-test strips (Liofilchem, MTSTM, Roseto degli Abruzzi, Italy) with a 0.5 McFarland
standard inoculum on Mueller–Hinton agar plates (Britania, Buenos Aires, Argentina)
according to the manufacturer’s manual.

4.5. Light Source

An array of three white, fluorescent lamps (Osram, Buenos Aires, Argentina) was
employed as a non-coherent light source, with an emission spectrum ranging from 400 to
700 nm. Light power was measured with a Yellow Springs Kettering 65 radiometer (Yellow
Springs, OH, USA). The light dose of 2.5 J/cm2 was obtained by applying 60 min of
light exposure.

4.6. Photosensitizer

Toluidine blue (TB) (Sigma Chem. Co., St. Louis, MO, USA) was employed as a
photosensitizer at a concentration of 100 µM for treatment of bacterial suspensions.

4.7. Photoinactivation of Planktonic Cultures

To evaluate the efficacy of TB-PDI, we chose the strains that showed the greatest
changes in susceptibility patterns to BC and antibiotics (Table 1). From an overnight culture,
a tube containing 10 mL of TSB with a bacterial concentration of O.D. 0.05 was prepared
and incubated at 37 ◦C under constant agitation of 200 rpm until reaching an O.D. 0.2. An
aliquot of 10 µL was taken for control dilutions of inoculum. Then, the bacterial suspensions
were centrifuged at 10,000 rpm for 10 min at 4 ◦C, washed and suspended in 10 mL of sterile
PBS. A volume of 1 mL of each bacterial suspension was added to a tube and incubated
with TB in darkness for 30 min at room temperature. After this period, aliquots of 200 µL
of each culture were plated by duplicate in a 96-well microplate. Then, the plate placed on
a glass slide was irradiated for 60 min from below at 16 cm from the light source, reaching
a maximum light dose of 2.5 J/cm2. The viable bacteria cell number was determined by
quantitative plating on TSA, the experimental condition consisted of bacterial suspension
treated with TB and exposed to light. The following conditions were used as controls:
(1) bacterial suspension treated with TB without receiving light; (2) non-TB treated bacterial
suspension exposed to light; and (3) untreated bacterial suspension.

4.8. Statistical Analysis

For TB-PDI statistical analysis, a D’Agostino–Pearson normality test and a two-way
ANOVA were performed using the GraphPad Prism 8 software, and p < 0.05 values were
considered statistically significant.
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5. Conclusions

Based on our study, the use of subinhibitory concentrations of BC in dairy environ-
ments can lead to an increased dissemination of resistance, promoting cross-resistance
transfer and further exacerbating the issue of antibiotic resistance. However, we observed
that the photodynamic therapy (TB-PDI) can be a promising alternative to control the
spread of strains with decreased sensitivity to biocides and antibiotics, as well as a treat-
ment option for mastitis, irrespective of the phenotype and species involved.
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Abstract: Staphylococcus aureus is considered one of the most widespread bacterial pathogens for both
animals and humans, being the causative agent of various diseases like food poisoning, respiratory
tract infections, nosocomial bacteremia, and surgical site and cardiovascular infections in humans, as
well as clinical and subclinical mastitis, dermatitis, and suppurative infections in animals. Thanks
to their genetic flexibility, several virulent and drug-resistant strains have evolved mainly due to
horizontal gene transfer and insurgence of point mutations. Infections caused by the colonization of
such strains are particularly problematic due to frequently occurring antibiotic resistance, particulary
methicillin-resistant S. aureus (MRSA), and are characterized by increased mortality, morbidity, and
hospitalization rates compared to those caused by methicillin-sensitive S. aureus (MSSA). S. aureus
infections in humans and animals are a prime example of a disease that may be managed by a One
Health strategy. In fact, S. aureus is a significant target for control efforts due to its zoonotic potential,
the frequency of its illnesses in both humans and animals, and the threat posed by S. aureus antibiotic
resistance globally. The results of an epidemiological analysis on a worldwide public database
(NCBI Pathogen Detection Isolate Browser; NPDIB) of 35,026 S. aureus isolates were described. We
considered the diffusion of antibiotic resistance genes (ARGs), in both human and animal setting, and
the results may be considered alarming. The result of this study allowed us to identify the presence
of clusters with specific ARG patterns, and that these clusters are associated with different sources of
isolation (e.g., human, non-human).

Keywords: S. aureus; One Health; antimicrobial resistance; molecular epidemiology

1. Introduction

Staphylococcus aureus is considered one of the most widespread bacterial pathogens for
both animals and humans, being a causative agent of various diseases like food poisoning,
respiratory tract infections, nosocomial bacteremia, and surgical site and cardiovascular
infections in humans, as well as clinical and subclinical mastitis, dermatitis, and suppura-
tive infections in animals [1,2]. S. aureus has the ability to produce a variety of virulence
factors that cause tissue injury, immune evasion, colonization, cell–cell interactions, and ad-
hesion [3–5]. Due to their genetic flexibility, several virulent and drug-resistant strains have
evolved mainly through horizontal gene transfer and insurgence of point mutations [6]. In
particular, methicillin-resistant S. aureus (MRSA) is characterized by increased mortality,
morbidity, and hospitalization rates compared to those caused by methicillin-sensitive
S. aureus (MSSA) [7,8]. As stated in the latest ECDC (European Centre for Disease Preven-
tion and Control) annual epidemiological report, MRSA strains have a population-weighted
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EU/EEA (Europena Union/European Economic Area) mean prevalence of 15.8% [9]. Over
time, S. aureus evolved resistance to various antibiotics, including conventional betalactam
antibiotics (e.g., penicillin and its derivatives) [10] as well as to the most recent ones such
as vancomicyin [11]. In addition to specific antibiotic resistance, biofilm also contributes to
nonspecific antibiotic resistance, which is a common feature in many biofilm-associated
S. aureus infections [12].

S. aureus infections in humans and animals are a good example of a disease that may
be managed by a One Health strategy. In fact, S. aureus is a significant target for control
efforts due to its zoonotic potential, the frequency of illnesses caused in both humans and
animals, and the threat posed by S. aureus antibiotic resistance globally. These programs
should take into account the genetic and phenotypic traits of the bacteria, the epidemiology
of the illness, and a strategy that takes into account isolates from both humans and animals
as well as the possible risk related to bacteria and ARGs spreading via the environment. To
the best of our knowledge, the literature lacks studies investigating the possible relation
between molecular antibiotic resistance patterns and sources of bacterial isolation (species,
clinical status, organ. . .). With the aim of contibuting to fill this gap, we present the results
of an epidemiological analysis of a worldwide public database (NCBI Pathogen Detection
Isolate Browser; NPDIB) including 35,026 S. aureus isolates to better characterize the origin
of antibiotic-resistant isolates.

2. Results
2.1. Data Description

The public database at the date 30 April 2022 included 35,026 isolates; among them,
16,787 (47.9%) were classified as clinical and human-associated (HUA); 2091 (6.0%) were
isolated from animals, farms, or environmental sources, and classified as non-human-
associated (NHA); 15,355 (43.8%) had an unknown origin (UNK); and 793 (2.3%) were from
other human sources. Due to the relative low frequency of isolates classified as other human
sources and their heterogeneity, these latter isolates were not furthermore considered in the
epidemiological analyses.

The total number of isolates after data polishing was brought to 34,233, of which 2091
(6.1%) isolates belonged to the NHA class, 16,787 (49.0%) belonged to the HUA class, and
15,355 (44.9%) belonged to the UNK class.

Table 1 and Figure 1 report the distribution of the sources of the isolates classified by
the three categories considered (clinical, animal/farms/environment and unknown).

Table 1. Sources of isolates’ distribution.

Category Source Isolates (N) Relative Frequency
among Category (%)

Non-Human-Associated (NHA) Animal 725 34.7
Environment 256 12.2

Farm 201 9.6
Food 909 43.5

Human-Associated (HUA) Blood 4298 25.6
Respiratory

sources 7366 43.9

Skin 1338 8.0
Wound 704 4.2
Abscess 312 1.8

Other districts 1846 11.0
Other sources 923 5.5

Unknown (UNK) Unknown sources 14,247 92.8
Other districts 432 2.8
Other sources 676 4.4
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Figure 1. Distribution of S. aureus isolates by source (NHA = non-human-associated, HUA = human
associated, UNK = unknown origin).

2.2. Resistance Gene Distribution

S. aureus is a well-known pathogen that carries a wide variety of ARGs. The database
reported 67 different ARGs, and in this study, we considered 39 ARGs, excluding the ones
having a prevalence <2%. The frequencies ranged from 2% of dfrS1 to 99.9% of mepA
(Table 2). We provided a detailed description of the antibiotic classes’ resistance and related
mechanism of all the ARGs defined in the database in Supplementary Table S1.

Table 2. Antibiotic resistance genes’ frequencies (%) of the NPDIB isolates (threshold for prevalence
>2%) 1.

Gene TOTAL NHA 2 HUA UNK

mepA 99.9 100.0 a3 100.0 b 99.9 a

tet (38) 99.0 99.4 a 98.4 b 99.6 a

blaI 82.1 72.8 a 80.5 b 85.0 c

blaR1 72.4 66.4 a 75.4 b 70.0 c

mecA 67.1 49.9 a 73.5 b 62.4 c

blaZ 66.7 66.4 a 64.5 a 69.2 b

fos(B) 62.1 45.2 a 71.4 b 54.3 c

mecR1 56.2 29.9 a 66.7 b 48.2 c

parC 51.0 24.2 a 59.0 b 45.8 c

gyrA 48.5 19.2 a 57.1 b 43.1 c

murA 44.0 54.8 a 43.0 b 43.5 b

Abc-f 40.4 34.3 a 46.6 b 34.4 a

glpT 27.3 42.2 a 20.4 b 32.9 c

ant(9)-la 26.8 6.4 a 36.0 b 19.5 c

erm(A) 26.6 4.7 a 35.9 b 19.4 c

ant(6)-la 21.4 24.8 a 28.8 b 12.7 c

mecI 20.7 4.0 a 30.2 b 12.5 c

aadD1 20.5 12.1 a 28.6 b 12.9 a

aph(3′)-lla 20.4 18.1 a 27.9 b 12.5 c
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Table 2. Cont.

Gene TOTAL NHA 2 HUA UNK

aac(6′)-le/aph(2”)-la 17.8 12.7 a 18.1 b 18.2 b

sat4 17.5 8.9 a 25.0 b 10.5 a

erm(C) 16.6 16.8 a 15.4 b 17.9 a

blaPC1 16.5 9.9 a 16.3 b 17.6 c

bleO 15.2 3.2 a 21.5 b 9.9 c

Tet(K) 14.2 19.5 a 10.9 b 17.1 c

msr(A) 13.4 9.1 a 19.7 b 7.0 c

mph(C) 12.9 9.0 a 19.2 b 6.5 c

dfrG 10.7 14.3 a 11.4 b 9.4 c

tet(M) 10.6 11.4 a 8.2 b 13.1 a

parE 6.2 1.2 a 6.3 b 6.8 b

rpoB 5.3 3.9 a 6.6 b 4.1 a

mup(A) 4.2 0.5 a 6.0 b 2.6 c

tet(L) 3.2 8.8 a 2.4 b 3.2 c

erm(B) 3.0 12.7 a 2.2 b 2.5 b

ileS 2.9 0.4 a 2.8 b 3.4 c

fex(A) 2.4 9.8 a 2.2 b 1.5 c

fusC 2.4 0.2 a 2.1 b 2.9 c

catA 2.3 4.4 a 2.9 b 1.5 c

dfrS1 2.0 1.0 a 2.3 b 1.8 c

1 <2% aac(6′)-le; aph(2′′)-l; apmA; cat-TC; cfr; dfrB; dfrF; dfr(K); erm(T); fosD; fosY; fus(A); fusB; lnu(A); mecC;
mprF; rpIC_G152D; spd; tet(C); vanA; vanH-A; vanR-A; vanS-A; vanX-A; vanY-A; vanZ-A; vga(A); walK.
2 NHA = non-human-associated, HUA = human-associated, UNK = unknown origin. 3 values with different
superscript among lines statistically differ at χ2 test or Fisher’s exact test (α = 0.05).

The resistance genes shown in Table 2 belong to 13 different classes of antibiotics:
tetracyclines, penams, phosphonic acid, fluoroquinolones, aminoglycosides, nucleosides,
macrolides, glycopeptides, diaminopyrimidines, rifamycines, mupirocines, phenicols, and
fusidanes. BlaI, blaR1, mecR1, and mecI genes were excluded from the study since they are
regulatory genes of blaZ and mecA, respectively.

Regarding ARG diffusion, we identified the most widespread ARG for each antibiotic
class: among the ARGs for amynoglycosides, the gene with the highest frequency is ant(9)-la,
with a total of 9179 (17.8%) positive isolates; dfrG for diaminopyrimidines, with 3657 (10.7%)
positive isolates; parC for the fluoroquinolones class, with 17,446 (51%) positive isolates;
mup(A) for the mupirocines class, with 1421 (4.2%) positive isolates; mecA for the penams
class (67.1%). The relative frequencies for fex(A) and catA, belonging to the phenicols class,
are 806 (2.4%) and 795 (2.3%) positive isolates, respectively; in the phosphonic acid class,
fos(B) is the most prevalent gene, with 21,257 (62.1%) positive isolates; erm(C) is the most
frequent gene identified in the macrolides class, with 5685 (16.6%) cases of positivity; and
finally, mepA is the most represented gene of the tetracyclines class, with 34,205 (99.9%)
positive isolates.

2.3. Cluster Analysis

Cluster analysis was performed to identify possible AMR patterns, which can be
considered the expression of the specific ARG asset of different isolates, thus allowing
for the analysis of a potential relationship with other factors such as source, geographical
origin, and others. The analysis identified seven different clusters based on the presence
of the ARGs described in Table 2. Table 3 describes the composition of the clusters based
on ARG frequencies and Table 4 contains information on isolation category and the total
number of isolates per cluster.
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Table 3. ARG frequencies according to the antibiotic class and cluster; n = number of positive isolates.
The genes with the highest frequency for each antibiotic class are represented in bold types.

Antibiotic Class
Gene Cluster

ARG (n) 1 2 3 4 5 6 7

aminoglycosides

ant(9)-la (9179) 0.3% 0.3% 0.1% 95.7% 20% 94.7% 9.4%
ant(6)-la (7310) 10.6% 0.1% 0% 0.3% 94.3% 99.2% 8.7%
aadD1 (7033) 17.7% 1.1% 3.3% 70.5% 19.9% 23.6% 5.3%

aph(3′)-lla (6984) 0.7% 0.5% 0.2% 2.9% 96.6% 99.3% 7.9%
aac(6′)-le/aph(2”)-la (6102) 18.3% 1.7% 4% 23.3% 10.6% 92.1% 14.3%

antibiotics targeting
protein synthesis Abc-f (13,816) 49.7% 34.2% 52.1% 59.3% 53.2% 24.3% 13.3%

diaminopyrimidines dfrG (3657) 16.4% 2.2% 6.2% 0.8% 6.9% 64.2% 9%
dfrS1 (681) 2.7% 0.6% 1.4% 4.9% 0.7% 1.1% 1.3%

fluoroquinolones
parC (17,446) 97.7% 13.3% 1.4% 92.2% 64.6% 96.0% 18.7%
gyrA (16,601) 95.0% 10.3% 0.2% 91.4% 61.1% 95.8% 14.6%
parE (2126) 15.2% 0.8% 0.3% 13.5% 3.7% 14.3% 0.3%

fusidanes fusC (807) 2.7% 3.1% 7.6% 0.9% 1.2% 0.7% 0.7%

glycopeptides bleO (5197) 5.9% 0.1% 0.6% 70.1% 16.2% 1% 0.6%

mupirocines mup(A) (1421) 5% 1.1% 1.5% 4.0% 7.0% 23.1% 0.4%
ileS (1000) 1.6% 0.4% 0.1% 11.9% 1.5% 4.9% 0.4%

nucleosides sat4 (5986) 0.7% 0.3% 0% 1.8% 87.2% 98.7% 1.4%

penams
mecA (22,968) 94.4% 18.2% 32.0% 93.3% 91.3% 98.2% 53.5%
blaZ (22,850) 96.1% 0.4% 99.4% 56.5% 97.6% 27.1% 60.1%
blaPC1 (5641) 7.9% 0.1% 0.2% 10.7% 1.7% 66.2% 39.3%

phenicols fex(A) (806) 10% 0.4% 0.8% 0% 0% 0% 2.6%
catA (795) 1.5% 0.4% 0.9% 1.6% 2.3% 4.6% 4.6%

phosphonic acid
fos(B) (21,257) 33.1% 51% 64.2% 96.9% 93.3% 99.5% 34.1%
murA (15,048) 10.3% 48.4% 5.5% 16.1% 57.6% 73.3% 93.8%

glpT (9354) 0.3% 34.3% 1.7% 8% 2% 0.3% 92.6%

rifamycines rpoB (1819) 3.1% 1.8% 0.9% 13.5% 2.5% 25.1% 1.6%

macrolides

mph(C) (4401) 4.2% 0.6% 0.6% 6.2% 87.7% 1.9% 0.3%
msr(A) (4571) 4.4% 0.9% 1.5% 6.4% 87.8% 2.1% 1.3%
erm(A) (112) 0.3% 0.2% 0.1% 95.6% 19.9% 95.2% 8.5%

erm(C) (5685) 50.7% 4.8% 10.5% 7.8% 11.4% 3.3% 15.7%
erm(B) (1015) 2.5% 0.9% 1% 0% 0.2% 0% 9.8%

tetracyclines

tet (38) (33,893) 99.6% 99.9% 100% 99.6% 93.9% 98.5% 100%
tet(k) (4869) 8.5% 3.4% 9.1% 3.5% 8.4% 40.2% 30.7%
tet (L) (1087) 9.9% 0.3% 0.7% 0.3% 2.6% 0.1% 4.7%
tet(m) (3621) 1.1% 1.6% 1.6% 11.9% 1% 43.9% 22.3%

mepA (34,205) 99.9% 100% 99.9% 100% 100% 100% 99.8%

Table 4. Distribution of the isolates among clusters based on source (human, animal, and unknown).

Source of the
Isolates

Cluster
1 2 3 4 5 6 7

NHA 1 189 (3.5%) a2 528 (13.8%) a 417 (8.5%) a 66 (1.1%) a 192 (4.6%) a 4 (0.2%) a 695 (8.7%) a

HUA 2361 (43.8%) b 1643 (43%) b 1993 (40.6%) b 3735 (63.8%) b 2916 (69.1%) b 1497 (72.5%) b 2642 (33.1%) b

UNK 2845 (52.7%) c 1653 (43.2%) c 2494 (50.9%) c 2050 (35%) c 1110 (26.3%) c 564 (27.3%) c 4639 (58.2%) c

TOT 5395 (100%) 3824 (100%) 4904 (100%) 5851 (100%) 4218 (100%) 2065 (100%) 7976 (100%)

1 NHA = non-human-associated, HUA = human-associated, UNK = unknown origin, TOT = total. 2 values with
different superscript among columns statistically differ (α = 0.05).
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In Table 3, we can see that the distribution of the frequencies of the most represented
ARG in each cluster and for each antibiotic class, apart for mepA, is not homogeneous:
among all clusters, cluster 1 has higher frequencies for dfrG, parC, fex(A), and erm(C); cluster
2 does not have high frequencies for any of the considered ARGs; cluster 3 shows an
abundance of fusC; cluster 4 is characterized by high frequencies of the genes ant(9)-la,
abc-f, bleO, sat4, mecA, fos(B), and rpoB; cluster 5 has higher frequencies of abc-f, bleO, sat4,
mecA, and fos(B); in cluster 6, the more abundant ARGs are ant(9)-la, dfrG, parC, mup(A),
mecA, and fosB; and finally, cluster 7 is characterized by an higher frequency of the gene
fex(A). When specific genes were considered, ant(9)-la is concentrated mainly in cluster 4
and 6; abc-f in cluster 4 and 5; dfrG and parC are more prevalent in cluster 1 and 6; fusC is
mostly predominant in cluster 3; bleO and sat4 have higher frequencies in cluster 4 and 5;
mup(A) has the highest prevalence in cluster 6; mecA has the highest prevalence in cluster
4, 5, and 6; fex(A) is nearly absent in all clusters apart from cluster 1 and 7; fos(B) has high
frequencies throughout all clusters, particularly in cluster 4, 5, and 6; rpoB is concentrated
in cluster 4 and 6; and finally, erm(C) has an high prevalence in cluster 1.

In Figure 2, we tried to graphically represent the ARG rates divided for relative
antibiotic class and clusters to visually describe the ARG distribution among all seven
clusters.
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Figure 2. Graphical representation (heat map) of the antibiotic classes’ related ARG frequencies in
each cluster.

In Table 4 and Figure 3, we reported the distribution of the isolates among the clusters
based on the isolation source. Clusters 4, 5, and 6 showed the highest frequency of HUA
isolates with values >60%; clusters 2, 3, and 7 showed the highest frequencies of NHA
isolates, even though this category is still not the predominant one in these clusters. The
UNK category, including all the isolates that are not characterized regarding the source
of isolation, comprises roughly 50% of all clusters apart from clusters 4, 5, and 6. The
characteristics of the different clusters in relation to the isolation source classes of the
isolates shown as clusters 2 and 7 have the highest proportion of NHA isolates (25.3%
and 33.2% of total NHA isolates, respectively), while clusters 4 and 5 have the highest
proportion of HUA isolates (22.2% and 17.4% of total HUA isolates, respectively). UNK
isolates have the highest proportion in cluster 7 (30.2% of total UNK isolates). For all the
clusters, a significant statistical difference was observed among the frequency of isolates
classified by source.
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3. Discussion
3.1. Relevance of the Dataset

The NPDIB database can be considered an important source of data, since it is an open
access database that gathers information like date and source of isolation, geographical
localization, and AMR genes’ presence of different bacterial isolates from all over the
world. Thanks to its characteristics, it can be used as a reliable source of data to monitor
AMR spread and perform epidemiological analyses with a statistical power that cannot
be achieved through conventional methods. This information source does not precisely
correspond to epidemiological guidelines (i.e., random sampling) because is based on
voluntary upload of data. The remarkably high number of S. aureus isolates in the database,
however, may be regarded as representative of the community of these bacteria linked to
human or animal pathologies.

3.2. Antimicrobial Resistance Genes

Overall, 35 ARGs, divided into thirteen antibiotic classes, have been considered for
the analyzes conducted in this study. The summary characteristics of these ARGs may be
described as follows.

ant(9)-la is the gene responsible for the expression of aminoglycoside O-nucleotidyltran-
sferase which catalyzes the adenylation of an AMP group from a substrate to the aminogly-
coside molecule to make it inactive and convey specific resistance to spectinomycin [13,14].

abc-f is responsible for the expression of antibiotic resistance ABC-F proteins respon-
sible for mediating resistance to a wide variety of antibiotics targeting the 50S ribosomal
subunit by dissociating bound antibiotic molecules from the ribosome [15].

dfrG encodes the synthesis of dihydrofolate reductase and is mainly associated with
trimethoprim resistance [16].

146



Antibiotics 2023, 12, 1225

S. aureus resistance to fluoroquinolones comes from mutations in various genes, such as
parC, resulting in the synthesis of altered proteins, in the quinolone resistance-determining
region, which are less susceptible or insensible to this class of antibiotics [10,16].

fusC is responsible for the expression of FusC protein, which is a protein that actively
protects the elongation factor-G from fusic acid molecules, enabling the pathogen to exert
resistance to the fusidanes class of antibiotics [17].

Bleomycin and the related antibiotics phleomycin and tallysomycin function as
DNA-breaking molecules capable of killing both procaryotic and eucaryotic cells at low con-
centrations. Plasmid-mediated resistance to bleomycin is widely spread among both clini-
cally relevant Gram-negative and Gram-positive bacteria resistant to aminoglycosides [18].
The mechanism of resistance consists in the binding of the acidic bleomycin resistance
proteins (BRPs), encoded by the ble genes, via electrostatic interactions to the bleomycin
molecule, characterized by a basic pH, to prevent DNA cleavage [19].

The mupA gene, which is another name for the ileS2 gene, is responsible for producing
an isoleucyl-t-RNA synthetase that is resistant to mupirocin, an antibiotic that reversibly
binds to the active site of bacterial and archaeal isoleucyl-t-RNA synthetase and competes
with isoleucine and ATP or Ile-AMP [16,20].

sat4 is a gene that confers resistance to streptothricin, an antibiotic that causes mRNA
mistranslation and protein synthesis inhibition by interacting with the ribosome and
encoding for the streptothricin acetyltransferase Sat4 [21].

The penicillin-binding proteins (PBPs) involved in peptidoglycan production are
closely related to the mechanism of methicillin resistance. Additionally, MRSA strains
produce PBP2A, which replaces PBP2’s transpeptidase activity and takes over the activity
of other, inactivated PBPs. The PBP2 transpeptidase domain is made inactive by penams,
but the PBP2 transglycosylase domain is still active, and in the case of MRSA strains, works
in conjunction with the PBP2A transpeptidase to enable the synthesis of the cell wall [22].

The gene fexA encodes a protein of 475 amino acids with fourteen transmembrane
domains, which represents an efflux protein of the major facilitator superfamily, FexA, able
to actively remove chloramphenicol from the bacterial cell [23].

Fosfomycin is an inhibitor of peptidoglycan synthesis, and the cause of phosphomycin
resistance in S. aureus is the synthesis of the metalloenzyme FosB, encoded by the fosB
gene, which catalyzes the Mg2

+-dependent attachment of L-cysteine to the phosphomycin
ring [24].

Rifampicin inhibits transcription by interfering with the beta subunit of RNA poly-
merase. Resistance to rifampicin in S. aureus is determined by mutations in the rpoB gene
encoding the B subunit of RNA polymerase. The most common are mutations that cause
amino acid sequence changes in the RpoB protein, leading to a reduced affinity of the
enzyme for the antibiotic [25].

The resistance mechanisms to macrolides are various in S. aureus. The most com-
mon one involves antibiotic’s target site modification, and it is carried out by the enzyme
adenylyl-N-methyltransferase Erm (erythromycin ribosome methylation). The gene en-
coding Erm methylase synthetase may be expressed in a constitutive manner, in which
case strains show resistance to all macrolides, or in an inducible manner, in which case
resistance occurs only to antibiotics that are inducers of methylase synthesis. Resistance
to the other macrolide-class antibiotics requires the presence of an inducer, which may be
erythromycin or another macrolide. Inducible resistance to macrolides in S. aureus is most
often determined by the ermA or ermC genes [26,27].

Tetracyclines inhibit protein synthesis by interfering with the 30S subunit of the
ribosome, and the mechanism of resistance to tetracyclines in S. aureus usually involves
active removal of the antibiotic from the bacterial cell and ribosomal protection. The MepA
efflux pump, encoded by the mepA gene, is a part of the multidrug and toxic extrusion
(MATE) family, and the decreased susceptibility to antibiotics (mainly fluoroquinolones,
tetracycline), biocides, and dyes may indirectly be associated with overexpression of these
pumps [16,28].
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Despite concerns about the risk of an increasing frequency of vancomycin resistance,
we observed frequencies below 2% (precisely 0.1% for vanA, 0.1% for vanH-A, 0.1% for
vanR-A, 0.1% for vanS-A, 0.1% for vanX-A, 0.1% for vanY-A, and 0.1% for vanZ-A) for
this antimicrobial molecule. The presence of vancomycin (VAN) resistance genes’ lowers
the ability of the pathogen to spread because it restricts other biological functions of the
bacterial cells, like being able to efficiently replicate and spread from one host to another;
this biological concept can be referred to as “fitness cost” [29]. Indeed, several vancomycin-
resistant (VRSA) and intermediate resistance to vancomycin (VISA) strains have appeared
but have not spread throughout the population, making VAN still the antibiotic of last
resort for MRSA infections [11,30]. These results partially support a recent work published
by Wu and colleagues [31] stating that vancomycin resistance has increased globally in the
past years, but overall frequency of resistant isolates can still be considered rather low.

3.3. Antimicrobial Resistance Genes’ Pattern

The different isolates may carry different distributions of AMR genes; therefore, the
pattern of resistance may represent a more appropriate description of the features of the
isolates in relation to human and animal diseases. The resistance patterns of the clusters
shown as ARGs related to abc-f proteins, phosphonic acid, and tetracyclines are evenly
spread across all clusters, which is in accordance with several studies investigating rates of
resistance to these antibiotics [32–34]. Cluster 2 can be identified as the cluster with lowest
presence of ARGs, while clusters 4, 5, and 6 have high rates of presence of ARGs related to
the nine different antibiotic classes. Indeed, clusters 4, 5, and 6 have high rates of positivity
for ARGs related to aminoglycosides, abc-f proteins, fluoroquinolones, penams, nucleo-
sides, phosphonic acid, and tetracyclines, while high rates of ARGs related to glycopeptides
and rifamycines characterize only cluster 4, high rates of ARGs related to glycopeptides
and macrolides characterize only cluster 5, and high rates of ARGs related to diaminopy-
rimidines and rifamycines only characterize cluster 6. ARGs related to diaminopyrimidines,
fusidanes, mupirocines, and phenicols have a low level of prevalence, with the only ex-
ception being diaminopyrimidines in cluster 6. The results related to mupirocines and
phenicols are in accordance with other published studies [35,36], while the results that
we obtained for diaminopyrimidines and fusidanes are discordant from what has been
reported in the literature [37–39]. Penam-related ARGs are frequently observed in every
cluster, with frequencies similar to the ones stated in the Global Antimicrobial Resistance
and Use Surveillance System (GLASS) Report of 2022 [40], with the only exception of cluster
2, where the observed frequency is exceptionally low. Mupirocines and phenicols are the
only two classes of antibiotics where the frequencies of the related ARGs can be considered
nonrelevant in all clusters. Comparing the clusters’ ARG frequencies and the source of
isolation composition, we observed that the clusters composed mainly by HUA isolates
(cluster 4, 5 and 6) had higher frequencies of ARGs related to several different antibiotic
classes, while clusters 2 and 7, characterized by a higher number of NHA isolates, show
low-to-intermediate frequencies of ARG positivity. This information could be indicative
of a different distribution of antibiotic resistance genetic elements between isolates from
animals, food, the environment, and humans.

This database enables us to work with a superb amount of global data on ARG
epidemiology. However, a potential weakness of this study is the fact that NHA isolates are
far fewer than HUA and UNK isolates, so the imbalance among these categories could be a
source of bias in the analysis. From a One Health perspective, the relative low frequency of
isolates from animal sources should not be attributed to a low prevalence of illnesses in
animals, but to a low frequency of upload of animal-related isolates, supporting the need
to implement this database with more information on animal-derived isolates. Moreover, S.
aureus has been known as an extremely important pathogen both in human and animal
health [41,42], and the ability to study its AMR epidemiology with a One Health approach
is of paramount importance to improve surveillance programs.
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Finally, it should be also taken into account when interpreting these data that there
are increasing evidences of genotype–phenotype discrepancies so that genomic AMR data
should always be paired with phenotypic data, especially in clinical settings [43,44].

4. Materials and Methods
4.1. NCBI Pathogen Detection Isolate Browser and Antibacterial Data (NPDIB)

Approximately one million isolates from 53 different bacteria are currently available in
the NCBI pathogen detection isolate browser (NPDIB). The parameters selected to perform
an epidemiological study on S. aureus strains uploaded to this database were retrieved
from a previous study [45]. Briefly, the data were exported into Microsoft Excel and the
identification data were organized into columns in a matrix. Each AMR gene was associated
with a column, which was filled with 1 if the gene was discovered in the sample and 0 if
it was not. The information in the other columns were changed to align the formats and
switch out text entries for numbers.

4.2. Statistical Analysis

All the data were analyzed on SPSS 28.0.1.1 (IBM Corp., Armonk, NY, USA, 2022). We
applied χ2 test with Bonferroni adjustment to analyze the frequency distribution. Fisher’s
exact test was applied instead of χ2 test when cell numerosity was below 6.

To classify isolates based on the different combination of AMR genes, cluster analysis
was applied with the following parameters: squared Euclidean distance, Ward’s agglomer-
ation method, and truncation at 20% of total distance [46]. Cluster analysis is a multivariate
technique allowing one to group isolates based on the characteristics they possess (e.g.,
AMR genes).

5. Conclusions

The analysis that we performed on the NPDIB database of globally collected S. aureus
isolates could represent a useful tool to constantly monitor the evolution of ARG spread
throughout different countries and environments, perfectly following the One Health
paradigm. The results of this study allowed us to identify the presence of clusters with
specific ARGs pattern, and that these clusters may be associated to different sources of
isolation (e.g., human, non-human). Indeed, cluster analysis allowed to identify the clusters
with isolates with higher frequency of AMR genes, and to associate them with their source.
The presence of a significant higher frequency of HUA isolates among the clusters with
higher AMR pattern, suggests that these isolates have higher risks for human health, and
the specific AMR pattern should be considered in presence of clinical outcome. Moreover,
the large differences in the source of isolates among the different clusters suggest that the
development of surveillance and/or preventive programs should consider these differences
to increase the efficacy of these programs.

This latter result supports the importance of characterizing the isolates not only
for the presence of gene of importance, but also for their source of isolation (species,
organ. . .). Using a voluntary-based database obviously has its drawbacks, such as it does
not follow strict epidemiological guidelines for collecting isolates and the incompleteness
of the majority of the data, but even taking into account these critical points, it cannot be
overlooked that useful information can be gathered by such a large amount of data. We
strongly believe that the attention of both public health and veterinary authorities should
focus on implementing the use of this database to further increase the quantity and quality
of the uploaded data, making it a useful tool to better adjust surveillance plans and contrast
the ever-growing threat of AMR worldwide.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antibiotics12071225/s1. Table S1: drug class resistance, resistance
mechanism induced by antibiotic resistance genes and AMR gene family of the genes found in
S. aureus isolates of NPDIB.
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Abstract: Non-typhoidal Salmonella (NTS) is a foodborne pathogen and a prevalent causative agent
for disease outbreaks globally. The Salmonella enterica serovar 4,[5],12:i:- (S.4,[5],12:i:-) belongs to
the monophasic variant of Salmonella typhimurium, which is of current global concern. In this study,
the epidemiology and genomic characterization of S. 4,[5],12:i:- isolates from 17 livestock farms in
Hunan Province between 2019 and 2020, as well as their susceptibility to 14 antimicrobial agents,
were profiled. Twelve Salmonella serotypes were identified using the White–Kauffmann–Le Minor
scheme, and whole-genome sequencing analyses were conducted based on these isolates. Overall,
107 Salmonella strains were isolated, of which 73% (78/107) were multidrug resistant. Resistance
to tetracycline (85.05%) was found to be the most prevalent, followed by the oqxAB and aac(6′)-Ib-
cr genes. S. typhimurium (monophasic) 4,[5],12:i:- was the most common serotype, followed by S.
typhimurium and S. derby. Most antimicrobial-resistant strains were isolated from pigs, indicating
that they could be important reservoirs of resistant non-typhoidal Salmonella strains. The presence of
similar genetic environments in S. 4,[5],12:i:- indicates both vertical and horizontal transmission of
resistance plasmids, which may promote the spread of drug resistance genes. Appropriate measures
should be taken to curb the prevalence of S. 4,[5],12:i:-.

Keywords: chicken farm; foodborne pathogen; horizontal transmission; multidrug resistance; pig
farm; Salmonella typhimurium monophasic variant; vertical transmission

1. Introduction

Salmonella is a Gram-negative, rod-shaped bacterium that is facultatively anaerobic
and belongs to the Enterobacteriaceae family. These bacteria are generally mobile, without a
capsule, non-spore-forming, and are able to colonize the digestive tracts of many vertebrates.
Salmonella is one of the most important zoonotic pathogens and a causative agent for food-
borne gastroenteritis in humans, domestic animals, and wildlife worldwide [1]. In the USA,
Salmonella was estimated to cause illness in 46,623 patients annually across 53 states in
2016 [2]. Salmonellosis is the second most commonly reported gastrointestinal infection in
the European Union (EU), with 91,662 confirmed human salmonellosis cases in all member
states in 2017 [3]. Salmonella is also reportedly responsible for approximately 70–80% of
foodborne pathogenic outbreaks in China [4].

Salmonella can be classified as typhoidal or non-typhoidal (NTS) based on its ability to
cause specific pathologies in humans [5]. It is notable that non-typhoidal Salmonella is the
main pathogen causing diarrhea and responsible for approximately 153 million cases of
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gastroenteritis as well as 57,000 deaths globally per annum [6]. Recently, the incidence of
non-typhoidal salmonellosis was reported to be 626.5 cases per 100,000 persons in China [7].

Generally, animal farms are cultivable environments for the replication and persistence
of Salmonella, and livestock are considered to be natural reservoirs for this bacterium [8].
Because fluoroquinolones, cephalosporins, azithromycin, and carbapenems are critically
important antibiotics for the treatment of salmonellosis, emerging resistances to these drug
classes are of paramount concern [9]. As a result, the World Health Organization (WHO)
has deemed fluoroquinolone-resistant Salmonella to be priority pathogens, which urgently
calls for new antimicrobials [10].

More than 2600 distinct serovars of Salmonella have been identified. In Salmonella,
the resistance profiles vary in different serovars [11]. However, in recent decades, the
monophasic variant of S. typhimurium, has emerged as a new multidrug-resistant serovar.
This variant lacks the second-phase flagellar antigen (encoded by fljB) and produces a
unique antigenic formula 4,[5],12:i:-. It has been frequently isolated from husbandry
animals, food products, and humans in many countries and territories worldwide [12]
and has become one of the major serotypes responsible for human diarrhea. In 2017,
S. ntyphimurium (monophasic) was the third most commonly identified serovar among
human cases of salmonellosis reported in the European Union after S. enteritidis and S.
typhimurium [3]. A recent study pointed out that the prevalence of S. 4,[5],12:i:- has increased
and become the second most frequently identified serotype in outpatients in the Henan
Province of China [13].

To provide a further understanding of multidrug resistance and the distribution of
drug resistance genes in S. typhimurium (monophasic), we collected 107 Salmonella isolates
from 17 livestock farms (9 chicken farms and 8 pig farms) in Hunan Province, China.
Serological typing and molecular epidemiological analyses were used to comprehensively
profile the diversity of Salmonella isolates in their serotypes, drug resistances, and genotypic
characteristics. These data will aid in the development of scientific strategies for the future
prevention and control of Salmonella.

2. Results
2.1. Salmonella Strains Isolation

A total of 107 non-typhoidal Salmonella isolates were collected, with an isolation rate of
5.1% (52/1017) in samples from chickens and 4.5% (55/1223) in samples from pigs, in 2019
and 2020; the isolation rate in 2019 (7.8%) was higher than that in 2020 (2.8%) (Table 1). The
107 collected isolates were sampled in geographically different sites, as follows: Changsha
(n = 15); Liuyang (n = 20); Ningxiang (n = 22); Changde (n = 30); Zhuzhou (n = 10);
Chenzhou (n = 6); Leiyang (n = 3); and Xiangtan (n = 1) (Supplementary Materials).

Table 1. Number of strains with resistance phenotypes.

Antibiotic Agent 2019 (n = 79) 2020 (n = 28)

Penicillin: Ampicillin 56 (70.9%) 20 (71.4%)
β-lactams combination:
Amoxicillin/Clavulanic 3 (3.9%) 2 (7.1%)

Aminoglycosides:
Gentamicin 36 (45.6%) 2 (7.1%)

Spectinomycin 23 (29.1%) 13 (46.4%)
Tetracyclines: Tetracycline 27 (34.2%) 21 (75.0%)

Florfenicol 59 (74.7%) 13 (46.4%)
Sulfafurazole 52 (65.8%) 16 (57.1%)

Trimethoprim/sulfamethoxazole 47 (59.5%) 13 (46.4%)
Ceftiofur 9 (11.4%) -

Ceftazidime 2 (2.5%) -
Enrofloxacin 43 (54.4%) 4 (14.3%)

Ofloxacin 17 (21.5%) -
Meropenem 2 (2.5%) -
Apramycin - -

Polymyxins: Colistin 5 (6.3%) -
Mequindox -
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2.2. Prevalence of Salmonella Serovar

The 12 serovars were identified in 107 isolates (Table 2), including S. typhimurium
(monophasic) (n = 34), S. typhimurium (n = 21), and S. derby (n = 17). Others serovars
included S. rissen (n = 13), S. enteritidis (n = 11), S. kentucky (n = 2), S. Iindiana (n = 2),
S. london (n = 1), S. thompson (n = 1), S. meleagridis (n = 1), and S. readings (n = 1). The
dominant serotypes in chickens were S. typhimurium (28.9%), and S. enteritidis (21.2%),
while the dominant serotypes in pigs were S. typhimurium (monophasic) (49.1%) and
S. derby (21.8%) (Supplementary Materials).

Table 2. Number of Salmonella serovars.

Serotypes In Total Pig Poultry

Potential monophasic variant of
Typhimurium 34 27 7

Typhimurium 20 6 15
Derby 17 12 5
Rissen 13 9 4

Enteritidis 11 - 11
Apeyeme 3 - 3
Kentucky 2 - 2
Indiana 2 - 2
London 1 1 -

Meleagridis 1 - 1
Thompson 1 - 1

Reading 1 - 1
In total 107 55 52

2.3. Antibiotic Susceptibility Testing

Fourteen antibiotics were selected for the susceptibility test, including tetracycline, ampi-
cillin, amoxicillin/clavulanic acid, ceftazidime, ceftiofur, gentamicin, florfenicol, enrofloxacin,
ofloxacin, spectinomycin, gentamicin, meropenem, trimethoprim/sulfamethoxazole, sulfafu-
razole, and colistin (Table 3). The results showed that 73% (78/107) of the Salmonella isolates
were resistant to three or more antimicrobial agents. The Salmonella strains were mostly
found to be resistant to tetracycline (84.1%), followed by ampicillin (70.9%), florfenicol
(66.4%), sulfafurazole (63.6%), spectinomycin (62.6%), trimethoprim/sulfamethoxazole
(56.1%), enrofloxacin (43.9%), gentamicin (34.6%), ofloxacin (15.9%), and colistin (10.3%).
However, all isolates were less frequently resistant to ceftiofur (8.4%), ceftazidime (5.6%),
amoxicillin (4.7%), and meropenem (1.9%) (Table 2). Interestingly, resistance to ceftazidime
(n = 2), meropenem (n = 2), and colistin (n = 11) was observed only in Salmonella isolated
from chickens. Overall, the multidrug-resistant profile of the pig-origin Salmonella (n = 51)
was higher than that of chicken-origin Salmonella (n = 27). In addition, the resistance rates
of the pig-derived strains to six drugs (tetracycline, florfenicol, sulfafurazole, trimetho-
prim/sulfamethoxazole, enrofloxacin, and colistin) were all higher when compared with
the chicken-derived strains (Table 4).
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Table 3. Antimicrobial resistance phenotype of 107 Salmonella isolates.

Antibiotic Agent Abbreviation
Antibiotic

Concentration Range
(µg/mL)

Breakpoint Interpretive Criteria
(µg/mL) Results in Percentage (%)

S I R S I R

Penicillin: Ampicillin AMP 0–512 ≤8 16 ≥32 32 (29.9%) 0 75 (70%)
β-lactams

combination: Amoxi-
cillin/Clavulanic

AMC 0.5/0.25–256/128 ≤8/4 16/8 ≥32/16 76 (71%) 26 (24.3%) 5 (4.7%)

Aminoglycosides:
Gentamicin GEN 0.25–128 ≤4 8 ≥16 51 (47.7%) 19 (17.8%) 37 (34.6%)

Spectinomycin STP 0–512 ≤32 64 ≥128 14 (13%) 26 (24%) 67 (62.6%)
Tetracyclines:
Tetracycline TET 0–512 ≤4 8 ≥16 17 (15.9%) 0 90 (84.1%)

Florfenicol FFC 0–256 ≤4 8 ≥16 36 (33.6%) 0 71 (66.4%)
Sulfafurazole SOX 0–512 ≤256 - ≥512 39 (36.5%) - 68 (63.6%)

Co-trimoxazole SXT 0–32/608 ≤2/38 - ≥4/76 47 (43.9%) - 60 (56%)
Ceftiofur EFT 0.12–256 ≤2 4 ≥8 96 (89.7%) 1 (0.9%) 10 (9.4%)

Ceftazidime CAZ 0.12–256 ≤4 8 ≥16 97 (90.7%) 4 (3.7%) 6 (5.6%)
Enrofloxacin ENR 0.01–32 ≤0.25 0.5–1 ≥2 18 (16.8%) 42 (39.3%) 47 (43.9%)

Ofloxacin OFX 0.03–64 ≤2 4 ≥8 57 (53.3%) 33 (30.8%) 17 (15.9%)
Meropenem MEM 0.03–10 ≤1 2 ≥4 104 (97.2%) 0 3 (2.8%)
Apramycin APR 0–64 - - - - - -

Polymyxins: Colistin CL 0.12–256 ≤2 - ≥4 95 (88.8%) - 12 (11.2%)
Mequindox NA 1–512 - - - - - -

Table 4. Different resistance phenotypes between chickens and pigs.

Antimicrobial Agents Pig (n = 55) Chicken (n = 52) p-Value

Ampicillin 40 (72.7%) 35 (67.3%) 0.6903
Amoxicillin/Clavulanic 2 (3.6%) 3 (5.8%) 0.6013

Gentamicin 17 (30.9%) 21 (40.4%) 0.3059
Spectinomycin 50 (90.9%) 18 (34.6%) 1.47

Tetracycline 54 (98.2%) 37 (71.2%) <0.0005
Florfenicol 51 (92.7%) 21 (40.4%) <0.0005

Sulfafurazole 50 (90.9%) 19 (36.5%) <0.0005
Trimethoprim/sulfamethoxazole 46 (83.6%) 14 (26.9%) <0.0005

Ceftiofur 1 (1.8%) 8 (15.4%) 0.0115
Ceftazidime 0 (0%) 2 (3.9%) 0.1420
Enrofloxacin 33 (60.0%) 14 (26.9%) 0.0005

Ofloxacin 7 (12.7%) 10 (19.2%) 0.3576
Meropenem 0 (0%) 2 (3.9%) 0.1420
Apramycin - -

Colistin 0 (0%) 11 (21.2%) 0.0003
Mequindox - -

2.4. Antibiotic Resistance Gene and Plasmid Profiles

A total of 46 antimicrobial resistance genes (ARGs) were detected in the Salmonella
isolates (Figure 1). Most ARGs (e.g., aac(6′)-Iaa, oqxAB, aac(6′)-Ib-cr, qnrS1, and qnrS2) are
associated with resistance to aminoglycosides and quinolones. The aminoglycoside gene
aac(6′)-Iaa was detected in all isolates. In addition, three plasmid-mediated quinolone
resistance (PMQR) genes [oqxA (n = 50), oqxB (n = 50), aac(6′)Ib-cr (n = 45)] and two variants
of the qnrS gene family qnrS2 (n = 40) and qnrS1 (n = 20) were detected. Among the genes
encoding β-lactamases, the majority of CTX-M-type genes were blaCTX-M-27, blaCTX-M-
55 and blaCTX-M-65. The frequency of occurrence of the majority of CTX-M-type genes
was lower than 4.7%, which is consistent with the finding of less resistance to β-lactam
antibiotics in all isolates (Figures 1 and 2). The Salmonella isolates that were positive for
the tetracycline resistance gene tet(A) accounted for 73.8% and carried the sulfonamide
resistance gene sul2 (42%) (Figure 2). Additionally, the sulfonamide resistance gene sul3
was detected in more than half of the isolates.
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Figure 2. Positive rates of diverse resistance genes among different S. 4,[5],12:i:- isolates.

The results of the plasmid replicons in 107 Salmonella isolates are presented in the
Supplementary Materials. The results show that the most abundant plasmid replicons
were IncHI2 (33.6%, 36/107), IncHI2A (33.6%, 36/107), IncX1 (15.9%, 17/107), IncFII (S)
(15.0%;16/107), and IncFIB(S) (15.0%, 16/107).

2.5. Characteristic of S. 4,[5],12:i:-

Among all isolates, 34 S. 4,[5],12:i:- isolates (31.8%, 34/107) were identified according to
serotyping. Isolates with similar sequence types were grouped based on their phylogenetic
relationship, and all S. 4,[5],12:i:- isolates belonged exclusively to ST34 (Supplementary Ma-
terials). It was the most common serovar in our sampling (Table 4), particularly from pigs.
An antimicrobial susceptibility test of these 34 S. 4,[5],12:i:- isolates against 14 antimicrobial
compounds showed resistance phenotypes in all isolates. The most common resistance
was to tetracycline (100%), followed by spectinomycin (91.2%), florfenicol (91.2%), ampi-
cillin (91.2%), trimethoprim/sulfamethoxazole (88.2%), enrofloxacin (76.5%), sulfafurazole
(70.6%), gentamicin (47.1%), and ofloxacin (20.6%). The S. 4,[5],12:i:- isolates were less
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frequently resistant to ceftiofur (2.9%) and colistin (2.9%), and none of them were resistant
to amoxicillin/clavulanic acid, meropenem, or ceftazidime (Table 5).

Table 5. Different resistance phenotypes among S. 4,[5],12:i:- isolates.

Numbers 4,[5],12:i:- (n = 34)

Antibiotic agent Drug resistant Multidrug resistant (n = 31)
Tetracyclines: Tetracycline 34 (100%) 31

β-lactam: Ampicillin 31 (91.2%) 31
Chloramphenicols: Florfenicol 31 (91.2%) 31
Aminocyclitols: Spectinomycin 31 (91.2%) 31

Sulfonamides: trimethoprim/sulfamethoxazole 30 (88.2%) 30
Fluoroquinolones: Enrofloxacin 26 (76.5%) 26

Sulfonamides: Sulfafurazole 24 (70.6%) 22
Aminoglycosides: Gentamicin 16 (47.1%) 16
Fluoroquinolones: Ofloxacin 7 (20.6%) 7

Cephalosporins: Ceftiofur 1 (2.9%) 1
Polymyxins: Colistin 1(2.9%) 1

β-lactams combination: Amoxicillin/Clavulanic - -
Carbapenems: Meropenem - -

Cephalosporins: Ceftazidime - -

2.6. Phylogenetic Analysis

To investigate the genomic relationships among the isolates, a phylogenetic tree
was established based on core single-nucleotide polymorphism (SNP) analysis (Figure 3).
Although there were differences in the hosts, timing, and sites of the collection, these
strains still exhibited relatively close genetic relationships. The close genetic relationship
between the isolates at different time points on the same farm or city also proved the
existence of clonal transmission. For example, the high similarity in genomic data in strains
S90, S91, S156, S157, and S191–S193 conceivably indicated that certain hosts had driven
the horizontal transmission. It is concerning that clonal transmission probably happened
alongside horizontal transmission in this study.
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3. Discussion

Poultry and livestock farms are considered to be favorable biotopes for the accumu-
lation of pathogens like Salmonella, which cause huge economic losses in many countries,
including China [14]. Hunan Province is one of the most concentrated areas for farm
animals in China [15]. Disease control and prevention during breeding mainly depend
on the use of antibiotics. The irrational use of antibiotics, however, has contributed to the
emergence of multidrug-resistant bacteria under selective antimicrobial pressure.

In this study, resistance phenotypes varied in the identified isolates, as 73% were
resistant to at least three classes of antimicrobials (considered multidrug-resistant), which is
remarkably higher than that observed in previous reports conducted in China [7] and lower
than the resistance rates reported in Argentina and Australia [16,17]. Most of the resistant
strains were isolated from pigs, which indicates that pigs could be important reservoirs of
resistant non-typhoidal Salmonella strains. Among the identified drug resistances, resistance
to tetracycline (85.1%) and ampicillin (70.1%) was predominant. These results are in
agreement with previous studies on Salmonella isolates obtained from food animal farms
in Xinjiang, China [18]. Resistance to quinolones and β-lactams was also recognized in
many Salmonella isolates in this study, which is in agreement with previous reports [19,20].
Quinolone resistance, and that to ciprofloxacin in particular, has become a common issue in
China and other countries, particularly resistance to ciprofloxacin [21]. The high prevalence
of such genes is regarded as a significant threat to public health since these antimicrobials
are currently used for frontline therapy against salmonellosis in humans [22].

PMQR genes are very common in farms [23], and this study showed that oqxAB and
aac(6′)-Ib-cr were the main PMQR genes. All oqxA-positive isolates were screened for
oqxB. oqxAB, and aac(6′)-Ib-cr commonly coexisted in the same strain, and 36 strains were
found to carry them simultaneously. Carrying two or more PMQR genes in the same
strain normally leads to resistance to nalidixic acid and decreases the susceptibility to
fluoroquinolones like ciprofloxacin [24]. The presence of different ARGs based on whole-
genome sequencing analysis demonstrated that the aac(6′)-Iaa gene, which mediates the
resistance to aminoglycosides, was detected in all of the studied isolates. This was consistent
with previous Chinese and South Korean studies [25]. The high levels of resistance to
quinolones detected in this study may be due to the acquisition of PMQR genes through
horizontally transferable elements, as well as mutagenesis in genes affecting the DNA
gyrase and DNA topoisomerase IV genes [26].

Determination of serovars and multilocus sequence typing (MLST) patterns showed
the dominance of S. 4,[5],12:i:- among the collected Salmonella isolates, especially those
from pigs. This is consistent with the results of previous studies, in most of which S.
4,[5],12:i:- strains originated from pigs and pork products [27]. Intriguingly, the isolates
from other sources such as chicken or the environment were less resistant to antibiotics
of clinical importance, suggesting that pigs might be important reservoirs of resistant
S.4,[5],12:i:- strains. The multidrug resistance of S. 4,[5],12:i:- is primarily associated with
antimicrobials from seven classes. The detection of the aac(6′)-Ib-cr, oqxA, oqxB, qnrS1, and
qnrS2 genes has been reported in different serovars, including isolates of S. 4,[5],12:i:-,
S. London, S. Indiana, S. Thompson, S. Kentucky, and S. Enteritidis. The presence of
these genes enhances the adaptability of S. 4,[5],12:i:- to drugs, promoting the broader
dissemination of such resistance genes [23]. In this study, 13 different plasmid replicons
were identified among 107 Salmonella isolates. The most abundant plasmids were IncHI2A,
IncHI2, and IncX1 (Supplementary Materials). IncHI2A and IncHI2 were predominant
in S.4,[5],12:i:-. Interestingly, these plasmids were found to be associated with resistance
to different antimicrobial classes, including β-lactams, aminoglycosides, sulfafurazole,
tetracyclines, and polymyxins [28]. Consequently, these plasmids may increase the risk
related to the horizontal transmission of these antimicrobial resistance genes in animal food
chains, leading to severe disease in humans [29].

Phenotypic and genotypic resistance of most tested antibiotics showed high coherence,
but tetracycline and quinolone resistance showed moderate coherence. The obtained results
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are consistent with previous reports on Salmonella isolates from dead poultry that revealed
that drug resistance gene expression patterns and drug resistance spectra were remarkably
similar among strains in Shandong [14]. Similarly, a large-scale study reported high levels
of coherence between phenotypic and genotypic resistance for all tested antibiotics [30].
Hence, performing phenotypic verification on the collected isolates was necessary to avoid
potential bias caused by genomic analysis.

Phylogenetic analysis showed that isolates of the same serovar with similar sequence
types were closely clustered. Notably, the exact inter-farm transmission event occurred
among ST34, which may be due to farms’ lack of strict hygiene standards for handling.
Hence, it is essential to improve hygiene and sanitizing procedures. Additional documen-
tation of the traceability of inputs and outputs that may carry disease sources on each farm
can help reduce the persistence and spread of Salmonella between poultry farms. However,
we found that the detection rates of isolates and drug resistances were lower in 2020 than in
2019; one potential explanation is that the Ministry of Agriculture of the People’s Republic
of China formulated plans to ban or reduce the use of specific antimicrobials in 2019 [7].
This indicates that strengthening veterinary medicine management could help to effectively
prevent the development of antibiotic-resistant bacteria.

In conclusion, in this study, the high prevalence of multidrug-resistant non-typhoidal
Salmonella in the studied samples and its severe risk to human health were reported. The
results indicate that, in the future, we must continue monitoring Salmonella serovars and
conduct strategic control plans based on whole-genome sequencing. The application of an
antimicrobial management plan for the rational use of essential antimicrobials in animal
farms will also be vital to help control the spread and prevalence of drug resistance genes
and to provide reliable human health protection measures.

4. Materials and Methods
4.1. Sample Collection and Isolation of Salmonella Strains

In 2019 and 2020, 2240 fecal samples were collected from 17 chicken and pig farms
located in nine cities of Hunan Province: Changsha, Leiyang, Hengyang, Xiangtan, Ningxi-
ang, Changde, Zhuzhou, Chenzhou, and Liuyang. Salmonella was isolated as described pre-
viously [19,20]. Briefly, cotton swab samples were subjected to pre-enrichment in buffered
peptone water and then enriched in a modified semisolid Rappaport Vassiliadis plate,
and colonies were isolated on xylose lysine deoxy-cholate agar. Subsequently, the isolated
strains were confirmed via the amplification of the invA gene using the following primers ac-
cording to a previously described protocol [31]: F:5′-ACAGTGCTCGTTTACGACCTGAAT-
3′ and R:5′-AGACGACTGGTACT-GATCGATAAT-3′. Specifically, 25 PCR cycles with an
annealing temperature of 56 ◦C were performed with Taq Polymerase (Tsingke Biotechnol-
ogy Co., Ltd., Beijing, China) on a thermal cycler. Colonies confirmed as Salmonella were
inoculated into Luria–Bertani broth for minimal inhibitory concentration (MIC) determina-
tion and genomic DNA preparation.

4.2. Detection of the Salmonella Strain Serotypes

The confirmed isolates were serotyped via slide agglutination using commercially
available antisera kits (Tianrun BioPharmaceutical Co. Ltd., Ningbo, China) with O and H
antigen-specific sera. Serovar results were interpreted according to the Kauffmann–White–
Le Minor scheme [32].

4.3. Antibiotic Susceptibility Testing

The MIC of 14 antibiotics (nine classes) was determined using the microdilution broth
method according to the criteria recommended by the Clinical and Laboratory Standards
Institute [33]. Escherichia coli ATCC25922 was used as a quality control strain.
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4.4. Whole-Genome Sequencing, De Novo Assembly, and Annotation

Genomic DNA was extracted from the Salmonella isolates and purified using the
TIANamp Bacteria DNA Kit (Tiangen Biotech Co., Beijing, China) according to the manu-
facturer’s instructions. Protein quality was assessed via gel electrophoresis and quantified
using a Qubit Fluorometer 2.0 (Invitrogen, Waltham, MA, USA; Life Technologies, Carlsbad,
CA, USA). Whole genome sequencing was performed using Annoroad Gene Technology
(Beijing, China) on a NovaSeq 6000 S4 sequencing platform with the NovaSeq 6000 S4
Reagent kit V1.5. Bacterial genome assembly was performed using the SPAdes software
(version 3.11) [34].

4.5. Antibiotic Resistance Genes and Phylogenetic Analysis

The ARGs for Salmonella strains were analyzed using the Center for Genomic Epi-
demiology (ResFinder tools). The relationship with non-typhoidal Salmonella isolates was
evaluated using core-genome alignments and phylogenetic trees were constructed using
Parsnp (neighbor-joining method)and visualized using the online tool (iTOL 6.5.7) [35].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics12071178/s1, Table S1. MIC, serotypes and plasmid of
107 non-typhoidal Salmonella isolates.
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Abstract: Multi-drug antibiotic resistance of Serratia (S.) marcescens and Klebsiella (K.) oxytoca in boar
semen is an emerging threat to pig reproduction and the environment. The aim of this study is to
examine the efficiency of a novel hypothermic preservation method to inhibit the growth of these
bacterial species in extended boar semen and to maintain the sperm quality. The semen samples
extended in an antibiotic-free Androstar Premium extender were spiked with ~102 CFU/mL of
S. marcescens or K.oxytoca. Storage at 5 ◦C for 144 h inhibited the growth of both bacterial species
and maintained the sperm quality, whereas bacterial counts increased to more than 1010 CFU/mL
in the 17 ◦C samples used as positive controls. This was accompanied by an increase in the sperm
agglutination and the loss of motility and membrane integrity. We conclude that hypothermic
storage is a promising tool to combat resistant bacteria in boar semen and to contribute to the One
Health approach.

Keywords: Serratia marcescens; Klebsiella oxytoca; boar semen; antibiotic resistance; semen preservation

1. Introduction

Artificial insemination (AI) with liquid-preserved semen is the most used biotech-
nology in pig reproduction worldwide [1]. Due to the high chilling sensitivity of boar
spermatozoa [2], porcine semen is commonly stored between 16 and 18 ◦C. The relatively
high storage temperature poses the risk of bacterial growth, thus enforcing the use of
antibiotics in semen extenders. The continuous use of antibiotics, together with disinfec-
tants in semen collection centers, has favored the generation and spread of multi-drug
resistances [3]. Most of the bacteria usually occurring in the raw semen are commensal [4],
belonging to the Enterobacter, and neither impact the sow’s health nor the sperm quality
if their amount is below 107 CFU/mL [5–8]. However, the contamination of extended
semen with the opportunistic pathogens Serratia marcescens and Klebsiella oxytoca were
identified as bacteria of high concern due to their fast growth in extended semen, together
with a high spermicidal effect and multi-drug resistance [9–12]. These Gram-negative
bacterial species, like many other bacterial species identified in preserved boar semen,
may either originate from the animal or may enter the semen from the environment in
the stable or laboratory [5,13,14]. Serratia marcescens and K. oxytoca are well known as
nosocomial bacteria, typically acquiring resistances in locations with high exposure to
antibiotics and disinfectants [15,16], such as in hospitals and laboratories of AI centers.
The threat of bacterial contamination has increased the overuse of antibiotics in semen
extenders, resulting in the loss of efficient antimicrobial control. Notably, the high rate of
semen backflow from the sow’s reproductive tract after insemination [17] poses the risk
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of antibiotics and resistant bacteria entering the environment and, from there, the human
food chain. These situations have stimulated intense research for alternatives to antibiotics
in boar semen extenders [3,18], of which, to date, none have become established in the
AI industry, either due to the lack of broad-spectrum efficiency, sperm toxicity, or high
time and cost intensity. Recently, hypothermic storage of boar semen was proposed as an
innovative preservation concept to keep bacteria below spermicidal levels [19]. Antibiotic-
free semen storage at 5 ◦C proved to be efficient for inhibiting the growth of commensal
bacteria naturally occurring in boar semen, and to maintain the high sperm quality and
fertility in vivo [19–21]. Whether the hypothermic semen storage is also effective against
multi-drug resistant bacteria remains to be shown. Beyond this background, this study
aims to examine whether semen storage at 5 ◦C efficiently inhibits the growth of multi-drug
resistant S. marcescens and K. oxytoca to levels that do not affect the sperm quality.

2. Results

The results of Experiment 1 with S. marcescens are shown in Figure 1. The spiked
semen samples stored at 17 ◦C showed exponential growth of S. marcescens in pure cultures
to >1011 CFU/mL, whereas storage at 5 ◦C inhibited the bacterial count at ~103 CFU/mL
(Figure 1A). In the un-spiked samples stored at 5 ◦C, the bacterial load decreased below
<101 CFU/mL within 48 h (p < 0.05). At 24 h and 48 h, the sperm motility and membrane
integrity were higher in the 17 ◦C samples compared to the 5 ◦C samples. At 72 h, the
17 ◦C samples showed an increase in the sperm agglutination (Figure 1B) and a decrease
in the sperm motility (Figure 1C) and membrane integrity (Figure 1D). After 72 h storage,
the sperm motility and membrane integrity were higher in the 5 ◦C samples compared to
the 17 ◦C samples. At 144 h, the samples stored at 17 ◦C were not analyzed for motility
and membrane integrity due to the high sperm agglutination. At all the time points, the
sperm quality parameters did not differ between the 5 ◦C samples with and without added
S. marcescens.
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Figure 1. Bacterial growth (A), sperm agglutination (B), sperm motility (C), and sperm membrane
integrity (D) in boar semen spiked with Serratia marcescens and stored at 5 ◦C or 17 ◦C in antibiotic-free
Androstar Premium extender. At 144 h storage at 17 ◦C, motility and membrane integrity were not
analyzed due to the high sperm agglutination. Experiment 1, n = 10 semen samples from 8 boars.
a–c: Different lowercase letters indicate differences at a given storage time point (p < 0.05).
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The results of Experiment 2 with K. oxytoca are shown in Figure 2. The spiked semen
samples stored at 17 ◦C showed almost linear growth of K. oxytoca in pure cultures to
~1011 CFU/mL at 144 h, whereas storage at 5 ◦C inhibited the bacterial count to the initial
spiking dose (Figure 2A). In the un-spiked samples stored at 5 ◦C, the bacterial load
decreased below the detection limit (i.e., <101 CFU/mL) within 48 h (p < 0.05). At 24 h,
48 h, and 72 h, the sperm motility and membrane integrity were higher in the 17 ◦C samples
compared to the 5 ◦C samples. At 72 h and 144 h, the spiked 17 ◦C samples showed higher
sperm agglutination compared to both types of 5 ◦C samples (Figure 2B). At 144 h, the
sperm motility (Figure 2C) was higher in the 5 ◦C samples compared to the 17 ◦C samples,
whereas the percentage of membrane-intact spermatozoa (Figure 2D) was at the same high
level (greater than 85%) in all three sample types. At all the time points, the sperm quality
parameters did not differ between the 5 ◦C samples with and without added K. oxytoca.
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Figure 2. Bacterial growth (A), sperm agglutination (B), sperm motility (C), and sperm membrane
integrity (D) in boar semen spiked with Klebsiella oxytoca and stored at 5 ◦C or 17 ◦C in antibiotic-free
Androstar Premium extender. Experiment 2, n = 10 semen samples from 9 boars. a–c: Different
lowercase letters indicate differences at a given storage time point (p < 0.05).

3. Discussion

The present study demonstrates that the preservation of extended boar semen at
5 ◦C efficiently inhibits the growth of multi-drug resistant S. marcescens and K. oxytoca
during long-term storage. These data add to our previous observation that the growth
of the two multi-drug bacterial species was inhibited at 5 ◦C compared to 17 ◦C in the
semen-free extender medium [11]. In the present study, the inhibitory effect was shown
using semen portions in the same way they would be used for insemination, i.e., in the
presence of spermatozoa and seminal plasma. The latter is rich in proteins, lipids, and
electrolytes [22], which provide nutrients for bacteria and thus could reduce the inhibitory
effect of hypothermic semen storage. Here, by mimicking the contamination of semen
portions with relatively high counts of two multi-drug resistant bacterial species isolated
from boar semen, we showed that semen storage at 5 ◦C effectively kept the bacterial
load far below spermicidal levels. By comparison of the bacterial growth at 5 ◦C storage
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in semen-free BTS (manufactured as a short-term extender) and the Androstar Premium
(manufactured as a long-term extender), we previously demonstrated that the antimicrobial
effect against S. marcescens and K. oxytoca is primarily caused by the low storage temperature
and, to a lesser extent, the extender medium [11]. It is to note that the BTS extender does
not protect the sperm against chilling injury [19], and therefore, is not applicable for 5 ◦C
semen storage.

The thresholds for sperm damage were reported at >107/mL for S. marcescens and
>108/mL for K. oxytoca [11]. In the present study, these levels were reached after 72 h of
storage in the spiked 17 ◦C samples but not in the 5 ◦C samples. Similar to the observa-
tions with Escherichia coli [5] and Enterobacter cloacae [23], the sperm damage induced by
S. marcescens and K. oxytoca was expressed at a bacteria/sperm ratio higher than 1:1.

Based on the studies with E. coli and K. pneumonia in human semen, bacterial adhesion
to the sperm surface is regarded as a key event leading to increased sperm agglutina-
tion [24,25]. Similar to these observations, the sperm adherence of S. marcescens could be
mediated by mannose-binding adhesion molecules detected on the pili and fimbria of this
bacterial species [26,27] among further mechanisms, e.g., extracellular bacterial secretions
or molecular aggregates as reported for E. coli [28]. The present study indicates that regard-
less of the cause for increased agglutination and the loss of sperm motility and membrane
integrity, the sperm damaging effect is clearly related to the bacterial concentration, but not
to the bacterial exposure time. This becomes evident in the spiked 5 ◦C samples, showing
that the long-term exposition (144 h) to moderate counts of both S. marcescens and K. oxytoca
did not induce a decline in the sperm quality. Confirming previous observations in the
un-spiked 5 ◦C samples [19–21], the growth of commensal bacteria was well controlled
below the detectable limits, but the loss of the sperm quality due to the chilling sensitivity
of boar spermatozoa [2] is a challenge. Here, we used a recently established preservation
protocol [19,29], considering that the type of extender medium and the slow controlled cool-
ing are essential for high in vitro performance and fertility in vivo. Similar to the previous
reports [19–21], there was a small decrease (less than 10 percent points) in the motility and
membrane integrity in the 5 ◦C samples compared to the 17 ◦C samples with low bacterial
counts in the first 48 h of storage. Notably, despite this initial chilling-associated loss of
the sperm quality, the viable (i.e., membrane-intact) sperm population kept its functional
integrity including its capacitation ability and mitochondrial activity during long-term stor-
age [21]. This suggests that an impact on fertility is unlikely as long as sufficient numbers
of viable spermatozoa are present, which has been previously confirmed by high fertility
results in insemination trials under field conditions [19,21].

In conclusion, this study shows that the antibiotic-free storage of boar semen at 5 ◦C is
effective not only against commensal bacteria naturally occurring in the raw semen, but also
toward two multi-drug resistant bacterial species of highest concern in pig insemination.
In the case of antibiotic ineffectiveness, currently, this seems to be the only option for an
instant application in AI practice until the source of contamination is eliminated. When
used routinely, antibiotic-free hypothermic semen storage presents a pathway toward
sustainable pig reproduction in the sense of the One Health approach.

4. Materials and Methods
4.1. Semen Processing and Bacterial Inoculation

Semen was collected routinely once a week by trained personnel from nine ma-
ture, healthy boars (1 to 5 years of age) housed at the Unit for Reproductive Medicine,
University of Veterinary Medicine Hannover, Hannover, Germany and treated in accor-
dance with the European Commission Directive for Pig Welfare. After discarding the bul-
bourethral secretion, semen was extended to 20 × 106 spermatozoa/mL in a final volume of
100 mL with the commercial antibiotic-free semen extender Androstar Premium (Minitüb
GmbH, Tiefenbach, Germany). Extended semen portions were spiked with ~102 CFU/mL
S. marcescens (Experiment 1, n = 10 semen samples from 8 boars), or K. oxytoca (Experiment
2, n = 10 semen samples from 9 boars) isolated from commercial semen portions received
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from AI centers on the occasion of an annual semen quality control program conducted
by our reference laboratory. Bacteria were cultured on Columbia agar with sheep blood
(Oxoid Deutschland GmbH, Wesel, Germany) for 24 h at 37 ◦C before inoculation. Bac-
terial colonies were added to 2 mL extender medium and bacterial concentrations were
adjusted after density photometry (SDM5, Minitüb, Tiefenbach, Germany). Immediately
after inoculation (0 h), the bacterial count in the extended semen was determined. The
bacterial species were identified with MALDI-TOF MS (microFlex LT, Bruker Daltonic,
Bremen, Germany) and software Biotyper (Bruker Daltonic) before inoculation and at the
end of semen storage. The Minimal Inhibitory Concentrations (MIC) for two common
antibiotics in semen extenders, i.e., Gentamicin and Ampicillin, were evaluated by the
microdilution method in the Institute for Microbiology at the University of Veterinary
Medicine Hannover. For S. marcescens, MIC values for Gentamicin were ≥16 µg/mL, and
for Ampicillin, 8 µg/mL. For K. oxytoca, MIC values for Gentamicin were ≥32 µg/mL, and
for Ampicillin, ≥32 µg/mL. Both bacterial species were considered as multi-drug resistant
based on the susceptibility test with 16 different antibiotics [11]. Spiked semen portions
were either stored at 17 ◦C (positive control) or slowly cooled to 5 ◦C following a previously
established cooling protocol for the hypothermic storage of boar semen [29]. Additional
semen portions remained un-spiked and were stored at 5 ◦C after slow cooling (negative
control). All samples were stored for 144 h in the dark.

4.2. Bacterial Count

Bacterial counts were determined from 10-fold serial dilutions in PBS ranging from
10−1 to 10−10 and were plated in volumes of 100 µL on Columbia agar with sheep blood.
After incubation for 24 h at 37 ◦C under aerobic conditions, bacterial colonies were counted,
and the total bacterial numbers were calculated. Bacterial counts were expressed as colony-
forming units per milliliter (CFU/mL).

4.3. Spermatology

Semen was examined at 24 h, 48 h, 72 h, and 144 h of storage. Sperm agglutina-
tions were assessed with phase contrast microscopy (Carl Zeiss Microscopy GmbH, Jena,
Germany) at 200× magnification. At least three different fields were examined, and the
degree of agglutination was scored between 0 and 5 according to the estimated percentage
of agglutinated spermatozoa as follows: 0 = 0 to 5%, 1 = less than 20%, 2 = 20 to 40%, 3 = 40
to 60%, 4 = 60 to 80%, 5 = 80 to 100%.

Sperm motility was measured as the total number of motile spermatozoa with the
computer-assisted semen analysis (CASA) system AndroVision® (Version 1.2, Minitüb
GmbH, Tiefenbach, Germany). Subsamples were prewarmed at 38 ◦C for 30 min in a water
bath under air and then filled in a 20 µL Leja chamber (Leja Products B.V., Nieuw Vennep,
The Netherlands). At least 500 sperm were recorded with a frame rate of 30 pictures per
0.5 s. Motile spermatozoa were identified when their curved-line velocity was >24 µm/s
and their amplitude of lateral head displacement was >1 µm. Sperm membrane integrity
was assessed by flow cytometry using the Cyto Flex flow cytometer (Beckman Coulter
GmbH, Krefeld, Germany) and the Cyt Expert 2.4. software (Beckman Coulter GmbH).
Semen samples were stained in final concentrations with 1.3 µmol/L Hoechst 33342,
1.5 µmol/L propidium iodide (PI), and 2 µmol/L fluorescein conjugated peanut agglutinin
(FITC-PNA). Fluorescence signals were detected in 10,000 events on the detectors FL-1
(450/45 nm BP), FL-2 (525/40 nm BP), and FL-3 (610/20 nm BP). Spermatozoa with intact
plasma membranes and acrosomes were identified by a positive Hoechst stain and negative
stainings for PI and FITC-PNA.

4.4. Statistical Analysis

Data analysis was performed with IBM SPSS Statistics Professional (SPSS Inc., IBM,
Armonk, NY, USA). The normal distribution of data was checked with the Shapiro–Wilk
Test. Data were then analyzed with the Friedman Test (XLSX). Pairwise comparisons
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were performed with the Wilcoxon Test and corrected with Holm Bonferroni. Values were
considered as statistically significantly different when p < 0.05. Data are presented as mean
and standard deviation (SD).
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Abstract: Antimicrobial resistance (AMR) in Citrobacter freundii poses a serious challenge as this
species is one of the sources of nosocomial infection and causes diarrheal infections in humans.
Ducks could be the potential source of multidrug-resistant (MDR) C. freundii; however, AMR profiles
in C. freundii from non-human sources in Bangladesh have remained elusive. This study aimed to
detect C. freundii in domestic ducks (Anas platyrhynchos domesticus) in Bangladesh and to determine
their phenotypic and genotypic antibiotic susceptibility patterns. A total of 150 cloacal swabs of
diseased domestic ducks were screened using culturing, staining, biochemical, polymerase chain
reaction (PCR), and matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) to detect
C. freundii. Phenotypic and genotypic antibiotic susceptibility patterns were done by the disk diffusion
method and PCR, respectively. In total, 16.67% (25/150) of the samples were positive for C. freundii.
C. freundii isolates showed a range of 20% to 96% resistance to cefotaxime, gentamicin, levofloxacin,
ciprofloxacin, cotrimoxazole, tetracycline, ampicillin, and cephalexin. More than 60% of the isolates
were phenotypically MDR, and the index of multiple antibiotic resistance ranged from 0.07 to 0.79.
Genes encoding resistance to beta-lactams [blaTEM-1-88% (22/25), blaCMY-2-56% (14/25), blaCMY-9-8%
(2/25), and blaCTX-M-14-20% (5/25)], sulfonamides [sul1-52% (13/25), sul2-24% (6/25)], tetracyclines
[tetA-32% (8/25) and tetB-4% (1/25)], aminoglycosides [aacC4-16% (4/25)], and fluoroquinolones
[qnrA-4% (1/25), qnrB-12% (3/25), and qnrS-4% (1/25)] were detected in the isolated C. freundii. To
the best of our knowledge, this is the first study in Bangladesh to detect MDR C. freundii with their
associated resistance genes from duck samples. We suggest addressing the burden of diseases in
ducks and humans and associated AMR issues using the One Health approach.

Keywords: C. freundii; antimicrobial resistance; multidrug resistance; resistance genes; ducks; public
health; Bangladesh

1. Introduction

Antimicrobial resistance (AMR) is a major global issue that jeopardizes human, animal,
and environmental health [1]. If nothing is done to curb AMR by 2050, it is expected to
inflict hundreds of millions of fatalities worldwide, enormous financial consequences, and a
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significant decline in animal production [2,3]. Citrobacter freundii has become more resistant
as a direct result of the widespread usage of antibiotics with a broad spectrum of activity [4].
Antimicrobials such as fluoroquinolones, aminoglycosides, nitrofurantoins, carbapenems,
and cephalosporins are the typical classes of antibiotics used to treat infections caused by
C. freundii [5]. However, the concern is rising because C. freundii has developed resistance
to multiple antibiotics. Moreover, it is possible that low-virulent Citrobacter spp., which
are able to survive in the host for a long time, could impact the evolution of pathogens
by accumulating genes that code for resistance to multiple classes of antimicrobials [6].
The acquisition of resistance genes that confer resistance to multiple antibiotic classes from
external sources, such as the environment or other bacteria, can cause multidrug resistance
in Citrobacter species [7].

Antimicrobial-resistant bacteria may be present in duck droppings, contaminating the
environment [8]. Ducks are possible carriers of important antimicrobial-resistant pathogens
that might spread to humans because of their interactions with humans [9]. Humans can
acquire C. freundii from ducks through contact with infected eggs, raw or undercooked
meat, and duck carcasses at the slaughterhouse [10]. C. freundii infections can be fatal, with
death rates ranging from 33 to 48% overall, including 30% mortality in children [11]. The
central nervous system of survivor infants may be severely affected, resulting in extreme
mental impairment, convulsions, and hemiparesis [12].

The poultry industry in Bangladesh has grown and become a successful agricultural
business that makes a significant contribution to the country’s overall gross domestic
product and provides a valuable source of protein [13,14]. Duck farming is a profitable
livestock sector around the world because of the eggs, meat, and feathers it produces [15].
In Bangladesh, duck farming is important in its rural economy, second only to chicken
production [16]. Ducks are typically reared in small-scale farming, either indoors or
outdoors, or in an integrated farming system in Bangladesh [17], where they come or stay
in close contact with humans. However, the greatest barrier to large-scale duck farming
in Bangladesh is infectious disease outbreaks, including duck viral enteritis, duck viral
hepatitis, avian influenza, botulism, duck cholera, etc. [18,19].

One of the bacterial pathogens found in duck droppings is Citrobacter spp. However,
very little is known about the role of Citrobacter spp. as the source of infections in duck
populations. C. freundii is the most prevalent among all Citrobacter species that causes
infections in humans and animals [20]. C. freundii was isolated from young ducks having
salpingitis [21]. The most common symptoms of C. freundii infection in ducks are dis-
charge from nostrils, leg weakness, whitish diarrhea, recumbency, headshaking, and even
sudden death [22].

In Bangladesh, the issue is compounded by the fact that poultry farmers come into
direct contact with ducks during the rearing process, particularly when raising domestic
ducks (Anas platyrhynchos domesticus) in their own homes. This direct interaction between
humans and ducks increases the risk of transmission of C. freundii from domestic ducks
to children, creating an even greater cause for concern. Human cases of C. freundii have
been recorded in Bangladesh, India, and other Asian countries [23–25]; however, C. freundii
cases in non-humans are not well described in these regions. In fact, this bacterium has
not been well characterized in animals from any South Asian countries. The aim of this
study was to detect C. freundii from cloacal swabs of ducks and determine their phenotypic
and genotypic antibiotic resistance patterns to elucidate their potential negative impacts on
human health.

2. Results
2.1. Occurrence of C. freundii Isolates

In the polymerase chain reaction (PCR) test, 25 of 150 samples were positive for
Citrobacter spp. (16.67%, 95% CI: 11.55–23.45%) (Table 1). In MALDI-TOF analysis, all the
Citrobacter spp. were detected as C. freundii. The occurrence of C. freundii in cloacal swabs of
ducks was higher but not significant in the Kishoreganj district (22%, 95% CI: 12.75–35.24%)
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compared to that of Mymensingh (18%, 95% CI: 9.77–30.80%) and Netrokona (10%, 95% CI:
4.35–21.36%) districts (Table 1).

Table 1. Prevalence of C. freundii isolated from cloacal swabs of ducks from different districts of Bangladesh.

Locations No. of Samples
Collected

No. of Positive
Isolates (%) 95% CI (%) p-Value

Mymensingh 50 9 (18 a) 9.77–30.80

0.261
Netrokona 50 5 (10 a) 4.35–21.36

Kishoreganj 50 11 (22 a) 12.75–35.24

Overall 150 25 (16.67) 11.55–23.45
Values with different superscripts differ significantly (p < 0.05) within the variable under assessment,
CI = Confidence interval.

2.2. Phenotypic Antibiogram Profiles of Isolated C. freundii

In the antibiotic susceptibility test (AST), C. freundii isolates showed the highest resistance
to cephalexin (96%, 95% CI: 80.46–99.80%), followed by ampicillin (76%, 95% CI: 56.57–88.50%),
azithromycin (56%, 95% CI: 37.07–73.33%), tetracycline (44%, 95% CI: 26.67–62.93%), cotrimoxa-
zole (40%, 95% CI: 23.40–59.26%), ciprofloxacin and levofloxacin (36%, 95% CI: 20.25–55.48%),
gentamicin (24%, 95% CI: 11.50–43.43%), cefotaxime (20%, 95% CI: 8.86–39.13%), ceftriaxone
and ceftazidime (12%, 95% CI: 4.17–29.96%), and fosfomycin (4%, 95% CI: 0.21–19.54%)
(Figure 1). In addition, 100% of the isolates exhibited sensitivity to nitrofurantoin and
chloramphenicol (Figure 1).
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Figure 1. Heatmap showing the distribution of antibiogram profiles in 25 C. freundii isolates detected
from cloacal swabs of ducks, LEV = levofloxacin; CAZ = ceftazidime; CTX = cefotaxime; F = nitrofuran-
toin; FO = fosfomycin; COT = cotrimoxazole; CRO = ceftriaxone; AMP = ampicillin; TE = tetracycline;
AZM = azithromycin; CL = Cephalexin; CIP = ciprofloxacin; CN = gentamycin; C = chloramphenicol,
S = Sensitive, I = Intermediate, R = Resistant.
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In bivariate analysis, we observed very high positive significant correlations between resis-
tance patterns against cotrimoxazole and tetracycline (p < 0.001); cotrimoxazole and ciprofloxacin
(p < 0.001); tetracycline and ciprofloxacin (p < 0.001); tetracycline and azithromycin (p < 0.001);
ceftazidime and cefotaxime (p < 0.001); cotrimoxazole and azithromycin (p < 0.001); cotrimox-
azole and gentamycin (p < 0.001); levofloxacin and tetracycline (p < 0.001); azithromycin and
ciprofloxacin (p < 0.001); levofloxacin and ciprofloxacin (p < 0.001); tetracycline and gentamycin
(p < 0.01); ceftazidime and ceftriaxone (p < 0.01); levofloxacin and cotrimoxazole (p < 0.01); and
levofloxacin and gentamycin (p < 0.01) (Supplementary Table S1). We also found moderate-to-
lower significant positive correlations between resistance patterns of C. freundii isolates against
different antibiotics (Supplementary Table S1).

2.3. MDR and MAR Profiles of C. freundii

The majority of the C. freundii isolates (15/25, 60%, 95% CI: 40.74–76.60%) were
phenotypically MDR and showed a multiple antibiotic resistance (MAR) index of more
than 0.2. Fourteen antibiotic resistance patterns were observed, and eleven of them were
MDR. The most common MDR pattern was no. 3 (gentamicin-ciprofloxacin-cephalexin-
azithromycin-tetracycline-ampicillin-cotrimoxazole-levofloxacin), which was 26.67% (4/15)
of the MDR C. freundii isolates. One isolate was resistant to 11 antibiotics (out of 14 tested
antibiotics) from seven different classes (out of ten classes) (Table 2). Moreover, the MAR
index of C. freundii isolates varied from 0.07 to 0.79 (Table 2).

Table 2. Phenotypic multidrug resistance profiles and multiple antibiotic resistance index profiles of
C. freundii isolated from cloacal swabs of ducks.

Pattern No. Antibiotic Resistance Patterns No. of Antibiotics
(Classes)

No. of MDR
Isolates (%) MAR Index

1 CN, CIP, CL, AZM, TE, AMP, CRO,
COT, CTX, CAZ, LEV 11 (7) 1 (6.67) 0.79

2 CIP, CL, AZM, TE, AMP, CRO, COT,
CTX, CAZ, LEV 10 (6) 1 (6.67) 0.71

3 CN, CIP, CL, AZM, TE, AMP, COT, LEV 8 (7) 4 (26.67) 0.57

4 CN, CIP, CL, AZM, TE, AMP, COT, CTX 8 (7) 1 (6.67) 0.57

5 CIP, CL, AZM, TE, AMP, COT, LEV 7 (6) 1 (6.67) 0.50

6 CIP, CL, AZM, TE, AMP, COT 6 (6) 1 (6.67) 0.43

7 CL, AZM, TE, AMP, COT, CRO 6 (5) 1 (6.66) 0.43

8 CL, AMP, LEV, CTX, CAZ 5 (3) 1 (6.67) 0.36

9 CL, AZM, AMP, FO 4 (4) 1 (6.67) 0.29

10 CL, AZM, TE, LEV 4 (4) 1 (6.67) 0.29

11 CL, AZM, AMP 3 (3) 2 (13.33) 0.21

12 * CL, AMP 2 (2) 4 * 0.14

13 * CL 1 (1) 5 * 0.07

14 * AMP 1 (1) 1 * 0.07

MDR = multidrug-resistant, MAR = multiple antibiotic resistance, LEV = Levofloxacin; CAZ = ceftazidime;
CTX = cefotaxime; FO = fosfomycin; COT = cotrimoxazole; CRO = ceftriaxone; AMP = ampicillin; TE = tetracycline;
AZM = azithromycin; CL = Cephalexin; CIP = ciprofloxacin; CN = gentamycin; * Non-multidrug-resistant.

2.4. Genotypic Resistance Profiles of C. freundii Isolates

Upon PCR analysis, out of 25 C. freundii isolates, beta-lactamase genes blaTEM-1,
blaCMY-2, blaCMY-9, and blaCTX-M-14 were detected in 88% (95% CI: 70.04–95.83%), 56% (95%
CI: 37.07–73.33%), 8% (95% CI: 1.42–24.97%), and 20% (95% CI: 8.86–39.13%) of the isolates,
respectively (Figure 2). Genes conferring resistance to sulfonamides [sul1-52% (13/25), 95%
CI: 33.49–69.97%; sul2-24% (6/25), 95% CI: 11.49–43.43%], tetracyclines [tetA-32% (8/25),
95% CI: 17.21–51.59%; tetB-4% (1/25), 95% CI: 0.21–19.54%], fluoroquinolones [qnrA-4%
(1/25), 95% CI: 0.21–19.54%; qnrB-12% (3/25), 95% CI: 4.17–29.96%; qnrS-4% (1/25), 95%
CI: 0.21–19.54%], and aminoglycosides [aacC4-16% (4/25), 95% CI: 6.40–34.65%] were also
detected in the isolated C. freundii. No isolates harbored blaSHV-1, blaCTX-M-1, blaCTX-M-2,
tetC, and aacC2 genes (Figure 2).
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Figure 2. Heatmap showing the distribution of various antibiotic resistance genes of C. freundii
isolated from cloacal swabs of ducks in Bangladesh.

In the bivariate analysis, a high positive significant correlation was observed between
the presence of antibiotic resistance genes aac4 and tetA (Pearson correlation coefficient,
ρ = 0.636; p = 0.001), qnrA and qnrB (ρ = 0.553; p = 0.004), and sul1 and sul2 (ρ = 0.540;
p = 0.005) (Supplementary Table S2). Moreover, moderate-to-low positive significant
correlations were also observed between the presence of resistance genes tetA and sul1
(ρ = 0.487; p = 0.013), qnrS and aacC4 (ρ = 0.468; p = 0.018), blaCMY-2 and blaCTX-M-14 (ρ = 0.443;
p = 0.026), blaCTX-M-14 and sul2 (ρ = 0.421; p = 0.036), aac4 and sul1 (ρ = 0.419; p = 0.037),
blaTEM-1 and blaCMY-2 (ρ = 0.417; p = 0.038), tetB and blaCTX-M-14 (ρ = 0.408; p = 0.043), and
qnrA and blaCTX-M-14 (ρ = 0.408; p = 0.043) (Supplementary Table S2).

2.5. Comparison of Phenotypic and Genotypic Resistance Profiles of Isolated C. freundii

In bivariate analysis, a positive significant correlation was observed between pheno-
typic and genotypic resistance profiles of C. freundii isolates against tetracyclines (ρ = 0.846;
p < 0.001), sulfonamides (ρ = 0.784; p < 0.001), aminoglycosides (ρ = 0.521; p = 0.008), and
fluoroquinolones (ρ = 0.417; p = 0.038). Given that all the isolates were phenotypically
resistant to at least one beta-lactam antibiotic (constant variable), we could not compute the
Pearson correlation coefficient to show the correlation between phenotypic and genotypic
resistant profiles of C. freundii isolates against beta-lactams. However, 88% similarity was
exhibited between beta-lactam antibiotics (n = 25) and beta-lactamase genes (n = 22) based
on the phenotypic (disk diffusion) and genotypic (PCR) assays.

3. Discussion

Ducks have the potential to harbor hazardous bacteria that can cause zoonotic diseases
in humans, including salmonellosis, E. coli infections, cholera, psittacosis, and others [9]. In
our study, about 16.67% of the duck samples harbored C. freundii. The detection of C. freundii
in this study suggests that ducks have the potential to transfer this organism to humans,
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posing an important threat to public health. In Bangladesh, poultry farmers, surrounding
people, and the environment are directly exposed to domestic ducks during the process of
rearing them. As a result, people in direct contact with ducks, both on farms and in houses,
are at an increased risk of being infected with C. freundii from ducks. Importantly, C. freundii
isolates have the ability to cause bacteremia in humans, indicating a high risk to human
health [4]. A previous study in South Korea reported that C. freundii bacteremia was the
major risk factor for a higher mortality rate in hospitalized patients (aged ≥ 15 years) [26].
Duck droppings can contaminate the agricultural environment and can be a source of
infections for crop farmers and other people exposed to the contaminated environment [27].

Over time, C. freundii has the tendency to develop resistance to different classes of
broad-spectrum antibiotics, and a major emerging issue is the rapid spread of this antibiotic
resistance [26]. The result of the antibiotic susceptibility test showed that C. freundii isolates
showed resistance to different classes of broad-spectrum antibiotics. For example, resis-
tance was found to multiple classes of antibiotics, including beta-lactams, sulfonamides,
fluoroquinolones, tetracyclines, aminoglycosides, macrolides, and glycopeptides, and these
antibiotics are used extensively in both human and veterinary medicine. Our study indi-
cates that domestic ducks foraging in different environmental niches could be a potential
carrier of antibiotic resistance. Similar to our study, Olaiton et al. [8] also showed that
C. freundii isolated from duck droppings showed resistance to tetracyclines, aminoglyco-
sides, beta-lactams, and sulfonamides.

Cephalosporins are still reliable antibiotics for the treatment of C. freundii infections,
and the rapid emergence of cephalosporin resistance in C. freundii is considered a global
health problem [4]. In this study, C. freundii isolates showed phenotypic resistance to
ampicillin, cephalexin, cefotaxime, ceftriaxone, and ceftazidime. In addition to that, several
genotypes associated with cephalosporin resistance were found. For example, blaCMY-2
(56%), blaCMY-9 (8%), and blaCTX-M-14 (20%) are considered clinically associated biomark-
ers [28]. The widespread distribution of beta-lactam genotypes in humans, animals, and the
environment indicates an immediate need for improvement in the treatment of infectious
diseases [29]. Resistance to beta-lactam antibiotics in an organism may also be developed
due to the acquisition of other beta-lactamase genes, e.g., blaTEM and blaCMY, in humans
and animals [29,30]. The presence of these clinical biomarkers in C. freundii isolated from
ducks is a clear indication of potential widescale spread from human C. freundii isolates or
other members of the Enterobacteriaceae family.

Sulfonamides are a significant class of synthetic bacteriostatic antibiotics that are still
widely used to treat bacterial infections in veterinary medicine [31]. In our study, 40%
of the C. freundii isolates were resistant to the sulfonamide drug called cotrimoxazole.
Resistance to sulfonamides in gram-negative bacteria, including C. freundii, typically results
from the acquisition of one of two genes, sul1 or sul2, which encode for dihydropteroate
synthase forms that are not inhibited by the drug [32]. Sulfonamide resistance genes
sul1 and sul2 were detected in 52% and 24% of the C. freundii isolates, respectively. One
possible explanation for the increased occurrence of sulfonamide resistance genes among
C. freundii isolates collected from the cloaca of ducks is the widespread abuse of this kind
of antibiotic in the poultry industry. The presence of sulfonamide-resistant C. freundii and
their corresponding genes in ducks should be concerning because these resistant bacteria
have the potential to be transferred to humans via direct or indirect contact [33].

Resistance to fluoroquinolone antibiotics is an urgent problem in both human and
veterinary medicine worldwide. More than 44% of C. freundii isolates showed phenotypic
resistance to fluoroquinolone antibiotics, either to ciprofloxacin or to levofloxacin, which is
an important public health concern as these drugs are widely used for humans and large
animals. In general, the fluoroquinolone group of antibiotics is a reliable antimicrobial
agent for the treatment of Citrobacter infections, especially C. freundii bacteremia [4]. In this
study, we detected a higher rate of fluoroquinolone resistance gene qnrB (12%) than that of
other qnr (qnrA and qnrS) genes, which is not unusual. The qnrB genes, which encode pro-
teins liable for reduced susceptibility to fluoroquinolones, are by far the most common and
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diverse subfamily of qnr genes [34]. These antibiotic-resistant bacteria and their resistance
genes have the potential to spread to humans via the food chain [35]. Given that these re-
sistant isolates can be passed from ducks to humans, the use of fluoroquinolones in poultry
needs to be closely regulated in order to avoid any further resistance to fluoroquinolones.

Tetracyclines are commonly used as one of the first-line antibiotics against a wide
variety of non-life-threatening infections, including C. freundii infections [36]. The devel-
opment of antibiotic resistance in C. freundii limits the treatment options. We report 44%
of the C. freundii isolates were phenotypically resistant to tetracycline. We also detected
tetracycline resistance genes tetA (8/25) and tetB (1/25) in the C. freundii isolates; how-
ever, none for the tetC gene. The detection of tetA and tetB genes in tetracycline-resistant
C. freundii isolates demonstrates that the active efflux system was the initial mechanism of
tetracycline resistance in ducks [37,38].

Aminoglycosides are among the most effective antibiotics available for treating serious
infections [39]. In the present study, 24% of the C. freundii isolates were phenotypically
resistant to the aminoglycoside antibiotic named gentamicin. Moreover, we detected the
aminoglycoside resistance gene aacC4 in 16% of the C. freundii isolates. The presence of this
gene with significance to public health in ducks highlights the necessity of conducting an
additional investigation into duck reservoirs for AMR. One of the important causal agents
of community-acquired sepsis is C. freundii [40]. Therefore, the presence of aminoglycoside
resistance in C. freundii may limit the treatment options for community-acquired sepsis
because combining an aminoglycoside with a beta-lactam antibiotic and metronidazole is a
common and effective experimental treatment for community-acquired sepsis [41].

This study found that the phenotypic and genotypic resistance profiles of C. freundii
isolates against tetracyclines, sulfonamides, aminoglycosides, and fluoroquinolones were
significantly correlated (p < 0.05). However, some isolates exhibited phenotypic susceptibil-
ity in the presence of resistance genes, and some isolates appeared phenotypic resistant but
did not harbor resistant genes. Over time, several random mutations can occur in the gene
sequence of an antibiotic resistance gene, rendering it inactive and transforming it into a
resistance pseudogene that does not show the expected resistance characteristics [42]. More-
over, observed variations in susceptibility may be explained by heteroresistance processes
such as random tandem gene amplification, uncommon mutation, and environmental
manipulation of resistant genes [43]. The antibiotic may also act as a modulator, caus-
ing antibiotic-resistant genes to express poorly in vitro [44]. Therefore, whole-genome
sequencing-based analyses have the potential to provide a precise genotype-to-phenotype
resistance link.

Infections developed by MDR bacteria (with a high MAR index) have the potential to
have severe repercussions for both human and animal health [45]. Humans and animals
alike are at risk due to the spread of MDR Citrobacter spp. [46]. Infections caused by MDR
C. freundii have fewer treatment options. In this study, 60% of the isolates were MDR,
indicating an alarming issue in ducks and humans. The transfer of resistance genes from
one resistant bacterium to another can lead to the development of MDR in bacteria that
normally respond to the related classes of antibiotics [7]. Moreover, 60% of the isolates had
a MAR index greater than 0.2, suggesting that these bacterial strains originated from a high-
risk source of contamination in an area where antibiotics are frequently used [47]. Ducks
can spread these pathogens to humans through the food chain or through direct contact,
and they can also spread them to the environment through polluted water or feed [48,49].

4. Materials and Methods
4.1. Study Area

From January 2020 to January 2022, the present study was carried out in Mymensingh
(24.7539◦ N, 90.4073◦ E), Netrokona (24.8103◦ N, 90.8656◦ E), and Kishoreganj (24.4260◦ N,
90.9821◦ E) districts of Bangladesh (Figure 3). The locations were chosen because of the
high density of ducks in these districts, with massive wetland areas.
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4.2. Sample Collection and Processing

We collected a total of 150 cloacal swabs of diseased domestic ducks (Anas platyrhyn-
chos domesticus) (50 from each district) from different households (10 households from
each district, each household reared domestic ducks with a range of 50–100). The dis-
eased ducks had several symptoms, such as whitish or greenish diarrhea, leg weakness,
headshaking, and even sudden death. Moreover, the ducks were reared in a scavenging
or semi-scavenging system. The cloacal swab was transferred aseptically to a test tube
containing Luria–Bertani (LB) broth (HiMedia, Maharashtra, India). The samples were
transferred to the lab in a cold chain and enriched the bacteria by incubating the test tube
contents of the samples aerobically for 18 to 24 h at 37 ◦C.

4.3. Isolation and Molecular Detection of Citrobacter spp.

One loopful (1–2 µL) of the overnight growth culture was streaked on a xylose-
lysine deoxycholate (XLD) agar (HiMedia, India) plate, and the plate was then incubated
aerobically for 24–48 h at 37 ◦C. For pure colonies, subcultures were done following the
same procedures. Colonies showing yellow color with a black center on the XLD agar plate
were assumed to be Citrobacter spp. isolates. Finally, we screened the single pure colonies
for further confirmation by Gram’s staining technique and corresponding biochemical tests
(such as urease, citrate, catalase, motility, H2S test, methyl red, Voges–Proskauer, and sugar
fermentation tests) [50].

We performed a PCR test for the final confirmation of isolated Citrobacter spp. targeting
a 16S rRNA gene (F: AGAGTTTGATCMTGGCTCAG, R: TACGGYTACCTTGTTACGACTT)
as previously mentioned [51]. For PCR, the DNA from the bacterial genome was extracted
by following the boiling and freeze–thawing methods described earlier [52,53]. Each
extracted DNA was then amplified using a total of 20 µL of the final volume, including
10 µL of the master mix (2×) (Promega, Madison, WI, USA), 1 µL of each primer (forward
and reverse) (100 pmol) (Macrogen, Republic of Korea), 2 µL of nuclease-free water, and
6 µL of genomic DNA. Amplified PCR products were examined on a 1.5% agarose gel
(Invitrogen, Waltham, MA, USA) using a gel electrophoresis apparatus (Nippon Genetics,
Tokyo, Japan). Amplicon products were observed under an ultraviolet trans-illuminator
(Biometra, Göttingen, Germany) after being stained with ethidium bromide. The amplicon
size was checked using a 1 kb DNA ladder (Promega, Madison, WI, USA).

4.4. Detection of C. freundii by MALDI-TOF Mass Spectrometry

Citrobacter spp. isolates that were positive in PCR assay were then subjected to matrix-
assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry to de-
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tect C. freundii isolates. The MALDI-TOF analysis was done in the QC Laboratory, Dhaka,
Bangladesh, and was followed by the procedures previously described by Kolínská et al. [54].

4.5. Antibiotic Susceptibility Test
4.5.1. Phenotypic Analysis

According to the Clinical and Laboratory Standards Institute [55], the AST of isolated
C. freundii was done by a Kirby–Bauer disk diffusion test [56]. In this study, 14 antibiotics
from ten classes were chosen based on their availability in Bangladesh: fluoroquinolones
(ciprofloxacin—5 µg, levofloxacin—5 µg), aminoglycosides (gentamicin—10 µg), tetracyclines
(tetracycline—30 µg), macrolides (azithromycin—15 µg), cephalosporins (ceftriaxone—30 µg,
cephalexin—30 µg, cefotaxime—30 µg, ceftazidime—30 µg), penicillins (ampicillin—10 µg),
glycopeptides (chloramphenicol—30 µg), sulfonamides (cotrimoxazole- 25 µg), phosphonic
acids (fosfomycin—200 µg), nitrofurantoin (nitrofurantoin—100 µg) (HiMedia, India). A
multidrug-resistant (MDR) isolate was characterized as one that is resistant to three or more
antibiotic classes [57]. We enumerated the multiple antibiotic resistance (MAR) index by the
following formula [47]: MAR = w/v; here, w = number of antibiotics to which an isolate is
resistant, v = total number of antibiotics used in this study.

4.5.2. Genotypic Analysis

Genes conferring resistance to beta-lactams (blaTEM-1, blaCMY-2, blaCMY-9, blaSHV-1,
blaCTX-M-1, blaCTX-M-2, and blaCTX-M-14), sulfonamides (sul1 and sul2), tetracyclines (tetA,
tetB, and tetC), fluoroquinolones (qnrA, qnrB, and qnrS), and aminoglycosides (aacC2 and
aacC4) were tested by a simplex PCR assay (Table 3).

Table 3. Primers used in the present study for detecting Citrobacter spp. and different antibiotic
resistance genes in C. freundii isolates from cloacal swabs of ducks.

Factors Target Genes Primer Sequences (5′-3′) Annealing Temp. Amplicon Size (bp) References

Beta-lactamase

blaTEM-1
F-CAGCGGTAAGATCCTTGAGA
R-ACTCCCCGTCGTGTAGATAA 55 643 [58]

blaCMY-2
F-TGGCCGTTGCCGTTATCTAC
R-CCCGTTTTATGCACCCATGA 55 870 [58]

blaCMY-9
F-TCAGCGAGCAGACCCTGTTC
R-CTGGCCGGGATGGGATAGTT 55 874 [58]

blaSHV-1
F-GGCCGCGTAGGCATGATAGA
R-CCCGGCGATTTGCTGATTTC 55 714 [58]

blaCTXM-2
F-GGCGTTGCGCTGATTAACAC
R-TTGCCCTTAAGCCACGTCAC 55 486 [58]

blaCTX-M-1
F-AACCGTCACGCTGTTGTTAG
R-TTGAGGCTGGGTGAAGTAAG 55 766 [58]

blaCTX-M-14
F-GCCTGCCGATCTGGTTAACT
R-GCCGGTCGTATTGCCTTTGA 55 358 [58]

Tetracyclines

tetA F-GCGCCTTTCCTTTGGGTTCT
R-CCACCCGTTCCACGTTGTTA 55 831 [58]

tetB F-CCCAGTGCTGTTGTTGTCAT
R-CCACCACCAGCCAATAAAAT 55 723 [58]

tetC F-TTGCGGGATATCGTCCATTC
R-CATGCCAACCCGTTCCATGT 54 1019 [58]

Fluroquinolones

qnrA F-TCAGCAAGAGGATTTCTCA
R-GGCAGCACTATTACTCCCA 55 670 [59]

qnrB F-ATGACGCCATTACTGTATAA
R-GATCGCAATGTGTGAAGTTT 53 680 [59]

qnrS F-ACGACATTCGTCAACTGCAA
R-TAAATTGGCACCCTGTAGGC 54 428 [58]

Sulfonamides
sul1 F-TCACCGAGGACTCCTTCTTC

R-CAGTCCGCCTCAGCAATATC 55 331 [58]

sul2 F-CCTGTTTCGTCCGACACAGA
R-GAAGCGCAGCCGCAATTCAT 55 435 [58]

Aminoglycosides
aacC2 F-GGCAATAACGGAGGCAATTCGA

R-CTCGATGGCGACCGAGCTTCA 55 450 [58]

aacC4 F-ACTGAGCATGACCTTGCGATGCTCTA
R-TACCTTGCCTCTCAAACCCCGCTT 55 436 [58]
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4.6. Statistical Analyses
4.6.1. Descriptive Analysis

We used Microsoft Excel 2013 (Los Angeles, CA, USA) for data entry and the Statistical
Package for Social Science (SPSS 25, IBM, Chicago, IL, USA) and GraphPad Prism 8.4.2
(GraphPad Software, Inc., Avenida De La Playa La Jolla, CA, USA) for the data analysis. We
performed the chi-square test for relatedness (with a Z-test for proportion) to understand
the variations in the prevalence of C. freundii among sampling sites. Statistical significance
was defined as a p-value of less than 0.05. The binomial 95% confidence interval (CI) was
calculated following the Wilson and Brown Hybrid method [60]. Using GraphPad Prism,
we created the heatmap to show the distribution of phenotypic and genotypic antibiotic
resistance profiles of C. freundii isolates.

4.6.2. Bivariate Analysis

We performed bivariate analysis in SPSS to determine whether resistance patterns
in pairs of antibiotics and antibiotic resistance genes from isolated C. freundii were corre-
lated. Moreover, the correlation between phenotypic and genotypic resistance profiles of
C. freundii isolates against different classes of antibiotics was determined using bivariate
analysis. A statistically significant p-value was less than 0.05 (p < 0.05).

5. Conclusions

Citrobacter spp. was found to be present in more than 16% of the samples collected
from ducks in Bangladesh. We reported a range of 20% to 96% resistance in C. freundii
isolates to different important antibiotics. The detection of genes encoding resistance to
various classes of antibiotics in C. freundii isolated from ducks indicates a significant risk to
human health due to the widespread presence of antibiotic resistance and their associated
resistance genes in C. freundii. Given the close relationship between ducks, water, and other
environmental components, there is a concern about the spreading of antibiotic-resistant
C. freundii to humans. This may pose a potential human health risk. C. freundii should be
characterized more elaborately using whole genome sequencing. However, further studies
using the One Health approach and developed tools and high technologies are helpful
in understanding the potential impact of MDR C. freundii in humans and animals and to
minimize the risk of the emergence of MDR C. freundii in both animals and humans.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antibiotics12040769/s1, Table S1: Pearson correlation coefficients
assessing correlation between pairs of antibiotics to which C. freundii isolates showed resistance;
Table S2: Pearson correlation coefficients assessing correlation between pairs of antibiotic resistance
genes in C. freundii isolates from cloacal swabs of ducks.
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54. Kolínská, R.; Španělová, P.; Dřevínek, M.; Hrabák, J.; Žemličková, H. Species identification of strains belonging to genus Citrobacter
using the biochemical method and MALDI-TOF mass spectrometry. Folia Microbiol. 2015, 60, 53–59. [CrossRef]

55. Clinical and Laboratory Standards Institute (CLSI). Performance Standards for Antimicrobial Susceptibility Testing, M100-S30; Clinical
and Laboratory Standards Institute: Wayne, PA, USA, 2020.

56. Bauer, A.T.; Kirby, W.M.M.; Sherris, J.C.; Turck, M. Antibiotic susceptibility testing by a standardized single disc method. Am. J.
Clin. Pathol. 1966, 45, 149–158. [CrossRef]

57. Sweeney, M.T.; Lubbers, B.V.; Schwarz, S.; Watts, J.L. Applying definitions for multidrug resistance, extensive drug resistance and
pandrug resistance to clinically significant livestock and companion animal bacterial pathogens. J. Antimicrob. Chemother. 2018,
73, 1460–1463. [CrossRef]

58. Chen, S.; Zhao, S.; White, D.G.; Schroeder, C.M.; Lu, R.; Yang, H.; McDermott, P.F.; Ayers, S.; Meng, J. Characterization of
multiple-antimicrobial-resistant Salmonella serovars isolated from retail meats. Appl. Environ. Microbiol. 2004, 70, 1–7. [CrossRef]

59. Azeez, D.A.; Findik, D.; Hatice, T.Ü.R.K.; Arslan, U. Plasmid-mediated fluoroquinolone resistance in clinical isolates of Escherichia
coli in Konya, Turkey. Cukurova Med. J. 2018, 43, 295–300. [CrossRef]

60. Brown, L.D.; Cai, T.T.; DasGupta, A. Interval estimation for a binomial proportion. Stat. Sci. 2001, 16, 101–133. [CrossRef]

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

183





MDPI AG
Grosspeteranlage 5

4052 Basel
Switzerland

Tel.: +41 61 683 77 34

Antibiotics Editorial Office
E-mail: antibiotics@mdpi.com

www.mdpi.com/journal/antibiotics

Disclaimer/Publisher’s Note: The title and front matter of this reprint are at the discretion of the

Guest Editor. The publisher is not responsible for their content or any associated concerns. The

statements, opinions and data contained in all individual articles are solely those of the individual

Editor and contributors and not of MDPI. MDPI disclaims responsibility for any injury to people or

property resulting from any ideas, methods, instructions or products referred to in the content.





Academic Open 
Access Publishing

mdpi.com ISBN 978-3-7258-3353-5


