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Abstract: Antimicrobial resistance is an increasing global problem and complicates successful
treatments of bacterial infections in animals and humans. We conducted a longitudinal study
in Mecklenburg-Western Pomerania to compare the occurrence of ESBL-producing Escherichia (E.)
coli in three conventional and four organic pig farms. ESBL-positive E. coli, especially of the CTX-M
type, were found in all fattening farms, confirming that antimicrobial resistance is widespread in pig
fattening and affects both conventional and organic farms. The percentage of ESBL-positive pens was
significantly higher on conventional (55.2%) than on organic farms (44.8%) with similar proportions of
ESBL-positive pens on conventional farms (54.3–61.9%) and a wide variation (7.7–84.2%) on organic
farms. Metadata suggest that the farms of origin, from which weaner pigs were purchased, had a
major influence on the occurrence of ESBL-producing E. coli in the fattening farms. Resistance screen-
ing showed that the proportion of pens with multidrug-resistant E. coli was similar on conventional
(28.6%) and organic (31.5%) farms. The study shows that ESBL-positive E. coli play a major role in
pig production and that urgent action is needed to prevent their spread.

Keywords: antimicrobial resistance; extended-spectrum ß-lactamase-producing Escherichia coli; pig;
organic farming

1. Introduction

Antimicrobials are produced by naturally occurring bacteria and fungi found in the en-
vironment [1]. Many clinically relevant antibiotic resistance genes have most likely evolved
from genes of environmental bacteria [2]. A recently published study postulates that
wildlife represents a previously unrecognized medium through which environmental an-
timicrobial resistance genes can be transferred to human and animal clinical pathogens [2].
A retrospective study showed that the occurrence of antibiotic resistance in clinical iso-
lates from before the introduction of antibiotics was very rare [3]. However, antimicrobial
resistance (AMR) is a natural phenomenon [2,4], with misuse and overuse of antibiotics
representing one of the main factors that select for the emergence of AMR [5]. The AMR
problem is not limited to human medicine, since part of the resistance burden in humans is
influenced by the use of antimicrobials in livestock [6–9]. Due to the increasing develop-
ment of bacterial resistance to important antimicrobial agents in recent decades, AMR is an
issue of utmost importance in both human and veterinary medicine worldwide as it can
lead to treatment failure against common infectious diseases [10].

Microorganisms 2022, 10, 603. https://doi.org/10.3390/microorganisms10030603 https://www.mdpi.com/journal/microorganisms

https://doi.org/10.3390/microorganisms10030603
https://doi.org/10.3390/microorganisms10030603
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/microorganisms
https://www.mdpi.com
https://orcid.org/0000-0002-6440-1933
https://orcid.org/0000-0001-9562-5529
https://orcid.org/0000-0002-2669-8799
https://orcid.org/0000-0002-7400-9409
https://orcid.org/0000-0002-8135-3814
https://doi.org/10.3390/microorganisms10030603
https://www.mdpi.com/journal/microorganisms
https://www.mdpi.com/article/10.3390/microorganisms10030603?type=check_update&version=2


Microorganisms 2022, 10, 603 2 of 16

In the European Union (EU), the same antibiotics may be used in organic farming
as well as in conventional farming, but under different circumstances [11]. According to
EU regulations, routine prophylactic use of antibiotics in organic animal production is not
allowed (Regulation (EC) No 834/2007). Since 2006, antibiotics were no longer permitted
as performance enhancers (Regulation (EC) 1831/2003). However, antibiotic usage to treat
infection and avoid animal suffering is allowed but with longer withdrawal periods than
in conventional production (Regulation (EC) No 834/2007). If the lifespan of an animal in
organic farming is less than one year, the products of this animal may only be marketed as
“organic” when it has been treated with an antibiotic no more often than once (Regulation
(EC) No 889/2008).

The production of extended-spectrum ß-lactamases (ESBL) and AmpC ß-lactamases
by bacteria, especially in members of the enterobacteria family, is an important resistance
mechanism. ESBL-producing bacteria were first isolated in the late 1970s [12] and detected
for the first time in human clinical isolates a few years later [13]. The occurrence of
ESBL/AmpC-producing E. coli in livestock (cattle, poultry, sheep and pigs) has been known
for several years [14].

ESBLs are mainly produced by enterobacteria, especially Klebsiella pneumoniae and
E. coli [15]. ESBL-producing E. coli have been isolated from the feces of both sick and healthy
animals [16–18]. The most abundant ESBL genes are blaCTX-M-1, blaCMY-2 and blaSHV-12, with
SHV-12 predominating in food-producing animals in Europe [19].

The first detection of ESBL-producing E. coli in pigs was reported from China in
2002, where pigs had been sampled at the slaughterhouse and CTX-M-producing E. coli
were detected in 2% of the animals [14]. García-Cobos et al. showed that the proportion
of CTX-M-1 in E. coli predominated in domestic pigs in Germany [20]. The prevalence
of ESBL-producing E. coli in pig farms varies widely across Europe. While prevalences
ranged between 1 and 80% on farm level, 15–100% of the pigs were infected [21]. The
lowest proportions of resistant E. coli were recorded in Norway, Sweden and Finland,
whereas prevalences were higher in Spain, Italy, France, the Netherlands, Denmark and
Belgium [22].

In a longitudinal study conducted in Denmark in 2011, it was shown that the propor-
tion of CTX-M-producing E. coli decreased during the production cycle of the pig. Both
bacteriological examination and polymerase chain reaction (PCR) showed that most pigs
were CTX-M-positive shortly before weaning, while finishers were less affected [23].

A number of studies identified risk factors for the occurrence of AMR on farms. Several
factors besides the use and overuse of antibiotics, which triggers the development of
resistance, promote the spread of resistant bacteria and their genes locally and globally [24].
These include poor infection control, environmental contamination as well as the movement
of infected people and animals [25].

Dohmen et al. showed that ESBL-E. coli were less frequent in pigs when drinking
water was obtained from a public rather than a private source, when a hygiene sluice
was the only access to the herd and when pest control was carried out by specialists [25].
Hering et al. identified the presence of a sick pen, underfloor ventilation in the stables and
the use of insecticides against flies as risk factors [26]. In addition, the presence of wild
birds in the vicinity of the farm, especially waterfowl, was associated with the presence of
ESBL/AmpC-producing bacteria. Furthermore, pig farms in the vicinity of the farm were
identified as a risk factor [27].

Most cross-sectional and longitudinal studies on ESBL/AmpC-producing E. coli in
pigs conducted to date have taken place in conventional farms. Little is known about the
prevalence of ESBL/AmpC-producing E. coli in organic farms. Fertner et al. demonstrated
that purchase of weaner piglets from only one supplier is associated with a low use of
antibiotics in fattening farms [28]. This fact, and also the legal restrictions on antibiotic
use in organic pig farming, led to our hypothesis that the proportion of antibiotic-resistant
pathogens is lower on organic than on conventional pig farms. We, therefore, aimed at
investigating the occurrence of ESBL/AmpC-producing E. coli on organic pig farms in
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comparison to conventional farms over one year. Furthermore, the occurring ESBL/AmpC-
carrying E. coli were characterized. The farms in Mecklenburg-Western Pomerania were
sampled on several occasions and data on farm management, pig trade, the health status of
the pigs and the use of antibiotics were collected and analyzed.

2. Materials and Methods
2.1. The Study

The study was conducted in Mecklenburg-Western Pomerania from February to
December 2018. Suitable farms keeping a minimum of 500 and a maximum of 5000 fattening
pigs were identified and contacted by official veterinarians in the respective districts. Farms
participated voluntarily on the basis of informed consent of the farm manager. The AMR
status of the farms was not known before the study was conducted.

2.2. Pig Holdings

In total, three conventional and four organic farms participated in the study. One of
the organic farms (farm 4) consisted of two locations which were 25 km apart and, therefore,
were considered as two separate epidemiological units (farms 4a and 4b). As described in
the introduction, EU regulations allow antibiotic usage in organic pig farming. Compared
to conventional farms, however, there are some restrictions in the frequency of therapy and
longer withdrawal periods. The locations of the farms are shown in Figure 1.

Figure 1. Location of sampled farms in the federal state of Mecklenburg-Western Pomerania. Con-
ventional fattening farms are depicted in red and organic ones in green. The district names are
indicated in light gray (HRO = Hansestadt Rostock, LRO = Rostock-Land, LUP = Ludwigslust-
Parchim, MSE = Mecklenburgische Seenplatte, NWM = Nordwest-Mecklenburg, SN = Schwerin,
VG = Vorpommern-Greifswald, VR = Vorpommern-Rügen).

2.3. Sampling and Data Collection

Each farm was sampled on five occasions, i.e., approximately every two months. The
aim was to sample six evenly distributed age groups on each farm. If possible, the groups
were sampled on several occasions. If less than six age groups were present, all age groups
were sampled.

Pooled fecal samples were taken from each sampled age group by filling 50 mL Falcon
tubes with feces from each age group. If there were less than six age groups, ten 50 mL
Falcon tubes were used per group. Sampling was evenly distributed over the whole stable
or pen. In the organic farms, half of the samples were collected in the pens and the others in
the runs, if possible. The samples were directly transported to the laboratory. The samples
were cooled with cooling packs and kept in a cool box.

Farm-related information was collected in structured interviews with the farm man-
ager using a standard questionnaire (Supplementary Materials). In particular, information
on the antibiotics used and the frequency of applications is included.
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During each farm visit, the farm manager was asked if diseases had occurred in the
herd since the last sampling, if antibiotics had been used or other changes had been made
(e.g., new suppliers of pigs or feed or changes in feeding the pigs).

2.4. Bacteriological Examination

Upon arrival at the laboratory, swabs (Sigma Transwab-Liquid Amies, Medical Wire &
Equipment, Corsham, UK) were immediately taken from the fecal samples for bacteriologi-
cal examination. The swabs were stored in the refrigerator at 6 ◦C until further processing,
while the tubes were frozen at −20 ◦C.

The swab samples were streaked by dilution plating on selective agar plates, CHRO-
Magar Orientation (Mast Diagnostica GmbH, Reinfeld, Germany), to which cefotaxime
(2 µg/mL, Alfa Aesar, Thermo Fisher Scientific, Kandel, Germany) had been added.
CHROM ID agar plates are particularly suitable for the identification of E. coli [29] and
the supplementation with cefotaxime allows the identification of ESBL/AmpC-producing
E. coli with high specificity [30]. We successfully applied this method in a recently published
study [9]. The plates were incubated for 18–24 h at 37 ◦C. According to the manufacturer’s
protocol, pink-violet colored, shiny colonies represent ESBL/AmpC-E. coli-positive results.
One characteristic colony per swab was selected for further processing and sub-cultivated
on CHROM ID agar plates supplemented with cefotaxime (2 µg/mL), until a pure culture
was obtained. Due to the large number of isolates and the focus of the study (i.e., identify-
ing differences between conventional and organic farming of fattening pigs and risk factors
related to the burden of ESBL-E. coli), no further differentiation of isolates was performed.

An ESBL confirmation test (MASTDICS Combi Extended-Spectrum ß-Lactamases
(ESßL) set, Mast Diagnostica GmbH, Reinfeld, Germany) was used to confirm the ESBL
phenotype. The test was conducted according to the manufacturer’s specifications as
well as the Clinical Laboratory Standards Institute (CLSI) guidelines [31]. Due to the
high specificity for the detection of ESBL-producing E. coli of the bacteriological assay
method [7–9], only a sample of 38 isolates was analyzed in the ESBL confirmatory test.

For the resistance screening test, LB agar plates were spiked with clinical breakpoint
concentrations of five different antimicrobial substances ([32]; ciprofloxacin was taken from
CLSI M100 ED29:2019 [33]). These were ampicillin (≥32 µg/mL), tetracycline (≥16 µg/mL),
streptomycin (≥64 µg/mL), gentamicin (≥16 µg/mL) and ciprofloxacin (≥1 µg/mL). The
pure cultures from the bacteriological examination were spread on Columbia agar +5%
sheep blood. Colony material was then collected using sterile toothpicks and transferred
to the LB plates containing antibiotics. The plates were incubated at 37 ◦C for 24 h. If no
bacterial growth was visible, the isolate was considered sensitive to the corresponding an-
tibiotic. In contrast, the isolate was considered resistant if colony growth had occurred. This
method was used as a screening test to identify isolates for further phenotypic resistance
testing using a microdilution assay performed in the VITEK 2 Compact.

Animals close to slaughtering are of particular public health concern. In this age
group, a total of 51 putative ESBL-producing E. coli were isolated from the fattening farms.
These 51 isolates were further analyzed using VITEK2 Compact. To this end, the isolates
were confirmed as E. coli by MALDI TOF-MS first [34]. The VITEK 2 Compact assay was
conducted according to the manufacturer’s instructions. The assay was performed using
the software version 9.02 and the AST-195 and AST-248 cards.

For the interpretation of MIC values (sensitive, intermediate or resistant), clinical
breakpoints according to CLSI M100 ED29:2019 [33] (ampicillin, amoxicillin/clavulanic
acid, piperacillin, piperacillin/tazobactam, cefuroxime, cefotaxime, ceftazidime, cefepime,
gentamicin, amikacin, tobramycin, ciprofloxacin, fosfomycin, nitrofurantoin, trimethoprim,
trimethoprim/sulfamethoxazole, aztreonam, imipenem, meropenem, and ertapenem) or
EUCAST 10.0 (Breakpoint Tables for the Interpretation of MICs and Zone Diameters
(version 10.0, 2020. http://www.eucast.org, last accessed 9 October 2020) moxifloxacin,
tigecycline, and colistin) were applied.

http://www.eucast.org
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2.5. Data Analysis and Statistics

The results of the bacteriological examinations were carried out at pen-level, since
pooled feces samples were taken from each pen. If a phenotypically cefotaxime-resistant
E. coli strain was found in a pen, the pen, and thus, the animal group located there were
defined as suspected ESBL- and AmpC-producing. The percentage of phenotypically
cefotaxime-resistant pens was calculated for the conventional and organic farms as well as
for the individual farms. To differentiate between age groups, quartiles were calculated.
The fattening pigs were divided into four age groups of equal sizes based on quartiles.

To analyze the potential association between the administration of antibiotics and
results of bacteriological tests indicating the presence of ESBL- and AmpC-producing E. coli,
the percentage of positive pens with and without antibiotic administration was calculated
and compared for conventional and organic farms. Furthermore, possible differences
regarding individual animal or group treatments were investigated. The results from
the organic farms were analyzed for potential differences between ESBL-positive pens
and runs.

Comparisons were first made using the Fisher exact test, although we cannot rule out
that pigs were sampled more than once; therefore, the results obtained on different sampling
days may not have been independent. In a further step, a multivariable comparison with
hierarchical structure was carried out. Using Microsoft Excel, 95% confidence intervals
according to Clopper and Pearson were calculated [35].

For a quantitative between-farm comparison regarding potentially multidrug-resistant
isolates, the percentages of ESBL-positive isolates against a maximum of five antibiotic
classes were calculated in relation to the total of all samples. We defined an isolate as
multidrug-resistant if it was resistant to at least three antibiotic classes. For each farm,
the percentage of pens with multidrug-resistant bacteria was calculated in relation to all
isolates used in the resistance screening test and the corresponding pens. Furthermore,
the percentage ratios of pens with bacteria that were multidrug-resistant against all five
antibiotic classes used in the resistance-screening test were determined for each farm in
relation to all isolates used in the resistance-screening test and the corresponding pens.
Since ciprofloxacin is of particular relevance due to its belonging to the group of “Highest
Priority Critically Important Antimicrobials”, the percentages of ciprofloxacin-resistant
pens in relation to all isolates used in the resistance-screening test were calculated for
all farms.

Since some animal groups within the farms were sampled on several occasions, a
dependency of the repeated samples could not be excluded. Therefore, we analyzed the
potential effect of various influence variables on the result of the bacteriological examination
(positive or negative) as the outcome variable in a generalized estimating equation (GEE)
model using the package “gee” [36] in the statistical software R (R Core Team (2018).
R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. Available online at https://www.R-project.org/, accessed on
1 December 2020).

In addition, GEE models were calculated to analyze potential associations between
the age groups or the farm orientation (organic or conventional) and the occurrence of
multidrug-resistant bacteria (resistance to at least three or five antibiotic groups). The
significance level was set at p < 0.05.

3. Results
3.1. Questionnaire

There were large differences in the number of piglet suppliers among the individual
farms. Some farms produced their own piglets (farms 2 and 7), while other farms had up
to four different origins of the piglets. A major finding of the survey was that the health
status of the piglets supplied varied widely. For example, piglets frequently suffered from
respiratory diseases (farms 3 and 4b) or diarrhea (farms 5 and 6) at delivery. The results of
the questionnaire are included in the supplementary data.

https://www.R-project.org/
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3.2. Bacteriological Examination

The percentage of ESBL-positive pens was greater on conventional farms, 55.2%
(74 out of 134; 95% CI: 46.8–63.4), than on organic farms, 44.8% (60 out of 134; 95% CI:
36.6–53.2). The difference is not statistically significant (Fisher exact test, p = 0.112). A
comparison of the individual farms showed that the range of values of the percentage of
ESBL-positive pens was narrow (54.3–61.9%) on conventional farms (farms 1 and 3), while
it varied between 7.7 and 84.2% on organic farms (farms 4a–7) (Figure 2). The proportion
of positive pens showed statistically significant differences between the farms (Fisher exact
test, p < 0.001). While the differences between the conventional farms were not statistically
significant (Fisher exact test, p = 0.825), those between the organic farms were statistically
significant (Fisher exact test, p < 0.001). Details are given in Table 1.

Figure 2. Average proportion of ESBL-positive pens per fattening pig farm in Mecklenburg-Western
Pomerania (grey bars = conventional farms, grey bordered bars = organic farms; error indicators
represent the 95% confidence intervals).

Table 1. Proportions of ESBL-positive pens and runs in organically managed fattening pig farms in
Mecklenburg-Western Pomerania per farm and farm visit in percent.

Sampling 1 Sampling 2 Sampling 3 Sampling 4 Sampling 5

Farm 1 100% (13/13) 100% (14/14) 6.7% (1/15) 28.6% (4/14) 76.9% (10/13)

Farm 2 100% (7/7) 28.6% (2/7) 71.4% (5/7) 0.0% (0/7) 71.4% (5/7)

Farm 3 66.7% (2/3) 100% (4/4) 16.7% (1/6) 100% (4/4) 50.0% (2/4)

Farm 4a
Pen
Run

0.0% (0/2)
0.0% (0/2)

50.0% (1/2)
0.0% (0/3)

0.0% (0/2)
0.0% (0/2)

0.0% (0/3)
0.0% (0/3)

0.0% (0/3)
0.0% (0/3)

Farm 4b
Pen
Run

100% (2/2)
-

66.7% (2/3)
-

75.0% (3/4)
100% (3/3)

100% (5/5)
100% (3/3)

60.0% (3/5)
33.3% (1/3)

Farm 5
Pen
Run

50.0% (2/4)
25.0% (1/4)

71.4% (5/7)
0.0% (0/2)

57.1% (4/7)
50.0% (3/6)

9.1% (1/11)
18.2% (2/11)

81.8% (9/11)
63.6% (7/11)

Farm 6
Pen
Run

100% (3/3)
100% (3/3)

75.0% (4/4)
100% (4/4)

0.0% (0/4)
25.0% (1/4)

33.3% (1/3)
0.0% (0/3)

100% (1/1)
100% (1/1)

Farm 7
Pen
Run

0.0% (0/6)
33.3% (2/6)

16.7% (1/6)
33.3% (2/6)

28.6% (2/7)
42.9% (3/7)

0.0% (0/7)
0.0% (0/7)

12.5% (1/8)
0.0% (0/8)

On farms 3, 4b and 6, group treatments with antibiotics were carried out in the sampled
fattening groups in addition to individual animal treatments during the sampling period.
In farm 3, 33.3% (4 of 12; 95% CI: 13.8–60.9) of the fattening groups, in farm 4b, 20% (2 of 10;
95% CI: 5.7–51.0) and in farm 6, 28.6% (2 of 7; 95% CI: 8.2–64.1) of the fattening groups were
affected. The percentage of ESBL-positive fattening groups was greater on farms with group
treatments (68.6%, 35 out of 51; 95% CI: 55.0–80.0) than on farms with individual treatments
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(49.7%; 95 out of 191; 95% CI: 42.7–56.8). The difference was statistically significant (Fisher
exact test, p = 0.018).

In addition, on the organic farms, the individual pens and runs were compared to each
other. On farm 4b, the runs were only completed or ready for use from the third farm visit
onwards and have thus not been sampled before. The percentage of ESBL-positive pens
was 40.8% (49 out of 120; 95% CI: 32.5–49.8), while 34.3% (36 out of 105; 95% CI: 25.9–43.8)
of the runs were ESBL-positive. The difference was not statistically significant (Fisher exact
test, p = 0.337).

3.3. Resistance Screening

A total of 238 E. coli were used in the resistance screening test for multidrug resistance
(i.e., resistant to penicillin, cephalosporins and at least one other class of antibiotics—
MDR; [37]) and ciprofloxacin resistance. Except for three isolates that did not show resis-
tance to any antibiotic, all isolates were at least resistant to penicillin and cephalosporins.
The number of resistant isolates decreased as the number of antibiotic classes, to which
resistance was present, increased (Table 2).

Table 2. Bacteriologically positive samples in fattening pigs and results of resistance screening.
3-MDR = isolates resistant to penicillin and cephalosporins and at least one other class of antibiotics;
5-MDR = isolates resistant to penicillin and cephalosporins and at least three other classes of antibiotics.

Farm
Number of Tested

Samples
Resistance Screening

Number of Tested Isolates * 3-MDR 5-MDR Resistant to Ciprofloxacin

1 106 41 15 (36.6%) 2 (4.9%) 4 (9.8%)

2 98 34 11 (32.4%) 2 (5.9%) 3 (8.8%)

3 113 23 20 (87.0%) 4 (17.4%) 5 (21.7%)

4a 113 0 0 (0.0%) 0 (0.0%) 0 (0.0%)

4b 132 48 46 (95.8%) 7 (14.6%) 19 (39.6%)

5 240 58 13 (22.4%) 1 (1.7%) 2 (3.4%)

6 134 24 23 (95.8%) 2 (8.3%) 12 (50.0%)

7 200 10 9 (90.0%) 0 (0.0%) 7 (70.0%)

* i.e., phenotypically cefotaxime-resistant E. coli.

Multidrug-resistant isolates (i.e., resistant to penicillin, cephalosporins and at least
one other class of antibiotics—3-MDR; [37]) were found on all farms except for farm 4a.
The organic farms 4b and 6 showed the highest percentage of pens with 3-MDR bacteria.
The conventional farm 3 also had almost 50% of pens with 3-MDR bacteria. In the pens
of the other farms (both conventional and organic), the resistances were below 30%. The
comparison of conventional and organic farms showed that the proportion of 3-MDR
positive pens was almost the same. While it was 28.6% (34 out of 119; 95% CI: 21.2–37.3)
in the conventional farms, 31.5% (35 out of 111; 95% CI: 23.6–40.7) positive pens were
found in the organic farms. The difference was not statistically significant (Fisher exact test,
p = 0.667).

Multidrug-resistant isolates against penicillin, cephalosporins and the other three
classes of antibiotics used in the resistance screening test (5-MDR) were found in all farms
except for farm 4a and 7. The comparison of the farms with regard to 5-MDR positive
pens showed that the organic farms 4b and 6, as well as the conventional farm 3, had the
most pens with 5-MDR bacteria. In all other farms, the proportion of pens with 5-MDR
bacteria was below 10%. The comparison of conventional and organic farms showed that
the proportion of pens with 5-MDR bacteria was 5.9% (7 out of 119; 95% CI: 2.9–11.7) on the
conventional farms, while it was higher on the organic farms with 9.4% (10 out of 107; 95%
CI: 5.2–16.4). The difference was not statistically significant (Fisher exact test, p = 0.450).
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Ciprofloxacin belongs to the fluoroquinolones and is thus assigned to the “Highest
Priority Critically Important Antimicrobials” [38]. The comparison of conventional and
organic farms showed that the percentage of pens with E. coli resistant to ciprofloxacin was
9.2% (11 out of 119; 95% CI: 5.2–15.8) on conventional farms, while it was 17.3% (19 out
of 110; 95% CI: 11.4–25.4) on organic farms. The difference was not statistically significant
(Fisher exact test, p = 0.080).

3.4. VITEK 2 Compact AST Examination of Isolates Obtained from Pigs at the End of the
Fattening Period

Animals in the finishing age group are of particular importance for public health,
as these animals are awaiting slaughter. In this age group, a total of 51 putative ESBL-
producing E. coli were isolated from the fattening farms. These 51 isolates were then
analyzed for phenotypic resistance using VITEK2 Compact. AST results are shown in
Table 3.

Table 3. Resistance profiles in the VITEK 2 Compact study of 51 isolates derived from pigs in finishing
fattening (≥90 d in fattening). Isolates with identical results in AST from one farm were summarized
to a resistance profile. (Con = conventional farm; Org = organic farm, S = sensitive, I = intermediate,
R = resistant).

Farm 1 (Con) Farm 2 (Con) Farm 3
(Con) Farm 4b (Org) Farm 5

(Org)
Farm 6
(Org)

Ampicillin R R R R R R R R R R R R R R R R R R R R R R R R
Amoxicillin/Clavulanic acid S S S S S S S S S I S S S S S S S S S S S S S S
Piperacillin R R R R R R R R R R R R R R R R R R R R R R R R
Piperacillin/Tazobactam S S S S S S S S S S S S S S S S S S S S S S S S
Cefuroxime R R R R R R R R R R R R R R R R R R R R R R R R
Cefotaxime R R R R R R R R R R R R R R R R R R R R R R R R
Ceftazidime R S S S R S S S S S S R S R S R S S S S R S S S
Cefepime R S S S R S S S S S S R S S S S S S S S S S R S
Gentamicin R S S S R S S I S S S R S S S S S S S S S S S S
Amikacin S S S S S S S S S S S S S S S S S S S S S S S S
Tobramycin I S S S I S S R S S S I S S S S S S S S S S S S
Ciprofloxacin R S S S R S S S S S S R R S S S S S S S S S S S
Moxifloxacin R S S S R S S S S S S R R R S R S R S S S R R R
Fosfomycin S S S S S S S I S S S S S S S S S S S S S S S S
Nitrofurantoin S S S S S S S S S S S S S S S S I S S S S S S S
Trimethoprim R R S S R R R S R S S R S S S R S S S S S S S S
Trimethoprim/Sulfamethoxazole R R S S R R R R R S S R S S S R S S S S S S S S
Aztreonam R R R S R R S I S S S R R S S R S S S S S S R R
Imipenem S S S S S S S S S S S S S S S S S S S S S S S S
Meropenem S S S S S S S S S S S S S S S S S S S S S S S S
Ertapenem S S S S S S S S S S S S S S S S S S S S S S S S
Tigecycline S S S S S S S S S S S S S S S S S S S S S S S S
Colistin S S S S S S S S S S S S S S S S S S S S S S S S

From farm 1, six isolates of pigs from the final fattening stage were investigated. Two
of these isolates were resistant to penicillin and cephalosporins (including 3rd generation
cephalosporins). However, two isolates were also resistant to 4th generation cephalosporins
(cefepime), monobactams (aztreonam), diaminopyrimidines (trimethoprim and trimetho-
prim/sulfamethoxazole), aminoglycosides (gentamicin) and fluoroquinolones up to 4th gen-
eration (ciprofloxacin and moxifloxacin) and had an intermediate reaction to tobramycin
(aminoglycoside). Overall, four different resistance profiles were identified in the six isolates.

Four isolates from finishing pigs were identified from farm 2. All showed different
resistance profiles. The isolate with most resistances was resistant to penicillin, 4th gener-
ation cephalosporins, aminoglycosides (gentamicin), fluoroquinolones (ciprofloxacin and
moxifloxacin), diaminopyrimidines (trimethoprim and trimethoprim/sulfamethoxazole) and
monobactams (aztreonam). Furthermore, it was intermediate to tobramycin (aminoglycoside).

Six isolates were available from farm 3. Four isolates were resistant to penicillin
and 3rd generation cephalosporins as well as to diaminopyrimidines (trimethoprim and
trimethoprim/sulfamethoxazole). Table 3 shows the three different resistance profiles.
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While there were no isolates from finishing pigs in farm 4a, 16 ESBL-carrying iso-
lates were found in farm 4b. Three isolates were resistant to penicillin, cephalosporins
(including 4th generation cephalosporins), fluoroquinolones (ciprofloxacin and moxi-
floxacin), aminoglycosides (gentamicin), diaminopyrimidines (trimethoprim and trimetho-
prim/sulfamethoxazole) and monobactams (aztreonam). Furthermore, they were inter-
mediate to aminoglycosides (tobramycin). A total of eight different resistance profiles
were identified.

On farm 5, 18 isolates were identified as ESBL. A total of 15 isolates showed an identical
resistance profile. These isolates were resistant to penicillin and cephalosporins (including
3rd generation cephalosporins). One isolate was resistant to moxifloxacin (fluoroquinolone).
Overall, three different resistance profiles were found, which are shown in Table 3.

From farm 6, 3 isolates were obtained from finishing pigs. The resistance profile of
these isolates was almost identical. Overall, all isolates were resistant to penicillin, 3rd
generation cephalosporins, fluoroquinolones (moxifloxacin) and monobactams (aztreonam).
Two of these isolates were also resistant to cefepime (4th generation cephalosporin). There
were two different resistance profiles.

On farm 7, no ESBL carrying E. coli isolates could be obtained in the finishing
age group.

In total, there were three farms (farms 1, 2 and 4b) where isolates from finishing pigs
showed resistance to ciprofloxacin. Resistance to tobramycin was found in farm 2. Resis-
tance to moxifloxacin was identified on five farms (farms 1, 2, 4b, 5 and 6). The comparison
of all farms showed that farm 5 had the least resistance in terms of the number of antibiotics
of the resistance profiles. E. coli from all farms were sensitive to amoxicillin/clavulanic acid,
piperacillin/tazobactam, carbapenems, fosfomycin, nitrofurantoin, amikacin, tigecycline
and colistin.

3.5. Multivariable Analysis

Multivariable analysis using the GEE model revealed a statistically significant dif-
ference between conventional and organic pig farms with regard to the results of the
bacteriological examination (p < 0.001). Organic farms were less likely to be positive in the
bacteriological testing than conventional farms. The age group comparison showed that
age group 3 was statistically significantly different from age group 1 (p = 0.043), indicating
a lower risk of age group 3 as being bacteriologically positive, while the other age groups
were not statistically significantly different from age group 1.

A comparison of conventional and organic farms in relation to 3-MDR showed that
there were tendencies for differences in the statistical evaluation for the organic farms
(p = 0.059) and in age group 4 (p = 0.086), but these did not reach the level of statistical
significance. The organic farms tended to have a higher odds ratio of being resistant
to at least three classes of antibiotics than the conventional farms (OR = 2.136, 95% CI
0.971–4.698) and age group 4 tended to have a lower risk than age group 1.

When comparing conventional and organic farms, multivariable analysis revealed no
statistically significant differences with regard to 5-MDR.

When conventional and organic farms were compared with regard to resistance to
ciprofloxacin, it became evident that the organic farms were statistically significantly more
resistant to ciprofloxacin (p = 0.007) than the conventional farms. However, there were no
statistically significant differences with regard to the age groups.

4. Discussion
4.1. Bacteriological Examination

At the farm level, the prevalence of ESBL-positive pig farms was 100% (8 of 8). Thus,
it is higher than in other studies conducted in Germany. In 2012, Dahms et al. investigated
five pig farms in Mecklenburg-Western Pomerania for their ESBL-status and identified three
ESBL-positive farms (60%, 3 of 5) [39]. During the same period, Friese et al. also conducted
investigations in pig farms in the north and east of Germany, where the prevalence was even
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lower (43.8%, 7 of 16) [16]. Furthermore, Hering et al. detected cefotaxime-resistant E. coli in
83% (40 of 48) of fecal samples from fattening pig farms investigated throughout Germany.
However, it should be noted that the isolates were not confirmed as ESBL-producers and
could have been positive for AmpC [26].

The differences between the work presented here and the results of the aforementioned
studies might be due to the fact that the published data came from cross-sectional studies
and, therefore, the pigs had only been sampled on a single occasion. As a result, it
could be possible that due to fluctuations in resistance status, individual farms were
negative at the (one-time) sampling date. Furthermore, these studies were conducted
approximately six years ago. Thus, the results obtained in our study might even indicate
an increase in prevalence, which may have been caused in particular by the ongoing
frequent administration of antibiotics to fattening pigs. ESBL-producing pathogens will
never disappear and they can be expected to continue to spread worldwide in the future,
even in the One Health context [15].

Although all farms used antibiotics, a comparison of conventional and organic farms
showed that the percentage of ESBL-positive pens was greater on conventional farms, 55.2%
(74 of 134; 95% CI: 46.8–63.4), than on organic farms, 44.8% (60 of 134; 95% CI: 36.6–53.2). In
addition, multivariable analysis using GEE modeling confirmed that there was a statistically
significant difference between the two types of farms when comparing conventional and
organic pig farms (p < 0.001). Conventional farms had a higher probability of being positive
in bacteriological testing than organic farms. Intestinal E. coli resistance was less common
in organic pig farms than in conventional farms in Denmark, France, Italy and Sweden
as shown by Österberg et al. [40]. Studies in the USA [41] and New Zealand [42] came to
similar conclusions. Dahms et al. studied four organic pig farms in Mecklenburg-Western
Pomerania, Germany. All farms were ESBL-positive. However, there was no statistically
significant effect on ESBL status, regardless of whether the farms were conventional or
organic [39].

In addition, a comparison of individual farms illustrated that the percentage of ESBL-
positive pens was very similar among conventional farms (54.3–61.9%), while it varied
widely among farms managed organically, ranging from 7.7 to 84.2%.

Dohmen et al. showed that the probability of finding ESBL-producing E. coli on a
farm was greater when piglets were purchased. This result was not statistically significant,
but a trend could be observed [25]. Fertner et al. showed that pig farms with a low use
of antibiotics, among others, purchased weaner piglets from only one supplier [28]. The
impact of the farms of origin on the ESBL status of the fattening pig farms became also
evident in our study when the organic farms 4a and 4b were compared. Although the
same person was responsible for the management of both farms, they showed the greatest
difference of all farms overall in terms of the proportions of ESBL-positive pens. One
major difference between the two farms was that they obtained their piglets from different
suppliers. Thereby, diseases continuously occurred in the fattening pigs in farm 4b. The
pigs regularly had diseases of the respiratory tract, they often had problems with joint
inflammations, tail biting and cannibalism, as well as regularly occurring diarrhea. For
this reason, not only individual animals received antibiotics in farm 4b, but they were
sometimes used in the whole fattening group. This may have triggered an increase in
ESBL-positive pens. On farm 4a, the fattening pigs also showed diseases of the respiratory
tract, but they were milder and rarely required the use of antibiotics, which were only
administered to individual animals. A similar situation was present on farm 7. The farm
produced its own piglets and had the lowest proportion of ESBL-positive pens following
farm 4a.

These results suggest that not only the fact that the pigs who were purchased from
external suppliers may be associated with a higher proportion of ESBL-positive pens, but
also that the situation regarding existing diseases on the farm of origin may play a decisive
role. Hansen et al. showed that there was an association between the CTX-M status of a
sow and that of her piglets (however, this was not statistically significant in the study) [23].
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This illustrates how important animal health status and farm management, especially in
terms of hygiene and biosecurity, already seems to be in producer farms.

Resistance screening showed that the proportion of pens with multidrug-resistant
E. coli (resistant to at least three classes of antibiotics) was very similar between conventional
(28.6%) and organic (31.5%) farms. The results of multivariable analysis indicated that
organic farms tended to have a higher risk of being resistant to at least three classes of
antibiotics (p = 0.059). This may be due to closer contact to the surroundings in the runs,
which allow contact with soil, puddles and wild bird droppings. Further characterization
of the corresponding isolates, e.g., by whole genome sequencing, might be helpful to
determine whether there are breeding style-specific differences. This is planned for follow-
up studies.

Similar results were obtained when conventional and organic farms were compared
with respect to pens with multidrug-resistant pathogens (resistant to all five of the antibiotic
classes used in the resistance screening test). Here, the percentage was slightly higher on
organic (9.4%) than on conventional farms (5.9%). However, no statistically significant
difference could be shown by multivariable analysis.

Very few studies have investigated multidrug-resistance in pigs comparatively be-
tween conventional and organic farms. One group compared E. coli strains derived from
pork and found that the incidence of MDR E. coli strains was significantly (p < 0.0001)
higher in conventional pork than in organic pork [43]. In the study by Gebreyes et al., the
occurrence of MDR Salmonella bacteria in antibiotic-free and conventional pig farms was
one of the factors investigated. The authors found that multidrug-resistant strains were
also present on farms that had never used any antibiotics to treat pigs. They hypothesized
that several risk factors (e.g., usage of copper [44]) allow resistant strains to persist even
without selection pressure from antibiotics [45].

We were unable to clarify conclusively why the proportions of pens with multidrug-
resistant bacteria were higher in the organic farms than in the conventional pig fattening
units we studied. However, it is necessary to differentiate between individual farms: the
proportions of pens with multidrug-resistant germs (resistant to at least three as well as to
all five antibiotics) were highest on only two organic farms (farm 4b and 6).

Farm 4b had both the highest proportion of ESBL positive pens and also the highest
proportions of pens with multidrug-resistant bacteria. In contrast, the proportions of pens
with multidrug-resistant germs were proportionally smaller in organic farms 5 and 7 with
respect to ESBL-positive pens. The conventional farm 3 had the highest proportion of pens
with multidrug-resistant bacteria of the conventional farms. This might be due to the use
of a large variety of different antibiotics. Six different antibiotics were used in weaners,
while another four active substances were administered to fattening pigs. Another reason
may be that not only individual animal treatments were carried out, but antibiotics were
also administered to whole groups. It is known from the literature that weaners, followed
by suckling piglets, received more antibiotics compared to fattening pigs. Thus, it was
especially noticeable in suckling piglets that many 3rd and 4th generation cephalosporins
had been given to them. Overall, piglets frequently received aminopenicillins, macrolides
and polymyxins [46].

Multivariable analysis revealed another statistically significant difference between
the two breeding types in addition to the aforementioned higher likelihood of being
ESBL-positive in a conventional farm. When we looked at the percentage of barns with
ciprofloxacin-resistant E. coli, the proportion of barns in conventional farms (9.2%) was
lower than in organic farms (17.3%) (p = 0.007). However, the resistance of these strains to
ciprofloxacin did not necessarily develop on the fattening farms. Particularly on organic
farms, there are several possible entry routes for these pathogens through the runs (e.g.,
contact with soil, puddles and wild bird droppings). Recent studies demonstrated that
ciprofloxacin-resistant E. coli are present in wild animals and that they are introduced into
the environment, e.g., via wastewater from slaughterhouses [7,8]. For mcr-carrying E. coli, a
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meta-analysis revealed that environmental samples have the highest prevalence of these
pathogens [47].

As already described in the section “bacteriological examination”, the two farms 4a
and 4b are particularly interesting; both farms were managed by the same person, but obtain
the piglets from different suppliers with considerable differences in piglet health. As for the
proportions of ESBL-positive compartments, these two farms also harbored the maximum
(farm 4b) and the minimum (farm 4a) of pens that were positive for multidrug-resistant and
ciprofloxacin-resistant E. coli. Moreover, for both the proportions of multidrug-resistant
and ciprofloxacin-resistant E. coli, the lowest proportions of positive compartments were
found on farms with few external piglet suppliers (farm 1) or their own piglet production
(farms 2 and 7).

The presence of multidrug resistance often accompanies fluoroquinolone resistance [48].
Often, the individual resistance genes are part of the same plasmids [49]. Whole genome
sequencing could clarify whether this is also the case in the isolates of the present study. In
addition, it could be screened for other genes of specific traits (e.g., biofilm formation) and
examined to discover whether clones occur within a stable.

Organic farmers were aware of the fact that they often purchased piglets that brought
diseases from the farm of origin into the fattening sector. However, they pointed out that
there were very few piglet producers in the organic sector and that sometimes there were
not enough fattening piglets on offer, so they had no alternative other than to buy piglets
that were at risk of bringing diseases and possibly multidrug-resistant bacteria with them.

4.2. VITEK 2 Compact Examination

Whether transmission of ESBL-producing Enterobacteriaceae to humans can occur via
meat consumption is controversially discussed in the literature. For example, some studies
have found similarities between human isolates and those from meat, suggesting that
transmission is possible [50–53]. On the other hand, Irrgang et al. showed that further
molecular epidemiological investigations revealed a great diversity of CTX-M-1 positive
isolates [54].

The aim of the present study was to investigate which resistance profiles occur in the
finishing age group and can potentially enter the food chain. Therefore, all ESBL-positive
isolates from finishing pigs were analyzed in the study using VITEK 2 Compact. These
animals were slaughtered soon after sampling and the examination of the isolates was
aimed at identifying resistances that could potentially be transmitted to humans.

All isolates were sensitive to carbapenems. Carbapenemase-producing bacteria cur-
rently cause major concern because they are often resistant to other antibiotics as well, and
thus, leave only a few therapeutic options [55].

Although farms 1, 2, 4b and 7 did not use aminoglycosides in fattening pigs, isolates
with resistance to gentamicin were found in these farms. In addition, bacteria resistant
to tobramycin were detected on farm 2. This could be due to co-resistance or because
the piglet producers that delivered animals to farms 1 and 4b had already administered
aminoglycosides to the piglets. All isolates were sensitive to amikacin.

Isolates resistant to the fluoroquinolones ciprofloxacin (farms 1, 2 and 4b) and moxi-
floxacin (farms 1, 2, 4b, 5 and 6) were found in many farms. Both active substances must
not be used in food-producing animals. Farm 4b, which did not use fluoroquinolones in
its fattening pigs, was particularly conspicuous. Nevertheless, 7 of 16 isolates showed
resistance to moxifloxacin.

All isolates were sensitive to fosfomycin and tigecycline. Both agents are classified as
reserve antibiotics and are only used in human medicine.
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Although colistin was used in some farms, isolates from all farms were sensitive to
this compound. A similar picture in terms of prevalence was found in German fattening
pigs (1%) and fattening pigs in the finishing period (0%) [56]. However, in 2015, Liu et al.
found plasmid-mediated colistin resistance genes (mcr-1) in E. coli isolates from animals,
food and human sepsis samples from China [57]. Additionally, mcr-1 carrying ESBL-E. coli
could be detected in wastewater from pig slaughterhouses [7].

5. Conclusions

The present study shows that antibiotic resistance is widespread in fattening pigs.
ESBL-producing E. coli were present in both conventional and organic farms. The burden
of ESBL-E. coli varied greatly from farm to farm. Farms with only one piglet supplier
or their own piglet production tended to have lower loads of ESBL-positive, multidrug-
resistant and ciprofloxacin-resistant E. coli. However, the proportion of multidrug-resistant
and ciprofloxacin-resistant pathogens was not lower on organic farms than on conven-
tional farms.

The focus of the study was to investigate differences between conventional and organic
fattening pigs and to derive risk factors associated with the burden of ESBL-producing
E. coli. For this reason, and because of the large number of isolates obtained, we focused the
study on determining phenotypic resistance. To gain more detailed insights into individual
groups (e.g., ciprofloxacin-resistant isolates from this study along with isolates from other
farms), we plan to perform whole genome sequencing in the future. These investigations
can then contribute to a better understanding of the sources of entry and intra-farm spread,
and help to define intervention measures.
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Cephalosporin Resistance in Indicator Escherichia coli Isolated from Food Animals. Vet. Microbiol. 2016, 194, 69–73. [CrossRef]

19. Ewers, C.; de Jong, A.; Prenger-Berninghoff, E.; El Garch, F.; Leidner, U.; Tiwari, S.K.; Semmler, T. Genomic Diversity and
Virulence Potential of Esbl- and Ampc-B-Lactamase-Producing Escherichia coli Strains from Healthy Food Animals across Europe.
Front. Microbiol. 2021, 12, 626774. [CrossRef]

20. García-Cobos, S.; Köck, R.; Mellmann, A.; Frenzel, J.; Friedrich, A.W.; Rossen, J.W. Molecular Typing of Enterobacteriaceae from
Pig Holdings in North-Western Germany Reveals Extended- Spectrum and Ampc B-Lactamases Producing but No Carbapenem
Resistant Ones. PLoS ONE 2015, 10, e0134533. [CrossRef]

21. Hille, K.; Fischer, J.; Falgenhauer, L.; Sharp, H.; Brenner, G.; Kadlec, K.; Friese, A.; Schwarz, S.; Imirzalioglu, C.; Kietzmann, M.; et al.
Zum Vorkommen Von Extended-Spektrum- Und Ampc-Beta-Laktamase-Produzierenden Escherichia coli in Nutztierbeständen:
Ergebnisse Ausgewählter Europäischer Studien. Berl. Und Munch. Tierarztl. Wochenschr. 2014, 127, 403.

22. Hendriksen, R.S.; Mevius, D.J.; Schroeter, A.; Teale, C.; Jouy, E.; Butaye, P.; Franco, A.; Utinane, A.; Amado, A.; Moreno, M.;
et al. Occurrence of Antimicrobial Resistance among Bacterial Pathogens and Indicator Bacteria in Pigs in Different European
Countries from Year 2002–2004: The Arbao-Ii Study. Acta Vet. Scand. 2008, 50, 19. [CrossRef] [PubMed]

23. Hansen, K.H.; Damborg, P.; Andreasen, M.; Nielsen, S.S.; Guardabassi, L. Carriage and Fecal Counts of Cefotaxime M-Producing
Escherichia coli in Pigs: A Longitudinal Study. Appl. Environ. Microbiol. 2013, 79, 794–798. [CrossRef] [PubMed]

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

25. Dohmen, W.; Van Gompel, L.; Schmitt, H.; Liakopoulos, A.; Heres, L.; Urlings, B.A.; Mevius, D.; Bonten, M.J.M.; Heederik, D.J.J.
Esbl Carriage in Pig Slaughterhouse Workers Is Associated with Occupational Exposure. Epidemiol. Infect. 2017, 145, 2003–2010.
[CrossRef]

26. Hering, J.; Hille, K.; Frömke, C.; von Münchhausen, C.; Hartmann, M.; Schneider, B.; Friese, A.; Roesler, U.; Merle, R.; Kreienbrock,
L. Prevalence and Potential Risk Factors for the Occurrence of Cefotaxime Resistant Escherichia coli in German Fattening Pig
Farms—A Cross-Sectional Study. Prev. Vet. Med. 2014, 116, 129–137. [CrossRef]

27. Hille, K.; Felski, M.; Ruddat, I.; Woydt, J.; Schmid, A.; Friese, A.; Fischer, J.; Sharp, H.; Valentin, L.; Michael, G.B.; et al.
Association of Farm-Related Factors with Characteristics Profiles of Extended-Spectrum B-Lactamase-/Plasmid-Mediated Ampc
B-Lactamase-Producing Escherichia coli Isolates from German Livestock Farms. Vet. Microbiol. 2018, 223, 93–99. [CrossRef]

28. Fertner, M.; Boklund, A.; Dupont, N.; Enøe, C.; Stege, H.; Toft, N. Weaner Production with Low Antimicrobial Usage: A
Descriptive Study. Acta Vet. Scand. 2015, 57, 38. [CrossRef]

http://doi.org/10.1016/j.scitotenv.2019.135001
http://doi.org/10.3390/antibiotics10050568
http://doi.org/10.3390/antibiotics11020123
http://doi.org/10.3390/microorganisms9102135
http://doi.org/10.1016/S0140-6736(21)02724-0
http://doi.org/10.1186/s12940-017-0315-4
http://www.ncbi.nlm.nih.gov/pubmed/29073935
http://doi.org/10.1128/AAC.15.6.792
http://www.ncbi.nlm.nih.gov/pubmed/314270
http://doi.org/10.1007/BF01641355
http://www.ncbi.nlm.nih.gov/pubmed/6321357
http://doi.org/10.1089/mdr.2006.12.145
http://doi.org/10.1128/CMR.00047-19
http://doi.org/10.1093/jac/dkz035
http://doi.org/10.1016/j.vetmic.2016.01.023
http://doi.org/10.3389/fmicb.2021.626774
http://doi.org/10.1371/journal.pone.0134533
http://doi.org/10.1186/1751-0147-50-19
http://www.ncbi.nlm.nih.gov/pubmed/18554407
http://doi.org/10.1128/AEM.02399-12
http://www.ncbi.nlm.nih.gov/pubmed/23160131
http://doi.org/10.1016/S0140-6736(15)00473-0
http://doi.org/10.1017/S0950268817000784
http://doi.org/10.1016/j.prevetmed.2014.06.014
http://doi.org/10.1016/j.vetmic.2018.07.022
http://doi.org/10.1186/s13028-015-0130-2


Microorganisms 2022, 10, 603 15 of 16

29. Merlino, J.; Siarakas, S.; Robertson, G.J.; Funnell, G.R.; Gottlieb, T.; Bradbury, R. Evaluation of Chromagar Orientation for
Differentiation and Presumptive Identification of Gram-Negative Bacilli and Enterococcus Species. J. Clin. Microbiol. 1996, 34,
1788–1793. [CrossRef]

30. Vinueza-Burgos, C.; Ortega-Paredes, D.; Narváez, C.; De Zutter, L.; Zurita, J. Characterization of Cefotaxime Resistant Escherichia
coli Isolated from Broiler Farms in Ecuador. PLoS ONE 2019, 14, e0207567. [CrossRef]

31. CLSI. Performance Standards for Antimicrobial Disk and Dilution Susceptibility Tests for Bacteria Isolated from Animals, 4th ed.; Clinical
and Laboratory Standards Institute: Wayne, PA, USA, 2018.

32. Guenther, S.; Grobbel, M.; Lübke-Becker, A.; Goedecke, A.; Friedrich, N.D.; Wieler, L.H.; Ewers, C. Antimicrobial Resistance
Profiles of Escherichia coli from Common European Wild Bird Species. Vet. Microbiol. 2010, 144, 219–225. [CrossRef] [PubMed]

33. CLSI. Performance Standards for Antimicrobial Susceptibility Testing, 29th ed.; Clinical and Laboratory Standards Institute: Wayne,
PA, USA, 2019.

34. Sauer, S.; Freiwald, A.; Maier, T.; Kube, M.; Reinhardt, R.; Kostrzewa, M.; Geider, K. Classification and Identification of Bacteria
by Mass Spectrometry and Computational Analysis. PLoS ONE 2008, 3, e2843. [CrossRef] [PubMed]

35. Bortz, J.; Schuster, C. Statistik für Human—Und Sozialwissenschaftler; Vollständig Überarbeitete und Erweiterte Auflage; Springer:
Berlin/Heidelberg, Germany, 2010; Volume 7.

36. Højsgaard, S.; Halekoh, U.; Yan, J. The R Package Geepack for Generalized Estimating Equations. J. Stat. Softw. 2005, 15, 1–11.
37. 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]

38. AGISAR; WHO. Critically Important Antimicrobials for Human Medicine, 5th ed.; World Health Organization: Geneva, Switzerland, 2017.
39. Dahms, C.; Hübner, N.O.; Kossow, A.; Mellmann, A.; Dittmann, K.; Kramer, A. Occurrence of Esbl-Producing Escherichia coli in

Livestock and Farm Workers in Mecklenburg-Western Pomerania, Germany. PLoS ONE 2015, 10, e0143326. [CrossRef]
40. Österberg, J.; Wingstrand, A.; Jensen, A.N.; Kerouanton, A.; Cibin, V.; Barco, L.; Denis, M.; Aabo, S.; Bengtsson, B. Antibiotic

Resistance in Escherichia coli from Pigs in Organic and Conventional Farming in Four European Countries. PLoS ONE 2016,
11, e0157049. [CrossRef]

41. Zwonitzer, M.R.; Soupir, M.L.; Jarboe, L.R.; Smith, D.R. Quantifying Attachment and Antibiotic Resistance of from Conventional
and Organic Swine Manure. J. Environ. Qual. 2016, 45, 609–617. [CrossRef]

42. Nulsen, M.F.; Mor, M.B.; Lawton, D.E. Antibiotic Resistance among Indicator Bacteria Isolated from Healthy Pigs in New Zealand.
N. Z. Vet. J. 2008, 56, 29–35. [CrossRef]

43. Miranda, J.M.; Vázquez, B.I.; Fente, C.A.; Barros-Velázquez, J.; Cepeda, A.; Abuín, C.M.F. Antimicrobial Resistance in Escherichia
coli Strains Isolated from Organic and Conventional Pork Meat: A Comparative Survey. Eur. Food Res. Technol. 2008, 226, 371–375.
[CrossRef]

44. Hasman, H.; Aarestrup, F.M. Relationship between Copper, Glycopeptide, and Macrolide Resistance among Enterococcus Faecium
Strains Isolated from Pigs in Denmark between 1997 and 2003. Antimicrob. Agents Chemother. 2005, 49, 454–456. [CrossRef]

45. Gebreyes, W.A.; Thakur, S.; Morrow, W.E. Comparison of Prevalence, Antimicrobial Resistance, and Occurrence of Multidrug-
Resistant Salmonella in Antimicrobial-Free and Conventional Pig Production. J. Food Prot. 2006, 69, 743–748. [CrossRef]
[PubMed]

46. Raasch, S.; Postma, M.; Dewulf, J.; Stärk, K.D.C.; Beilage, E.G. Association between Antimicrobial Usage, Biosecurity Measures as
Well as Farm Performance in German Farrow-to-Finish Farms. Porc. Health Manag. 2018, 4, 30. [CrossRef] [PubMed]

47. Elbediwi, M.; Li, Y.; Paudyal, N.; Pan, H.; Li, X.; Xie, S.; Rajkovic, A.; Feng, Y.; Fang, W.; Rankin, S.C.; et al. Global Burden of
Colistin-Resistant Bacteria: Mobilized Colistin Resistance Genes Study (1980–2018). Microorganisms 2019, 7, 461. [CrossRef]
[PubMed]

48. Hooper, D.C.; Jacoby, G.A. Mechanisms of Drug Resistance: Quinolone Resistance. Ann. N. Y. Acad. Sci. 2015, 1354, 12–31.
[CrossRef]

49. Chong, Y.; Shimoda, S.; Shimono, N. Current Epidemiology, Genetic Evolution and Clinical Impact of Extended-Spectrum
B-Lactamase-Producing Escherichia coli and Klebsiella Pneumoniae. Infect. Genet. Evol. 2018, 61, 185–188. [CrossRef]

50. Gerhold, G.; Schulze, M.H.; Gross, U.; Bohne, W. Multilocus Sequence Typing and Ctx-M Characterization of Esbl-Producing E.
coli: A Prospective Single-Centre Study in Lower Saxony, Germany. Epidemiol. Infect. 2016, 144, 3300–3304. [CrossRef]

51. Kluytmans, J.A.; Overdevest, I.T.; Willemsen, I.; Kluytmans-van den Bergh, M.F.; van der Zwaluw, K.; Heck, M.; Rijnsburger, M.;
Vandenbroucke-Grauls, C.M.; Savelkoul, P.H.; Johnston, B.D.; et al. Extended-Spectrum B-Lactamase-Producing Escherichia coli
from Retail Chicken Meat and Humans: Comparison of Strains, Plasmids, Resistance Genes, and Virulence Factors. Clin. Infect.
Dis. 2013, 56, 478–487. [CrossRef]

52. Pietsch, M.; Eller, C.; Wendt, C.; Holfelder, M.; Falgenhauer, L.; Fruth, A.; Grössl, T.; Leistner, R.; Valenza, G.; Werner, G.; et al.
Molecular Characterisation of Extended-Spectrum B-Lactamase (Esbl)-Producing Escherichia coli Isolates from Hospital and
Ambulatory Patients in Germany. Vet. Microbiol. 2017, 200, 130–137. [CrossRef]

53. Schink, A.K.; Kadlec, K.; Kaspar, H.; Mankertz, J.; Schwarz, S. Analysis of Extended-Spectrum-B-Lactamase-Producing Escherichia
coli Isolates Collected in the Germ-Vet Monitoring Programme. J. Antimicrob. Chemother. 2013, 68, 1741–1749. [CrossRef]

http://doi.org/10.1128/jcm.34.7.1788-1793.1996
http://doi.org/10.1371/journal.pone.0207567
http://doi.org/10.1016/j.vetmic.2009.12.016
http://www.ncbi.nlm.nih.gov/pubmed/20074875
http://doi.org/10.1371/journal.pone.0002843
http://www.ncbi.nlm.nih.gov/pubmed/18665227
http://doi.org/10.1093/jac/dky043
http://doi.org/10.1371/journal.pone.0143326
http://doi.org/10.1371/journal.pone.0157049
http://doi.org/10.2134/jeq2015.05.0245
http://doi.org/10.1080/00480169.2008.36801
http://doi.org/10.1007/s00217-006-0547-y
http://doi.org/10.1128/AAC.49.1.454-456.2005
http://doi.org/10.4315/0362-028X-69.4.743
http://www.ncbi.nlm.nih.gov/pubmed/16629014
http://doi.org/10.1186/s40813-018-0106-5
http://www.ncbi.nlm.nih.gov/pubmed/30564434
http://doi.org/10.3390/microorganisms7100461
http://www.ncbi.nlm.nih.gov/pubmed/31623244
http://doi.org/10.1111/nyas.12830
http://doi.org/10.1016/j.meegid.2018.04.005
http://doi.org/10.1017/S0950268816001412
http://doi.org/10.1093/cid/cis929
http://doi.org/10.1016/j.vetmic.2015.11.028
http://doi.org/10.1093/jac/dkt123


Microorganisms 2022, 10, 603 16 of 16

54. Irrgang, A.; Hammerl, J.A.; Falgenhauer, L.; Guiral, E.; Schmoger, S.; Imirzalioglu, C.; Fischer, J.; Guerra, B.; Chakraborty, T.;
Käsbohrer, A. Diversity of Ctx-M-1-Producing E. coli from German Food Samples and Genetic Diversity of the Bla(Ctx-M-1)
Region on Inci1 St3 Plasmids. Vet. Microbiol. 2018, 221, 98–104. [CrossRef]

55. Patel, G.; Bonomo, R.A. “Stormy Waters Ahead”: Global Emergence of Carbapenemases. Front. Microbiol. 2013, 4, 48. [CrossRef]
[PubMed]

56. Burow, E.; Rostalski, A.; Harlizius, J.; Gangl, A.; Simoneit, C.; Grobbel, M.; Kollas, C.; Tenhagen, B.A.; Käsbohrer, A. Antibiotic
Resistance in Escherichia coli from Pigs from Birth to Slaughter and Its Association with Antibiotic Treatment. Prev. Vet. Med. 2019,
165, 52–62. [CrossRef] [PubMed]

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

http://doi.org/10.1016/j.vetmic.2018.06.003
http://doi.org/10.3389/fmicb.2013.00048
http://www.ncbi.nlm.nih.gov/pubmed/23504089
http://doi.org/10.1016/j.prevetmed.2019.02.008
http://www.ncbi.nlm.nih.gov/pubmed/30851928
http://doi.org/10.1016/S1473-3099(15)00424-7

	Introduction 
	Materials and Methods 
	The Study 
	Pig Holdings 
	Sampling and Data Collection 
	Bacteriological Examination 
	Data Analysis and Statistics 

	Results 
	Questionnaire 
	Bacteriological Examination 
	Resistance Screening 
	VITEK 2 Compact AST Examination of Isolates Obtained from Pigs at the End of the Fattening Period 
	Multivariable Analysis 

	Discussion 
	Bacteriological Examination 
	VITEK 2 Compact Examination 

	Conclusions 
	References

