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Abstract: Antimicrobial-resistant bacteria might be transferred via the foodchain. However, that
risk is rarely tracked along different production steps, e.g., from pigs at farm to meat. To close that
gap, we performed a prospective study in four conventional and two organic farms from the mo-
ment pigs entered the farm until meat sampling at slaughter. Antimicrobial use was recorded (0 to
11 agents). Antimicrobial susceptibility (AMS) against 26 antibiotics, including critically important
substances, was tested by microdilution, and fetA-tetB-sull-sulll-strA-strB-bla-CTXM-qacEA1 were
included in PCR-genotyping. From 244 meat samples of 122 pigs, 54 samples (22.1%) from 45 ani-
mals were positive for E. coli (n =198). MICs above the breakpoint/ECOFF occurred for all antibiotics
except meropenem. One isolate from organic farming was markedly resistant against beta-lactams
including fourth-generation cefalosporines. AMS patterns differed remarkably between isolates
from one piece of meat, varying from monoresistance to 16-fold multiresistance. Amplicon-typing
revealed high similarity between isolates at slaughter and on farm. Prior pig lots andeven the farmer
might serve as reservoirs for E. coli isolated from meat at slaughter. However, AMS phenotyping
and genotyping indicate that antimicrobial resistance in E. coli is highly dynamic, impairing reliable
prediction of health risks from findings along the production chain.

Keywords: Escherichia coli; foodborne pathogens; antimicrobial resistance; antibiotics; food chain;
food safety; pig meat

1. Introduction

Antimicrobials are a very valuable tool —or even weapon—in human medicine, but
also in the treatment of livestock, and substances overlap broadly between both fields of
use. Thus, similar resistances might be selected and transferred from livestock to humans
via consumption. In 2020, penicillins (278 t), tetracyclines (148 t), and sulfonamides (65 t)
were used most frequently in livestock in Germany; the quantities dispensed for 3r- and
4t-generation ~ cephalosporins were 1.0 t and 03 t  respectively

(https://www.bvl.bund.de/SharedDocs/Bilder/09_Presse/01_Bilder_Pressemittei-
lungen/Tabelle_%20Antibiotika-Abgabemengen_2011-2020_Print.html, accessed on 19
July 2022). However, the individual quantities of active ingredients cannot be assigned to
individual animal species because the majority of active ingredients are approved for use
in different animal species. Similar to antibiotic use, antibiotic resistance is also moni-
tored. Numerous monitoring programs are being performed or have been implemented
in Europe, but such projects are not designed to track the origin of the resistant strains,
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which are mostly sampled from animal products by random inspections or from diseased
humans or animals [1]. In the last decades, a variety of studies has investigated antimicro-
bial resistance in primary production—mainly pigs, chickens, and cattle. While a vast
amount of studies deal with the prevalence of resistant isolates within a total lot of iso-
lates, considerably fewer studies relate the prevalence of resistant isolates to animals or
primary products thereof, and even less do so for sample numbers above 200. Therefore,
even if there is basically ample information on the current antimicrobial resistance situa-
tion worldwide and the problems associated with it in both human and veterinary medi-
cine, very little is known about the actual transmission routes. From farm to fork, many
sources of entry are conceivable along the entire production chain. The primary task for
food control is to avoid the spread of pathogenic bacteria that are listed in (EC) No
2073/2005. However, antimicrobial resistance is not primarily a problem associated with
virulent subtypes; on the contrary, antimicrobial treatment might even be contraindicated
in virulent strains, such as EHEC [2]. Anyhow, antimicrobial resistance might cause health
risks independent of the virulence features of a strain, since carriers might form a reservoir
for genetic transfer in the gut. It has been shown that, after oral ingestion of resistant bac-
teria via pork, bacteria survived the gastrointestinal passage and were detectable in the
feces for up to 14 days after ingestion [3,4]. As early as in the 1960s, Williams Smith de-
scribed the transient colonization of the human digestive tract with resistant E. coli strains
of animal origin after oral ingestion [5]. Later studies also confirmed that the human mi-
crobiota is entered by resistant bacteria through the oral ingestion of bacteria-contami-
nated animal foods [3,6]. The reservoir function of such bacteria is the reason why, irre-
spective of virulence, commensal E. coli are included in the German implementation of
Directive 2003/99/EC.

No matter whether meat samples are taken at the slaughterhouse or after processing,
samplings show that pork can be contaminated with phenotypically resistant E. coli [7-
10]. However, only very few tracking studies actually exist [11], due to the complexity of
studies that have to be carried out over relatively long periods of time, additionally re-
quiring the consent of those responsible at various stages of food production (e.g., farms
and slaughterhouse). In a valuable study, Burow et al. [12] followed piglets from birth
until the end of fattening, but no meat samples were included. In order to trace antimicro-
bial-resistant bacteria from pigs to pork along the production chain, we performed a pro-
spective cohort study with pigs in farms and at slaughter in order to track along different
production steps.

2. Materials and Methods
2.1. Study Farms

The study was conducted in six pig farms, with each farm assigned an identification
code (A6, A21, E5, H18, J20, and M13). Two farms (H18 and J20) were organic pig farms,
the others operated in a conventional production mode. Farms categorized as “organic”
fulfilled at least the legal regulations of (EU) No 834/2007, now repealed by (EU) 2018/848.
Two of the pig farms also had piglet production in addition to fattening (E5 and M13);
these two farms did not purchase any fattening pigs. The other farms purchased animals
from one source. Table 1 gives an overview of the individual farms and their characteris-
tics.



Microorganisms 2022, 10, 1485 3 of 19

Table 1. Characteristics of included farms.

Farm Husbandry Type  Herd Size (n) Production Type Occupancy Fattening Period (Days)
Ab conventional 500 fattening all in/all out approx. 109

A21 conventional 960 fattening all in/all out approx. 115
E5 conventional 1333 piglet production, fattening all in/all out approx. 100

H18 organic 41 fattening continuous approx. 126

J20 organic 80 fattening all in/all out approx. 135

M13 conventional 978 piglet production, fattening continuous approx. 100

2.2. Antimicrobial Use

Antimicrobial use data were collected from the compulsory documents related to
veterinary application and dispensing, as well as by involving the herd books. The docu-
ments contain information on the number and type of animals treated, type and quantity
of the administered drug, diagnosis, type and duration of application, dose per animal
and day, as well as waiting periods. The antimicrobial treatment was prescribed and de-
cided by the attending veterinarian of the respective farms. The antimicrobial treatments
were therefore not influenced or controlled by the authors and only recorded retrospec-
tively.

2.3. Sampling Procedure

Pigs were sampled at three different slaughterhouses, since the organically reared
pigs were slaughtered at two separate slaughterhouses. Samples at slaughter were taken
at the end of the regular fattening period (100-115 days in conventional farming, 126-135
in organic farming). Samples of intestinal content and meat samples were taken during
the regular slaughter process from 10 randomly selected animals (sentinel) per fattening
run (n = 1-4 per farm, depending on the time of study entry). Intestines were transferred
to metal surface and rectum content was transferred to sterile tubes by manual manipu-
lation of the rectum. The cecum was ligated, resected by use of a metal scissor, and trans-
ferred to sample bags. In the lab, the cecum was opened using a scalpel and content was
transferred to a sterile tube. Meats samples were taken from neck and belly with the help
of a sterile punch applicator (approx. 0.5 x 0.5 cm). In addition, feces samples had been
taken before slaughter, from the same sentinel animals on farm during the fattening pe-
riod during spontaneous defecation. The start of fecal sampling varied by farm: In E5,
sampling started at the time of weaning; in M13, sampling started when the pigs entered
the early growing-finishing phase (and pen) with approx. 25 kg. In the farms that pur-
chased pigs, sampling started at the time of stalling. The sentinel animals were sampled
monthly for the entire duration of the fattening period. In addition, 5 of the 10 sentinel
animals were initially randomly selected and then sampled at each antimicrobial treat-
ment—at the beginning, during, and after the end of the treatment (day 0, 2, 4, and 10).
On day 0, 4, and 10, also the farmers provided stool samples by self-sampling.

2.4. Sample Processing and Escherichia coli-Isolation and Identification

The feces samples were suspended in NaCl solution (1 g in 9 mL) and a dilution series
was prepared. Punch samples of the meat were swirled with 10 mL NaCl solution for 15
min at 200 rpm, and a dilution series was prepared from the suspension obtained. From
those dilution series, 0.1 mL was spatted onto Fluorocult agar (Fluorocult ECD-Agar,
Merck, Darmstadt, Germany) and incubated for 24 h at 44 °C. Colony material was also
streaked to Gassner agar (Gassner-Agar, Merck, Darmstadt, Germany) and ESBL agar
(CHROMagar ESBL, Mast Diagnostica, Reinfeld, Germany). In order to select for diver-
sity, isolates were described morphologically. From feces samples, four isolates where
picked that differed in colony morphology. From meat samples, all colonies were picked
for further investigations. All isolates were confirmed by biochemical standard tests partly
included in the cultivation media (fluorescence from conversion of 4-methylumbelliferyl-
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b-D-glucuronide; acid production from lactose, negative oxidase test, positive indole re-
action). Questionable isolates were further confirmed by means of a miniaturized identi-
fication method, using modified conventional and chromogenic substrates (BBL Crystal
Enteric/Nonfermenter ID Kit, Becton Dickinson, Franklin Lakes, NJ, USA). Isolates with
conspicuous resistance profiles (in particular resistance to 3rd + 4th generation cephalo-
sporins including ESBL phenotype) were additionally identified by MALDI-TOF MS (Ma-
trix-assisted Laser Desorption/lonisation-Time-of-Flight Mass Spectrometry, Bruker,
Billerica, MA, USA).
Isolates were cryopreserved at -80 °C.

2.5. Antimicrobial Susceptibility Testing

The testing of phenotypic antimicrobial resistance was performed by microdilution
following EUCAST (https://eucast.org/ast_of_bacteria/mic_determination/, accessed on
19 July 2022). The cryopreserved E. coli isolates were spread out on sheep blood agar and
incubated at 37 °C for 24 h. The reference strain E. coli DSM 1103 was included as a per-
formance control and was repeatedly tested together with each tested lot of study isolates.
For testing, a bacterial suspension with a turbidity level according to McFarland 0.5 was
prepared. Fifty microliters of the suspension were added to two test tubes, each contain-
ing 13 mL Miiller-Hinton broth, and mixed briefly. The cell density of this suspension was
approximately 5 x 105 cfu/mL. For testing, commercial, but client-adapted 96-well micro-
titer plates pre-coated with antibiotics were used. Each well of the plate was filled with
100 uL suspension with the aid of the Micronaut® Sprint automatic dispenser. The plate
was covered with foil, shaken for five minutes, and then incubated for 18-20 h at 37 °C.
Turbidity was visually evaluated. Based on listed breakpoints according to EUCAST, iso-
lates were classified into susceptible, intermediate, or resistant. For three of the investi-
gated antimicrobials, no EUCAST breakpoint was defined for E. coli. In those cases, epi-
demiological cut-off values (ECOFF; EUCAST) were used to classify the microdilution
results. Breakpoints and ECOFFS are shown in Table 2.

Table 2. Overview of antimicrobial agents used for phenotypic resistance testing.

Antibiotic Class Antibiotic Abbreviation MIC Range Breakpoints (mg/L) Source
S () R (>)
$-Lactams
Amoxicillin/Clavulanate AMC 1/2-64/8 8/2 8/2 EUCAST
Penicillins Ampicillin AMP 1-128 8 8 EUCAST
Piperacillin PIP 1-128 8 162 EUCAST **
Piperacillin Tazobactam PIT 1/4-128/4 8/4 16 2/4 EUCAST **
Cefepim CEP 0.25-32 1 4 EUCAST
Cefotaxime CTX 0.25-32 1 2 EUCAST
Cefoxitin COX 2-16 8 8 EUCAST
Cephalosporins ~ Cefpodoxim/Clavulanate C/v 0.25/4-32/4 1/4 1/4 EUCAST
Cefpodoxim-Proxetil crP 0.25-32 1 1 EUCAST
Ceftazidim CAZ 0.25-32 1 4 EUCAST
Cefuroxim CXM 2-16 8 8 EUCAST
Ertapenem ERT 0.25-2 0.5 10 EUCAST **
Carbapeneme Imipenem IMP 0.25-32 2 8¢ EUCAST **
Meropenem MER 0.25-32 2 8 EUCAST
Amikacin AMK 4-32 8 162 EUCAST **
Aminoglycosides Gentamicin GEN 0.25-32 2 44 EUCAST **
Tobramycin TOB 0.25-32 2 44 EUCAST **
Fenicole Florfenicol FLL 0.5-64 16* ECOFF *
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Ciprofloxacin CIp 0.0625-8 05e 1b EUCAST **
Fluorchinolone Enrofloxacin ENR 0.0625-8 0.125* ECOFF *
Levofloxavin LEV 0.0625-8 le 2f EUCAST **
Tetracycline Doxycylin DOX 0.125-16 4* ECOFF *
Fosfomycin FOS 16-128 32 32 EUCAST
Trimethoprim/
Others Sulfamethoxazol s 0.5/9.5-4/76 2 4 EUCAST
Aztreonam AZT 1-16 1 4 EUCAST
Colistin COL 1-8 2 2 EUCAST
* ECOFF, not indicating clinical resistance, but reduced susceptibility to the respective antibiotic.
Source: EUCAST. ** former version, current value as indicated below: @ Current EUCAST-break-
point table: 8 (1 January 2022); ® Current EUCAST-breakpoint table: 0.5 (1 January 2022); < Current
EUCAST-breakpoint table: 4 (1 January 2022); ¢ Current EUCAST-breakpoint table: 2 (1 January
2022); ¢ Current EUCAST-breakpoint table: 0.25 (1 January 2022); f Current EUCAST-breakpoint ta-
ble: 1 (1 January 2022).
2.6. Detection of Resistance Genes
DNA was extracted from pure cultures using a slightly modified form of the Chelex
100 DNA extraction method (Yang et al., 2008). The total volume of the PCR reaction was
25 pL, containing 23 pL of a commercially available master mix (LightCycler 480 SYBR
Green I Master, Roche, Germany) composed of 18.25 puL nuclease-free water, 2.5 pL PCR
buffer, 1.5 pL MgCl2 (25 uM), 0.5 uL ANTP mix (10 uM), and 0.25 pL Taq-Polymerase (5
U/uL), to which 0.5 uL primer FW, 0.5 uL primer RV (25 uM, each), and 1 uL of template-
DNA were added. An overview of the relevant resistance genes investigated can be found
in Table 3. PCR was performed in a thermocycler (T3000, Biometra, Jena, Germany) and
included the amplification conditions listed in Table 4.
Table 3. Target genes, fragment size, and annealing temperature of primers used for qualitative
resistance gene detection.
. Annealing
Number * 11:‘11;/1;{% Target Gene Sequence (Direction 5’-3") FsrlaZine;)t Temgecr;lture S;;lil;ee ::r
) AMPC FW  chromosomal GATCGTTCTGCCGCTGTG 271 57 Corvec et al,,
AMPCRV  encoded ampC CCGTCAACTTTCGCGTATTIT 2007 [13]
3 blacrxmU FW  conserved ~ ATGTGCAGYACCAGTAARGT 503 50 Pagani et al.,
blactxmU RV blacrx-m-region TGGGTRAARTARGTSACCAGA 2003 [14]
qacEA1 FW GGCTTTACTAAGCTTGCCCC Bischoff et al.,
12 gacEAL RV qacBAL ) Gecccataceracaaacee 2% 57 2012 [15]
14 str(A) FW str(A) CCTGGTGATAACGGCAATTC 546 53 Lanz et al,,
str(A) RV CCAATCGCAGATAGAAGGC 2003 [16]
15 str(B) FW str(B) ATCGTCAAGGGATTGAAACC 509 54 Lanz et al,,
str(B) RV GGATCGTAGAACATATTGGC 2003 [16]
16 sul(l) FW sul(D) TTCGGCATTCTGAATCTCAC 822 53 Maynard et
sul(I) RW ATGATCTAACCCTCGGTCTC al., 2003 [17]
17 sul(Il) FW sul(Il) CGGCATCGTCAACATAACC 720 59 Maynard et
sul(Il) RW GTGTGCGGATGAAGTCAG al.,, 2003 [17]
18 tet(A) FW tet(A) GTGAAACCCAACATACCCC 388 55 Maynard et
tet(A) RW GAAGGCAAGCAGGATGTAG al., 2003 [17]
19 tet(B) FW tet(B) TACGTGAATTTATTGCTTCGG 206 60 Aminov et al.,
tet(B) RW ATACAGCATCCAAAGCGCAC 2002 [18]

* According to Table S2.
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Table 4. PCR amplification conditions.
Program Cycles Target Temperature (°C) Hold Time (s)

Pre-incubation 1 94 300

94 60

Amplification 35 * o

72 Pt

Final Extension 1 72 300
Cooling 1 4 /

* see Table 3. ** primer pair number 2, 12: 30 s; number 3: 40 s; number 14-19: 60 s. *** primer pair
number 2, 19: 30 s; number 3, 12: 60 s; number 14-18: 90 s.

2.7. ERIC-PCR

In order to derive taxonomic relationships, an ERIC- (Enterobacterial Repetitive In-
tergenic Consensus) PCR was performed on E. coli isolates from four of the six farms (E5,
A21, A6 and ]20). The total volume of ERIC-PCR was 25 uL per sample, using 1 pL of the
template DNA, adjusted to 15.38 ng per pL. A commercial master mix (GoTaqGreen Mas-
ter Mix, Promega, Madison, WI, USA), which contains two dyes, was used to perform the
ERIC-PCR under the conditions listed in Table 5. The target gene, fragment size, and an-
nealing temperature of the primers used for ERIC-PCR can be found in Table 6.

Table 5. ERIC-PCR protocol.

Program Cycles Target Temperature (C°) Hold Time (s)
Pre-incubation 1 95 420
90 30
Amplification 30 52 60
65 480
Final Extension 1 65 960
Cooling 1 4 /

Table 6. Target gene, fragment size, and annealing temperature of the primers used for ERIC-PCR.

Number * ;);‘1,1/1;{?, EZiZt Sequence (Direction 5'-3") I;rlazir:l;;)t Ag::;lli?f (ZET-Source for Primers
5 ERIC FW ERIC ATGTAAGCTCCTGGGGATTCAC variable 5 Versalovic et al.,
ERIC RV AAGTAAGTGACTGGGGTGAGCG 1991 [19]
* According to Table S2.

The evaluation of the band patterns generated in the ERIC-PCR was carried out using
the software GelCompar II (Applied Maths, Sint-Martens-Latem, Belgium). Digital images
of the band patterns of the agarose gels were imported into the software program, identi-
fication numbers were assigned, and finally the cluster-analysis was carried out. Gels were
aligned to each other by help of a DNA ladder and one E. coli strain was run on all gels in
order to assess reproducibility.

3. Results
3.1. Antimicrobial Use

All farms except H18 (organic) applied antibiotics during the study period, but not
necessarily in study animals: J20 treated only three pigs, which were not included in the
study. A6, A21, E5, and M13 treated study animals as well as other animals housed in the
farm. Applied antibiotics are listed in Tables 7 and 8. As explained in material and meth-
ods, all antimicrobials were applied due to local veterinarian’s prescription for health rea-
sons; veterinarians were not directed by the authors in doing so.
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Table 7. Antibiotics applied in study animals.

Antibiotic Farm Pigs (n/Study N) Treatment Days
Amoxicillin-trihydrate A6 20/30 2-6
Colistin-sulfate Ab 20/30 3-10
A21 10/20 7
E5 40/40 7*
M13 10/20 5
Oxytetracycline E5 40/40 1**
Sulfadiazin + trimethoprim Mi13 10/20 9
Tetracycline-hydrochlorid E5 40/40 7
Tylosin-tartrate Ab 30/30 3-6
* combined with tetracycline-hydrochlorid; ** applied on the first day of life; *** combined with

colistin.

Table 8. Antibiotics applied at the respective farms during the study period: overview of all animals.

Farm Production Mode Antibiotics Used during Study Period *

A6 conventional Amoxicillin-trihydrate, Colistin-sulfate, Florfenicol, Tylosin-tartrate
A21 conventional Colistin-sulfate, Tylosin-phosphate
. Amoxicillin-trihydrate, Colistin-sulfate, Enrofloxacin, Gentamicin-sulfate, Oxytetra-
E5 conventional . o . . . . .
cycline, Sulfadiazin + Trimethoprim, Tetracycline-hydrochlorid, Tylosin
H18 organic no antimicrobials
. Cefquinome-sulfate, Chlortetracycline-hydrochlorid, Sulfathiazol + Sulfadimidin +
J20 organic . .
Trimethoprim
Sulfadiazin + Trimethoprim, Amoxicillin-trihydrate, Benzylpencillin-benzathin, Ben-
M3 conventional zylpenicillin-procain, Cefquinome-sulfate, Chlortetracycline-hydrochlorid, Dihy-

drostreptomycin-sulfate, Enrofloxacin, Lincomycinhydrochlorid-monohydrate, Spec-
tinomycin-sulfate-tetrahydrate, Sulfadoxin, Tildipirosin

# Only antibiotics in bold were used in study animals, others were applied in other pens or age
groups.

3.2. Detection of E. coli

Of 130 animals included on farm, 122 could be tracked until slaughter, where 244
meat samples were taken. Of these, 54 meat samples (22.1%) from 45 animals (36.9%) were
positive for E. coli. Concentrations were 3.1 x 10 to 9.9 x 102 cfu per cm?). In total, 198 E.
coli were isolated: 134 from belly meat and 64 from neck meat. In order to allow back-
tracking, all isolates per plate (maximum number: 31) were included into further analysis.
In Table 9, prevalences are listed farmwise.

Table 9. Occurrence of E. coli on meat, farmwise description.

n Positive per n Animals at Slaugh- n Positive per n Meat Samples

Farm Mode of Farming Number of Isolates

ter (%) (%)
A6 conventional 16/30 (53.3%) 18/60 (30.0%) 53
A21 conventional 10/19 (52.6%) 14/38 (36.8%) 66
E5 conventional 14/37 (37.8%) 16/74 (21-6%) 49
H18 organic 1/9 (11.1%) 1/18 (5.6%) 4
J20 organic 1/9 (11.1%) 2/18 (11.1%) 2
M13 conventional 3/18 (16.7%) 3/18 (16.7%) 24
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3.3. MIC50/MIC90-Values of Antibiotics

Due to the very different number of isolates per farm, percentages of AMR were not
calculated. Instead, MIC 50/MIC90-values were calculated provided that, for the respec-
tive antibiotic, any clinically resistant isolate was observed in animals from that farm at
slaughter. Tables 10-13 list MIC50/MIC90-values of antimicrobials approved for use in
humans and/or in livestock. To sum up, among the antibiotics for which EUCAST pro-
vides breakpoints, there was only one antibiotic for which clinical resistance was totally
absent in all 198 isolates: meropenem. While a similar number of isolates had been in-
cluded for farms A6 and E5, the spectrum of clinical resistances was much broader in farm
ES5, where 19 antibiotics from 9 classes were affected (penicillins, cefalosporines, and car-
bapenems treated as different classes), compared to A6, where clinical resistances affected
7 antibiotics from 5 classes. As in E5, clinical resistance affected 19 antibiotics from 9 clas-
ses in A21, while 9 antibiotics from 4 classes were affected in M13. No obvious correlation
could be detected when comparing the applied antibiotics with those that were affected
by antimicrobial resistance (Tables 10-13).

Table 10. Phenotypic susceptibility of meat-borne E. coli against beta-lactams: penicillins and car-
bapenems.

. MIC50/MIC90 *
Farm  Beta-Lactams Used E. coli (n) AMC AMP PIP PIT ERT IMP MER
A6 yes? 53 16/64 256/256 128/256  n.d. n.d. n.d. n.d.
A21 no 66 64/128 256/256 256/256  n.d. 0.25/0.25 n.d. n.d.
E5 yes ® 49 64/128 256/256 256/256 2/4 n.d. 0.25/16 n.d.
H18 no 4 4/16 2/256 2/256 n.d. n.d. n.d. n.d.
J20 yes $ 2 nd.* 4/16 n.d. n.d. n.d. n.d. n.d.
Mi13 no 24 2/32 2/256 1/128 1/2 n.d. n.d. n.d.
AMC = Amoxicillin-clavulanate, AMP = Ampicillin, PIP = Piperacillin, ERT = Ertapenem, IMP =
Imipenem, MER = Meropenem.  in study animals ¥ in other animals n.d.: not determined, MIC 100
below breakpoint/ECOFF. * In case that at least one isolate had a MIC-value above the EUCAST-
breakpoint, the MIC50/MIC90-value is listed. Otherwise not determined (n.d., all isolates suscepti-
ble).
Table 11. Phenotypic susceptibility of meat-borne E. coli against beta-lactams: cefalosporines.
. MIC50/MIC90 *
Farm Beta-Lactams Used E. coli (n) CEP CTX COX C/V CPP CAZ XM
Ab yes * 53 n.d. n.d. nd. nd n.d. n.d. n.d.
A21 no 66 0.25/0.25  0.25/0.25 8/32 0.5/1 0.5/0.5 0.25/1 4/8
E5 yes $ 49 0.25/0.25  0.25/0.25 8/32  0.5/1 0.5/1 0.25/0.5 4/8
H18 no 4 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
J20 yes ® 2 0.25/8 0.25/16 8/32  0.5/8 0.5/8 0.25/8 8/32
M13 no 24 n.d. n.d. 4/8 n.d. n.d. 0.25/0.25 4/8

CEP = Cefepim, CTX = Cefotaxime, COX = Cefoxitin, C/V = Cefpodoxime-clavulanate, CPP =
Cefpodoxime-proxetil, CAZ = Ceftazidim, CXM = Cefuroxime. # in study animals ® in other animals
n.d.: not determined, MIC 100 below breakpoint/ECOFEF. * In case at least one isolate had a MIC-
value above the EUCAST-breakpoint, the MIC50/MIC90-value is listed. Otherwise, not determined
(n.d., all isolates susceptible).
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Table 12. Phenotypic susceptibility of meat-borne E. coli against-aminoglycosides (AG) and fluoro-
quinolones (FQ).

. MIC50/MIC90 *

Farm AG or FQ Used E. coli (n) AMK GEN TOB CIP ENR ** LEV
A6 no 53 n.d. n.d. n.d. n.d. 0.063/0.063 n.d.
A21 no 66 4/8 n.d. 0.5/1 0.063/1 0.063/1 0.063/1
E5 both $ 49 n.d. 1/2 n.d. 0.063/0.5 0.063/1 0.063/1
H18 no 4 n.d. n.d. n.d. n.d. 0.063/0.063 n.d.
J20 no 2 n.d. n.d. n.d. n.d. 0.063/0.063 n.d.
M13 no 24 n.d. n.d. n.d. n.d. 0.063/0.063 n.d.

AMK = Amikacin, GEN = Gentamicin, TOB = Tobramycin, CIP = Ciprofloxacin, ENR = Enrofloxacin,
LEV = Levofloxacin. ¥ in other animals n.d.: not determined, MIC 100 below breakpoint/ECOFF. * In
case at least one isolate had a MIC-value above the EUCAST-breakpoint, the MIC50/MIC90-value
is listed. Otherwise not determined (n.d., all isolates susceptible). ** all MIC50/MIC90 values listed
since no EUCAST-breakpoints are available.

Table 13. Phenotypic susceptibility of meat-borne E. coli against diverse antibiotics.

Farm Use of E. coli (n) MIC50/MIC90 *
FLL ** DOX** FOS T/S AZT COL
A6 FLL$, COL # 53 8/8 2/32 16/16 0.5/8 1/1 1/1
A21 COL ¢ 66 8/16 4/32 16/32 0.5/8 1/1 1/1
E5 COL¢ TET?*# SUL $ 49 8/16 8/32 16/64 0.5/8 1/1 1/1
H18 none 4 8/16 4/32 n.d. 0.5/8 nd. n.d.
J20 TET s, SUL $ 2 8/128 2/4 16/128 n.d. 1/32 n.d.
M13 COL 4, SUL # 24 8/16 4/16 16/16 0.5/05 nd. nd.

FLL = Florfenicol, DOX = Doxycycline, FOS = Fosfomycin, T/S = Trimethoprim-sulfamethoxazol,
AZT = Aztreonam, COL = Colistin. ? in study animals *# in other animals n.d.: not determined, MIC
100 below breakpoint/ECOFEF. * In case at least one isolate had a MIC-value above the EUCAST-
breakpoint, the MIC50/MIC90-value is listed. Otherwise, not determined (n.d., all isolates suscepti-
ble). ** all MIC50/MIC90 values listed since no EUCAST-breakpoints are available.

Prevalence of resistance could not be compared between organic and conventional
production, since only six isolates from organic farming were available at slaughter. One
of these isolates was markedly resistant against beta-lactams (10 affected antibiotics—
thereof 7 cefalosporines—from 4 classes).

3.4. Phenotypic Susceptibility Patterns within the Same Sample

Susceptibility patterns differed remarkably between isolates from the same piece of
meat, as shown in Table 14. Eleven different patterns were found for 29 isolates. Twenty-
six of these patterns had the common feature of beta-lactam resistance against ampicillin,
piperacillin, and amoxicillin plus clavulanate. Two isolates were sensitive for beta-lactams
(but insusceptible to doxycycline), 22 isolates combined both patterns (doxycycline plus
aminopenicillins) plus/minus further resistances. One isolate had an ESBL-phenotype
with a broad range of affected cefalosporines, one isolate was fluoroquinolone resistant
and one isolate combined both features. With the exception of C/V and AMK, which were
not detected in other isolates, the multi-drug-resistant phenotype that affected 16 different
substances was combined of partial multi-drug-resistance phenotypes found in other iso-
lates. The phenomenon of multi-drug-resistance is described by Nikaido 2009 [20].
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Table 14. Resistance Patterns of all E. coli isolates (1 = 29) from the same piece of belly meat of a pig
from farm A21.

Pattern of Phenotypic Resistance/Insusceptibility

n Affected Anti- n Affected Clas- n Isolates with That

biotics ses ** Pattern
AMC 1 1 1
DOX * 1 1 2
AMC AMP PIP 3 1 8
AMC AMP PIP COX 4 2 4
AMC AMP PIP DOX * 4 2 6
AMC AMP PIP FOS 4 2 1
AMC AMP PIP CXM DOX * 5 3 1
AMC AMP PIP DOX * T/S 5 3 3
AMC AMP PIP CIP ENR * LEV 6 2 1
AMC AMP PIP CEP CTX COX CPP CXM DOX * T/S AZT 11 5 1
AMC AMP PIP CEP CTX C/V CPP CXM AMK FLL * CIP 16 7 1
ENR * LEV DOX * T/S AZT
AMC = Amoxicillin-clavulanate, DOX = Doxycycline, AMP = Ampicillin; PIP = Piperacillin, COX =
Cefoxitin, FOS = Fosfomycin, CXM = Cefuroxime, T/S = Trimethoprim-sulfamethoxazol, CIP =
Ciprofloxacin, ENR = Enrofloxacin, LEV = Levofloxacin, CEP = Cefepim, CTX = Cefotaxim, CPP =
Cefpodoxime-proxetil, AZT = Aztreonam, C/V = Cefpodoxime-clavulanate, AMK = Amikacin, FLL
= Florfenicol. * above EUCAST-ECOFF, no breakpoint provided. ** penicillins, cefalosporines and
carbapenems treated as different classes.
3.5. Prevalence of Antimicrobial Resistance Genes
Isolates differed also in their genotypic resistance. Calculated back to the initial num-
ber of meat samples, the prevalence of E. coli-borne antimicrobial resistance genes was as
shown in Table 15.
Table 15. Prevalence of E. coli that carried antimicrobial resistance genes in meat samples at slaugh-
ter (n meat samples = 244).
% of Meat Samples Positive for E. coli That Carry...
Farm — Number of Meat Samples bla CTXM  qacEA1  str(A) str(B) sull sulll tet(A) tet(B)
A6 60 6.7 6.7 10.0 8.3 5.0 11.7 15.0 6.7
A21 38 13.2 7.9 18.4 18.4 10.5 15.8 15.8 10.5
E5 74 14 54 10.8 4.1 2.7 6.8 13.5 8.1
H18 18 5.6 5.6 5.6 <lod 5.6 5.6 <lod 5.6
J20 18 <lod <lod <lod <lod <lod <lod <lod <lod
M13 36 5.6 5.6 2.8 2.8 2.8 <lod 2.8 <lod
total 244 5.3 5.3 9.4 6.6 4.5 7.8 10.7 6.1

Iod = limit of detection (3.1 x 10! cfu E. coli per cm?).

3.6. Back-Tracking of Antimicrobial Resistant E. coli to Farm

We also tried to assess the chromosomal similarity between E. coli isolated from meat
at slaughter and pig feces at the farm by amplicon typing. This was done for farms E5 and
A6, where the highest number of isolates was collected. In general, isolates clustered re-
peatedly with fecal isolates from the farm, but not necessarily from the same animal: Go-
ing through the results of farm A6 in more detail (Figure 1), belly meat isolates of pig-p18
clustered with fecal isolates of pig p17. Belly meat isolate p20-2 clustered with belly meat
isolate p11-1 and also with a fecal isolate of pig p11. Other belly meat isolates of pig p20
clustered with each other and with a fecal isolate of p20. In addition, that cluster included
isolates of other pigs as well. Pig p11-p20 were all slaughtered in the same lot.
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Figure 1. ERIC-amplicon-based cluster analysis of isolates from farm A6, taken at farm and at
slaughter. Detail from the analysis of 2766 isolates in total, thereof 657 from farm A6. DNA-frag-
ments were amplified by ERIC primers and visualized on 1% Agarose gel. All gels were aligned to
standard bands: (a) software-based similarity assessment; (b) aligned, but unmarked bands for vis-
ual judgement. Numbers p11, p17, p18, p14, and p20: pigs tracked from November to January. All
pigs slaughtered at the end of the tracking period. Cluster J, K: separate clusters with less than 50%
similarity.

Having observed that, we wanted to assess whether the spread of similar isolates
occurred before slaughter or rather afterwards in the form of cross-contamination. There-
fore, we used isolates from different slaughter lots/fattening periods in the cluster analysis
of farm E5, and included also isolates from the intestinal tract taken at slaughter (ce-
cum/rectum; Figure 2). One belly meat isolate (p18) clustered with fecal isolates from the
next fattening period and also with isolates from a sow housed in a different housing.
Isolates taken from the intestinal tract at slaughter clustered with fecal isolates from the
same pig at prior samplings (p31) and with pigs of the same slaughter lot, but also with
pigs of prior/later lots from the same farm, and even with isolates from the farmer, who
was not involved in slaughtering (Figure 1).
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Figure 2. ERIC-amplicon-based cluster analysis of isolates from farm E5, taken at farm and at
slaughter. Detail from the analysis showed 2766 isolates in total, with 1195 from farm E5. DNA-
fragments were amplified by ERIC primers and visualized on 1% Agarose gel. All gels were aligned
to standard bands: (a) software-based similarity assessment; (b) aligned, but unmarked bands for
visual judgement. Numbers p13, p18: pigs tracked from May to August. Numbers p31, p34, p35,
p36, p38, and p40: pigs tracked from August to November. Numbers p41, p44, p45, and p46: pig
tracked from January to April. All treatments during the first month of tracking. All pigs slaugh-
tered at the end of their tracking period. Sow: mother of p47 (pig fattened together with p41, p45,
p44, and p46) during the first treatment days of p47. Cluster B, D: separate clusters with less than
50% similarity.

Exemplarily, we tried to trace back the antimicrobial resistance of isolates back to the
farm. We found several isolates that matched in their ERIC-amplicon patterns and AMR-
phenotypes, but most of them differed in genotypes (Table 16). On a farm level —pairing
meat isolates not only within the same animal, but also with other animals from the same
farm—slightly more similarities in genotypes were seen (e.g., E5, S510—control with S43 —
meat).
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Table 16. Genotypic resistance patterns of E. coli from meat and feces (paired by pig of origin), which
resembled each other in phenotypic AMS patterns.

Time between Sam-

Genotypic Resistance Pat-

Farm Pig Source plings Phenotypic Resistance Pattern tern **
blaCTXM-tet(A)-sul(I)-
*
510 Feces (control) <1 month AMC AMP PIP DOX qacEAL
Neck meat AMC AMP PIP DOX * T/S tet(A)-tet(B)-str(A)-str(B)
Feces (during treat- .
o 543 ment) 6 months DOX tet(B)-str(A)-str(B)
Belly meat DOX * blaCTXM-tet(A)-sul(I)
F i -
eces (during treat AMC AMP DOX*T/S  tet(A)-str(A)-str(B)-sul(Il)
547 ment) 6 months
belly meat AMC AMP DOX * PIP FOS bl“CTXMS':(t];‘;‘) str(A)-
Feces (during treat- AMP PIP DOX * AMCFLL *
s1 ment) 4 months COL tet(A)-str(A)-str(B)-sul(II)
neck meat AMP PIP DOX * T/S tet(A)-str(A)-str(B)-sul(II)
Feces (during treat- tet(A)-str(A)-str(B)-sul(1l)-
AMC AMP PIP DOX *
A6 57 ment) 4 months MC AM © qacEA1
neck meat AMC AMP PIP DOX * T/S tet(A)
Feces (during treat- AMC AMP PIP DOX * T/S -GEN
A)-str(A)-str(B)-sul (1l
s8 ment) 4 months TOB COL tet(A)-str(A)-str(B)-sul(lh
neck meat AMC AMP PIP DOX * T/S tet(A)

AMC = Amoxicillin-clavulanate, AMP = Ampicillin; PIP = Piperacillin, DOX = Doxycycline, T/S =
Trimethoprim-sulfamethoxazol, FOS = Fosfomycin, FLL = Florfenicol, COL = Colistin, GEN = Gen-
tamicin, TOB = Tobramycin. * above the EUCAST-ECOFF, no clinical breakpoint provided. ** phe-
notypes not completely covered by genotyping. Bold: genes shared between isolates of the same on
farm and at slaughter.

4. Discussion

Contamination rates of meat with E. coli were between 5.6 and 11.1% at the slaugh-
terhouses of organically produced pigs, while between 16.7% and 36.8% of the samples
were positive at the slaughterhouses where conventionally produced pigs were slaugh-
tered. That difference might be related to differences in the slaughter procedure, which,
however, could not be substantiated due to the lack of detailed information. When com-
paring results to a study of Schwaiger et al. [10], even higher prevalences of 72% were
found.

Escherichia coli isolates at slaughter were phenotypically resistant—or had MIC-val-
ues above the ECOFF —against/for up to 19 different substances (out of 26 tested). Re-
sistance or reduced AMS affected, at least in single cases, all substances except mero-
penem. Although the spectrum of tested substances was not completely comparable, the
core resistance pattern of porcine E. coli in this study —AMP-AMC-PIP-DOX —was com-
parable to the core pattern found by Schwaiger et al. [10].

No obvious correlation could be detected between antimicrobial use and resistance.
To give one example, beta-lactam resistance was more pronounced in A21, which did not
use beta-lactams, compared to A6, which did. However, we saw a certain correlation with
overall 1-year treatment frequency, which was assessed in another part of the study (data
not shown). Overall, resistance was most pronounced in isolates from A21 and the fatten-
ing sector of A21 had a 1-year treatment frequency of 6.38, which was above the third
quartile of 50 farms from South Germany (6.35; median 1.0). Compared to that, the fatten-
ing sector of M13 had a 1-year treatment frequency of 1.12 (0.62 in suckling piglets, 4.99
in sows), and E5 had a 1-year treatment frequency of only 0.06 in fattening pigs, but 1.69
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in suckling piglets and 8.7 in sows. H18 and J20—the two organic farms—had a 1-year
treatment frequency of 0.0 and 0.04, respectively. Unfortunately, no treatment frequency
could be assessed for farm A6, since the farm left that part of the study prematurely. Treat-
ment frequency was repeatedly described as an important enhancer of selection (e.g.,
Cobey et al., 2017 [21]) and is the subject of continuous monitoring in German fattening
pigs now (Flor et al., 2022 [22]).

The spectrum of clinical resistances in isolates at slaughter was much broader in farm
ES5, compared to farm A6. Farm E5 combined several practices that are known to favor the
selection of antimicrobial resistance: First, and as a routine, piglets were treated very early
in life, with the very first additional feeding offered when they still fed on milk. Early
exposure to antimicrobials had been shown to be linked with delayed maturation of mi-
crobiomes and lowered alpha-diversity [23], which depicts selection. Second, a broad-
spectrum antibiotic (chlortetracycline) was applied, while broad spectrum antibiotics are
known to aggravate selection [24]. Third, two antibiotics were combined when treating
the piglets, which is also known to increase selection [25], at least when done without
appropriate diagnostics, and apart from antibiotics which exploit synergistic pathways
like sulfonamides plus trimethoprim. Fourth, a broad variety of different antibiotics was
used in the farm (14 substances from 9 classes)—a practice also proven to select AMR [26].
Anyhow, unfavorable treatments were carried out in farm A6 as well, where pigs of one
lot were treated consecutively with four different antibiotics during a total time of 23 days.

In farm E5, all fattening pigs were bred on the farm. This does not necessarily favor
antimicrobial resistance —on the contrary, purchasing piglets from elsewhere is suspected
to negatively affect the health state of pigs and thus to increase the need for treatment.
However, it helps resistant isolates, once selected, to permanently establish, especially if
antibiotic selection is continued as a prophylactic routine practice. To be clear, routine
treatment is clearly discouraged by German veterinary guidelines (https://www.bun-
destieraerztekammer.de/btk/downloads/antibiotika/AB_Leitlinien2015_EN.pdf; accessed
on 19 July 2022). Anyhow, such routine treatment is kind of “accepted reality” —albeit
with gritted teeth: Guideline 3 states that the use of antimicrobials always requires a (clin-
ical plus minus laboratory) diagnosis, but gives further advice in case that antibiotics are
used “at regular intervals for repeated or long-term use in animal groups or herds”. In
that case, susceptibility testing is required. The seeming discrepancy between both pas-
sages (obligatory diagnosis/application at “regular intervals”) is best explained by cases
like farm E5: Indeed, a clinical diagnosis was documented for all piglets, so this prerequi-
site did not hinder the farm to apply routine treatment. In such cases, the specified guide-
line on repeated treatment ensures susceptibility testing, at least (and might put off farm-
ers from applying routine treatment due to diagnostic efforts). In 2018, guidelines had
been made legally binding by incorporating them into national legislation (“Tierarztliche
Haus-apothekenverordnung (TAHAV)”).

One point to mention is that we used phenotypic resistance only as a marker for phe-
notypic similarity between isolates, not as a therapeutic forecast. Therefore, we included
substances for which no clinical breakpoints exist, and our results should not be misread
as clinical diagnostics. In cases where breakpoints were available (all but 3), we used EU-
CAST-breakpoints, which tend to be set more cautious than CLSI-breakpoints [27] and
were not specified for livestock. This approach was chosen since resistance of isolates at
slaughter might, in the event of transfer, be relevant for human therapy, not for veterinary
therapy.

For the same reason, we included substances that are not approved for livestock, but
might be affected by co- and crossresistance, as proven before [10].

Looking at the zoonotic relevance of our general findings, focus is surely aimed at
resistance to critically important antimicrobials. Third and fourth-generation cefalospor-
ines as well as quinolones were affected by clinical resistance. Up to 13% (in total: 6.3%)
of meat samples were contaminated with E. coli that carried blacrxm. Comparing German
data of 2017, the prevalence of presumptive ESBL-isolates in fattening pigs was 41.8%,
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while it was 4.9% in pork meat. These data are in the range of our findings for meat, and
in the upper range within Northern and Western Europe [28]. Since ESBL-E. coli might
colonize the human intestine, these bacteria might act as reservoirs or opportunistic path-
ogens at any time later in life, as illustrated by Holzel et al. [29]. However, Sharp et al. [30]
do not see major indication for meat consumption playing a role in ESBL-colonization,
and vegetarians bear more risk of being colonized by antimicrobial-resistant bacteria then
humans with an omnivore life style [31]. The latter might be connected to biasing factors
in the life style of vegetarians, such as having stayed abroad [32].

As limitations of our study, it has to be mentioned that we could not synchronize the
different analyses, so that the isolates that underwent phenotyping and genotyping were
not analyzed by amplicon typing, and isolates that were amplicon typed were not pheno-
typed or genotyped, vice versa. However, when we did so in another part of the study
with isolates from humans and pigs that also resembled each other in ERIC-patterns, we
found that they did not resemble each other in phenotypes, genotypes, and plasmid typ-
ing (data not shown). This is no surprise, since AMR features in Enterobacteriaceae are
thought to be mainly mobile [33,34] while isolates themselves, of course, might be clonally
spread —as it is very well known for pathogenic serovars of E. coli [35].

Genotypic and phenotypic profiles were not congruent in most cases, but rather two
different features of the same organism. One exception of that rule was doxycycline “re-
sistance” (means: MIC above ECOFF), where the most common causative genes in porcine
E. coli—tet(A) and tet(B) [36]- were included. In that case, we could prove good accord-
ance between genotypes and phenotypes: All doxycycline resistant isolates that were gen-
otyped had at least one of the two causative genes. When matching genotypes with gen-
otypes in six pairings between isolates from feces and pork, tet(A) was shared in five of
the six pairings where it was present, while fef(B) was not shared between isolates of both
pairs where it had occurred in one of the isolates. Given the high prevalence of tet(A) in
porcine E. coli—Schwaiger et al. [36] found a prevalence of 57.7% in the same geographical
region—the simultaneous occurrence of tet(A) in two isolates has limited significance as
an epidemiologic link. Of other genes, strA-strB occurred in six pairings, but were shared
in only two. One pair shared all four resistance genes that were detected, namely tef(A),
strA-strB, and sul2. However, of seven detected phenotypic markers, only three were
shared within that pair.

Looking at the amplicon-based cluster analysis, we saw similarities (i) between iso-
lates of different lots at farm, (ii) between isolates from pigs on farm and at slaughter, and
(iii) between isolates from pigs at slaughter and from the farmer. The GelCompare Soft-
ware was allowed to include weak bands, so that the human eye would see less similarity
than the software. In addition, we chose a high position tolerance for “identity” between
bands, due to a low reproducibility of patterns: one strain, included as positive control in
each gel, generated different band patterns with identity values as low as 63.4%, when no
position tolerance was applied. However, even the visual judgment resulted in high sim-
ilarity between one isolate at slaughter and two fecal isolates from the farmer, sampled
months ago (Figure 1—lower part). Since the farmer was not present at slaughter, any
exchange or colonization from a third, common source must have occurred on the farm,
not at slaughter. One should take into account that the discriminative power of amplicon-
typing is limited (Wilson & Sharp, 2006) and no whole genome sequencing was performed
yet. Anyhow, the analysis revealed plausible results by identifying clones within the four
fecal isolates monthly taken from the same pig. Furthermore, MLST-analysis (https://en-
terobase.warwick.ac.uk/species/ecoli/allele_st_search, accessed on 19 July 2022) —exem-
plarily performed in other cases where isolates form pigs and farmers resembled each
other in ERIC profiles—found up to 99.9% identity of base pairs between ERIC-clones
(5351 of 5356 bp), although other ERIC-clones had lower similarity in the MLST analysis
(minimum 99.2% or 5407 of 5451 bp). The fact that Marshall et al. [37] could prove the
spread of labelled E. coli from the intestine of cattle and pigs to farmers already in 1990
renders our observations plausible.
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The spread of bacteria does not necessarily mean spread of antimicrobial resistance,
as illustrated by the low congruence of antimicrobial resistance in feces-pork-pairs, as well
as the high variability of phenotypic resistance profiles in 29 E. coli isolated from the same
piece of meat. To look into those 29 isolates gives the impression of seeing recombination
at work, since 14 of 16 antimicrobial resistances found in the most multiresistant isolate
were also found in other isolates —in different combinations and with different frequency.
No mating experiments could be performed with multiresistant strains, since no S2-facil-
ities were available at the time and place of the study. However, we do not expect further
insights from an in-vitro experiment, compared to the in-vivo indication that recombina-
tion probably had happened. All phenotypic resistances that formed part of the multire-
sistance profile had already been proven by others to be transferrable [38-45]. In total,
8.1% of all meat isolates were positive for sull plus gacEA1, indicating the presence of in-
tegrons (data not shown), which confirms the reports of others [46]. Thus, once meat is
contaminated with antimicrobial-resistant pathogens, this might set humans at risk—at
least the risk of introducing transferrable resistance genes into their intestines [47,48].
However, simple measures of kitchen hygiene, such as careful handling and cooking,
might prevent that risk [8].

5. Conclusions

Finally, E. coli isolated from meat samples occasionally showed resistance or reduced
susceptibility to almost all of the substances investigated. As a limitation of our study, we
state that we could only do the whole set of investigations in a selected subgroup of iso-
lates. We characterized all isolates from meat, but finding the source of their (partly mo-
bile) antimicrobial resistance features within thousands of isolates from the farm resem-
bles the famous search for the needle in a haystack. Selective approaches to isolate re-
sistant bacteria and plasmid characterization might help to narrow that search in future
studies. Anyhow, looking at the relationship between isolates at a fingerprint-level, we
have strong indications that antibiotic-resistant bacteria are transferred from farms to
meat at slaughter. That means that these isolates can be further transferred to humans
through food, although this risk can be minimized by simple measures of kitchen hygiene.
In total, our results point towards the fact that fecal (cross-)contamination is, without any
doubt, an important source of meat contamination with potential pathogens, and that an-
timicrobial (mis)use on farms selects for antimicrobial-resistant E. coli. However, the con-
tamination of meat with antimicrobial-resistant agents is hard to predict from fecal iso-
lates, since the (cross-)contamination of meat is unpredictable and the carriage of antimi-
crobial resistance genes is a strikingly dynamic process.
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Author Contributions: Conceptualization, C.H. and K.S.; methodology, C.H., R.B. and K.S.; valida-
tion, R.B., formal analysis, R.B. and C.H.; investigation, R.B.; resources, ].B.; data curation, R.B. and
H.K.; writing—original draft preparation, R.B., HK. and C.H.; writing—review and editing, C.H.,
K.S. and ].B.; visualization, C.H. and H.K,; supervision, C.H.; project administration, J.B.; funding
acquisition, C.H., K.S. and J.B. All authors have read and agreed to the published version of the
manuscript.

Funding: Funding provided by the Bavarian State Ministry of the Environment and Consumer Pro-
tection [Az. StMUG: 47a-G7131-2011/27-22].

Institutional Review Board Statement: This study was approved by the Ethics Committee of the
Veterinary Faculty, LMU, Munich.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.



Microorganisms 2022, 10, 1485 17 of 19

Data Availability Statement: Available from the authors upon resonable request.

Acknowledgments: We appreciate the cooperation with the Bavarian Federal Institute for Food
Safety, coordinated by Petra Preikschat, and the funding received from the Bavarian State Ministry
of the Environment and Consumer Protection.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

Mader, R.; Mufioz Madero, C.; Aasmaée, B.; Bourély, C.; Broens, E.M.; Busani, L.; Callens, B.; Collineau, L.; Crespo-Robledo, P.;
Damborg, P. Review and analysis of national monitoring systems for antimicrobial resistance in animal bacterial pathogens in
Europe: A basis for the development of the European Antimicrobial Resistance Surveillance network in Veterinary medicine
(EARS-Vet). Front. Microbiol. 2022, 807. https://doi.org/10.3389/fmicb.2022.838490.

Goldwater, P.N.; Bettelheim, K.A. Treatment of enterohemorrhagic Escherichia coli (EHEC) infection and hemolytic uremic syn-
drome (HUS). BMC Med. 2012, 10, 1-8.

Serensen, T.L.; Blom, M.; Monnet, D.L.; Frimodt-Meller, N.; Poulsen, R.L.; Espersen, F. Transient intestinal carriage after inges-
tion of antibiotic-resistant Enterococcus faecium from chicken and pork. N. Engl. . Med. 2001, 345, 1161-1166.

Enne, V.I; Cassar, C.; Sprigings, K.; Woodward, M.].; Bennett, P.M. A high prevalence of antimicrobial resistant Escherichia coli
isolated from pigs and a low prevalence of antimicrobial resistant E. coli from cattle and sheep in Great Britain at slaughter.
FEMS Microbiol. Lett. 2008, 278, 193—-199.

Smith, H.W. Transfer of antibiotic resistance from animal and human strains of Escherichia coli to resident E. coli in the alimentary
tract of man. Lancet 1969, 293, 1174-1176.

Taylor, D. Antimicrobial use in animals and its consequences for human health. Clin. Microbiol. Infect. 1999, 5, 119-124.
Miranda, J.; Vazquez, B.; Fente, C.; Barros-Velazquez, J.; Cepeda, A.; Abuin, 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.

Van TT, H.; Chin, J.; Chapman, T.; Tran, L.T.; Coloe, P.]. Safety of raw meat and shellfish in Vietnam: An analysis of Escherichia
coli isolations for antibiotic resistance and virulence genes. Int. |. Food Microbiol. 2008, 124, 217-223.

Geser, N.; Stephan, R.; Hachler, H. Occurrence and characteristics of extended-spectrum p-lactamase (ESBL) producing Entero-
bacteriaceae in food producing animals, minced meat and raw milk. BMC Vet. Res. 2012, 8, 1-9.

Schwaiger, K.; Huther, S.; Hélzel, C.; Kampf, P.; Bauer, ]J. Prevalence of antibiotic-resistant Enterobacteriaceae isolated from
chicken and pork meat purchased at the slaughterhouse and at retail in Bavaria, Germany. Int. J. Food Microbiol. 2012, 154, 206~
211.

Silbergeld, E.K.; Graham, J.; Price, L.B. Industrial food animal production, antimicrobial resistance, and human health. Annu.
Rew. Public Health 2008, 29, 151-169.

Burow, E.; Rostalski, A.; Harlizius, ].; Gangl, A.; Simoneit, C.; Grobbel, M.; Kollas, C.; Tenhagen, B.-A.; Kdsbohrer, 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.

Corvec, S.; Prodhomme, A.; Giraudeau, C.; Dauvergne, S.; Reynaud, A.; Caroff, N. Most Escherichia coli strains overproducing
chromosomal AmpC (-lactamase belong to phylogenetic group A. J. Antimicrob. Chemother. 2007, 60, 872-876.

Pagani, L.; Dell’Amico, E.; Migliavacca, R.; D’Andrea, M.M.; Giacobone, E.; Amicosante, G.; Romero, E.; Rossolini, G.M. Multi-
ple CTX-M-type extended-spectrum {3-lactamases in nosocomial isolates of Enterobacteriaceae from a hospital in northern Italy.
J. Clin. Microbiol. 2003, 41, 4264—4269.

Bischoff, M.; Bauer, J.; Preikschat, P.; Schwaiger, K.; Mdlle, G.; Holzel, C. First detection of the antiseptic resistance gene qac A/B
in Enterococcus faecalis. Microb. Drug Resist. 2012, 18, 7-12.

Lanz, R.; Kuhnert, P.; Boerlin, P. Antimicrobial resistance and resistance gene determinants in clinical Escherichia coli from dif-
ferent animal species in Switzerland. Vet. Microbiol. 2003, 91, 73-84.

Maynard, C.; Fairbrother, ].M.; Bekal, S.; Sanschagrin, F.; Levesque, R.C.; Brousseau, R.; Masson, L.; Lariviere, S.; Harel, J. An-
timicrobial resistance genes in enterotoxigenic Escherichia coli O149: K91 isolates obtained over a 23-year period from pigs. An-
timicrob. Agents Chemother. 2003, 47, 3214-3221.

Aminov, R.; Chee-Sanford, J.; Garrigues, N.; Teferedegne, B.; Krapac, I.; White, B.; Mackie, R. Development, validation, and
application of PCR primers for detection of tetracycline efflux genes of gram-negative bacteria. Appl. Environ. Microbiol. 2002,
68, 1786-1793.

Versalovic, J.; Koeuth, T.; McCabe, E.; Lupski, ]. Use of the polymerase chain reaction for physical mapping of Escherichia coli
genes. J. Bacteriol. 1991, 173, 5253-5255.

Nikaido, H. Multidrug resistance in bacteria. Annu. Rev. Biochem. 2009, 78, 119.

Cobey, S.; Baskerville, E.B.; Colijn, C.; Hanage, W.; Fraser, C.; Lipsitch, M. Host population structure and treatment frequency
maintain balancing selection on drug resistance. J. R. Soc. Interface 2017, 14, 20170295.



Microorganisms 2022, 10, 1485 18 of 19

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Flor, M.; Tenhagen, B.-A.; Kédsbohrer, A. Contrasting Treatment-and Farm-Level Metrics of Antimicrobial Use based on Used
Daily Dose vs. Defined Daily Dose for the German Antibiotics Minimization Concept. Front. Vet. Sci. 2022, 9.
https://doi.org/10.3389/fvets.2022.913197.

Bokulich, N.A.; Chung, J.; Battaglia, T.; Henderson, N.; Jay, M.; Li, H.; Lieber, A.D.; Wu, F.; Perez-Perez, G.I; Chen, Y,; et al.
Antibiotics, birth mode, and diet shape microbiome maturation during early life. Sci. Transl. Med. 2016, 8, ra82-ra343.
https://doi.org/10.1126/scitranslmed.aad7121.

Sali, V.; Nykésenoja, S.; Heikinheimo, A.; Halli, O.; Tirkkonen, T.; Heinonen, T. Antimicrobial Use and Susceptibility of Indicator
Escherichia coli in Finnish Integrated Pork Production. Front. Microbiol 2021, 12, 754894.
https://doi.org/10.3389/fmicb.2021.754894.

Bortone, B.; Jackson, C.; Hsia, Y.; Bielicki, J.; Magrini, N.; Sharland, M. High global consumption of potentially inappropriate
fixed dose combination antibiotics: Analysis of data from 75 countries. PLoS ONE 2021, 16, €0241899.

Holzel, C.S.; Harms, K.S.; Kiichenhoff, H.; Kunz, A.; Miiller, C.; Meyer, K.; Schwaiger, K.; Bauer, J. Phenotypic and genotypic
bacterial antimicrobial resistance in liquid pig manure is variously associated with contents of tetracyclines and sulfonamides.
J. Appl. Microbiol. 2010, 108, 1642-1656.

Rodloff, A.; Bauer, T.; Ewig, S.; Kujath, P.; Muller, E. MEDIZIN-Ubersichtsarbeit-Sensibel, intermediar und resistent--
Wirkintensitat von Antibiotika. Dtsch. Arztebl.-Arztl. Mitt.-Ausg. B 2008, 105, 657.

Bergspica, I.; Kaprou, G.; Alexa, E.A.; Prieto, M.; Alvarez-Ordoéfiez, A. Extended spectrum (3-lactamase (ESBL) producing Esch-
erichia coli in pigs and pork meat in the European Union. Antibiotics 2020, 9, 678.

Holzel, C.S.; Tetens, J.L.; Schwaiger, K. Unraveling the role of vegetables in spreading antimicrobial-resistant bacteria: A need
for quantitative risk assessment. Foodborne Pathog. Dis. 2018, 15, 671-688.

Sharp, H.; Valentin, L.; Fischer, J.; Guerra, B.; Appel, B.; Kédsbohrer, A. Abschiatzung des Transfers von ESBL-bildenden
Escherichia coli zum Menschen fiir Deutschland. Berl. Und Miinchener Tierdrztliche Wochenschr. 2014, 127, 444-477.

Guinee, P.; Ugueto, N.; Van Leeuwen, N. Escherichia coli with resistance factors in vegetarians, babies, and nonvegetarians. Appl.
Microbiol. 1970, 20, 531-535.

Sannes, M.R.; Belongia, E.A ; Kieke, B.; Smith, K,; Kieke, A.; Vandermause, M.; Bender, J.; Clabots, C.; Winokur, P.; Johnson, J.R.
Predictors of antimicrobial-resistant Escherichia coli in the feces of vegetarians and newly hospitalized adults in Minnesota and
Wisconsin. J. Infect. Dis. 2008, 197, 430-434.

Mbelle, N.M.; Feldman, C.; Osei Sekyere, J.; Maningi, N.E.; Modipane, L.; Essack, S.Y. The resistome, mobilome, virulome and
phylogenomics of multidrug-resistant Escherichia coli clinical isolates from Pretoria, South Africa. Sci. Rep. 2019, 9, 1-16.
Iredell, J.; Brown, J.; Tagg, K. Antibiotic resistance in Enterobacteriaceae mechanisms and clinical implications. BM] Br. Med. ].
2016, 352, h6420. Available online: https://www jstor.org/stable/26941513 (accessed on 15 June 2022).

Lee, S.; An, ]J.-U.; Woo, J.; Song, H.; Yi, S.; Kim, W.-H.; Lee, ].-H.; Ryu, S.; Cho, S. Prevalence, Characteristics, and Clonal Distri-
bution of Escherichia coli Carrying Mobilized Colistin Resistance Gene mcr-1.1 in Swine Farms and Their Differences According
to Swine Production Stages. Front. Microbiol. 2022, 13, 873856.

Schwaiger, K.; Holzel, C.; Bauer, J. Resistance gene patterns of tetracycline resistant Escherichia coli of human and porcine origin.
Vet. Microbiol. 2010, 142, 329-336.

Marshall, B.; Petrowski, D.; Levy, S.B. Inter-and intraspecies spread of Escherichia coli in a farm environment in the absence of
antibiotic usage. Proc. Natl. Acad. Sci. USA 1990, 87, 6609-6613.

Mata, C.; Mir6,, E.; Alvarado, A.; Garcillan-Barcia, M.P.; Toleman, M.; Walsh, T.R.; de la Cruz, F.; Navarro, F. lasmid typing and
genetic context of AmpC P-lactamases in Enterobacteriaceae lacking inducible chromosomal ampC genes: Findings from a Span-
ish hospital 1999-2007. J. Antimicrob. Chemother. 2011, 67, 115-122. https://doi.org/10.1093/jac/dkr412.

Singh, N.S.; Singhal, N.; Virdi, ].5. Genetic Environment of blaTEM-1, blaCTX-M-15, blaCMY-42 and Characterization of In-
tegrons of Escherichia coli Isolated From an Indian Urban Aquatic Environment. Front. Microbiol. 2018, 9, 382.
https://doi.org/10.3389/fmicb.2018.00382.

Shin, S.W.; Shin, M.K; Jung, M.; Belaynehe, K.M.; Yoo, H.S. Prevalence of antimicrobial resistance and transfer of tetracycline
resistance genes in Escherichia coli isolates from beef cattle. Appl. Environ. Microbiol. 2015, 81, 5560-5566.

Cao, X.-L.; Shen, H.; Xu, Y.-Y; Xu, X.-].; Zhang, Z.-F.; Cheng, L.; Chen, J.-H.; Arakawa, Y. High prevalence of fosfomycin re-
sistance gene fosA3 in blaCTX-M-harbouring Escherichia coli from urine in a Chinese tertiary hospital during 2010-2014. Epi-
demiol. Infect. 2017, 145, 818-824.

Dominguez, M.; Miranda, C.D.; Fuentes, O.; de la Fuente, M.; Godoy, F.A_; Bello-Toledo, H.; Gonzalez-Rocha, G. Occurrence of
Transferable Integrons and sul and dfr Genes Among Sulfonamide-and/or Trimethoprim-Resistant Bacteria Isolated From Chil-
ean Salmonid Farms. Front. Microbiol. 2019, 10, 748. https://doi.org/10.3389/fmicb.2019.00748.

Kao, C.-Y.; Wu, H.-M,; Lin, W.-H.; Tseng, C.-C.; Yan, J.-].; Wang, M.-C.; Teng, C.-H.; Wu, J.-]. Plasmid-mediated quinolone
resistance determinants in quinolone-resistant Escherichia coli isolated from patients with bacteremia in a university hospital in
Taiwan, 2001-2015. Sci. Rep. 2016, 6, 32281. https://doi.org/10.1038/srep32281.

Hee, Y.K;; Kij, Y.K,; Jungmin, K.; Je, C.L.; Yoo, C.L.; Dong, T.C.; Sung, Y.S. Distribution of Conjugative-Plasmid-Mediated 16S
rRNA Methylase Genes among Amikacin-Resistant Enterobacteriaceae Isolates Collected in 1995 to 1998 and 2001 to 2006 at a



Microorganisms 2022, 10, 1485 19 of 19

45.

46.

47.

48.

University Hospital in South Korea and Identification of Conjugative Plasmids Mediating Dissemination of 16S rRNA Methyl-
ase. J. Clin. Microbiol. 2008, 46, 700-706. https://doi.org/10.1128/JCM.01677-07.

Quinn, J.P.; Miyashiro, D.; Sahm, D.; Flamm, R.; Bush, K. Novel plasmid-mediated beta-lactamase (TEM-10) conferring selective
resistance to ceftazidime and aztreonam in clinical isolates of Klebsiella pneumoniae. Antimicrob. Agents Chemother. 1989, 33, 1451—
1456. https://doi.org/10.1128/AAC.33.9.1451.

Zou, L.; Meng, ].; McDermott, P.F.; Wang, F.; Yang, Q.; Cao, G.; Hoffmann, M.; Zhao, S. Presence of disinfectant resistance genes
in Escherichia coli isolated from retail meats in the USA. |. Antimicrob. Chemother. 2014, 69, 2644-2649.

van den Bogaard, A.E.; Stobberingh, E.E. Epidemiology of resistance to antibiotics: Links between animals and humans. Int. |.
Antimicrob. Agents 2000, 14, 327-335.

Garofalo, C.; Vignaroli, C.; Zandri, G.; Aquilanti, L.; Bordoni, D.; Osimani, A.; Clementi, F.; Biavasco, F. Direct detection of
antibiotic resistance genes in specimens of chicken and pork meat. Int. J. Food Microbiol. 2007, 113, 75-83.



	Tracking Antimicrobial Resistant E. coli from Pigs on Farm to Pork at Slaughter
	Abstract
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	Supporting Information
	References

