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3 Summary

3 Summary

Campylobacter jejuni and Campylobacter coli are considered the primary causative
agents of campylobacteriosis in humans, which has significant public health
implications worldwide. In Europe, they account for by far the most cases of bacterial
gastroenteritis. Particularly feared, though underestimated by the general population,
are the long-term consequences of an infection that can occur in rare cases, such as
Guillain-Barré syndrome, reactive arthritis, and irritable bowel syndrome. The
excessive use of antibiotics in human and veterinary medicine has led to increasing
resistance of these bacteria to antimicrobial agents, limiting treatment options.
Consequently, the Centers for Disease Control and Prevention (CDC) classifies
Campylobacter, especially due to its fluoroquinolone resistance, as a high-priority

resistant bacterium and a serious public health threat.

This study aimed to compare the antibiotic resistances of Campylobacter isolates from
different regions of the world to identify resistance determinants relevant to human
medicine and imminent in Europe, which develop under high selection pressure and
pose a challenge to global public health. Based on the results of this comparative
study, a novel warning tool should be developed that can be used at the molecular

level in routine monitoring programs.

The results of our comparative study showed differences in the extent of various
resistances depending on the origin of the Campylobacter isolates. For example, the
isolates from Georgia and Germany showed particularly high resistance to
fluoroquinolones and tetracyclines. In contrast, resistance to aminoglycosides and
macrolides was less common. The Campylobacter isolates from Vietnam, however,
showed nearly complete resistance to fluoroquinolones and tetracyclines, and
particularly the Vietnamese C. coli isolates exhibited very high resistance to

aminoglycosides and macrolides. These high resistance rates in Vietnam are possibly
7



3 Summary

due to the extensive use of antibiotics in livestock farming.

Through the application of whole genome sequencing, phenotypic resistances could
be linked to the presence of resistance determinants in the individual isolates. This
showed that distinct Campylobacter populations carry different resistance markers and

that Vietnamese Campylobacter isolates carried more resistance determinants.

We further investigated to what extent a data analysis based on whole genome data
can be used to predict the expression of phenotypic resistance. We found that for the
most part, the prediction matched the phenotypic resistance. However, discrepancies
between the whole genome sequencing data and the phenotypic resistance profiles
were also discovered. Problems included missing or inaccurately annotated AMR
genes, detection issues due to multiple gene copies or variants, and novel mutations
affecting gene functionality. Additionally, unknown resistance mechanisms were
identified, such as resistance to ciprofloxacin without concurrent nalidixic acid

resistance.

Another resistance mechanism leading to aminoglycoside resistance was deciphered
and characterized in the course of this study. By applying natural transformation and
analyzing genome data, a point mutation in the 16S rRNA of Campylobacter was
identified, which was causally related to aminoglycoside resistance. We were able to
show that the stability of the resistance depended on how many of the three copies of

the 16S rRNA present in Campylobacter had undergone this mutation.

Using Nanopore long-read sequencing technology, combined with short-read data,
hybrid assemblies were created for individual isolates. This allowed several isolates to
be represented with their fully circular chromosome and, where applicable, additional

epichromosomal units (e.g. plasmids). This provided insights into the localization and
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3 Summary

mode of spread of the identified resistance determinants.

Ultimately, based on the whole genome data, it was possible to design new primers
and probes and subsequently develop a pentaplex real-time PCR system. This was
adequately tested and validated during this study and will be available in the future as
a cost-effective alternative to whole genome sequencing to routinely monitor the most
important resistance markers such as fluoroquinolone, macrolide, and tetracycline

resistances.

In conclusion, the great genetic diversity and observed resistances in Campylobacter,
especially in regions with intensive antibiotic use, stresses the necessity for continuous
monitoring of circulating resistances in a global context to control and contain the
spread of resistant strains. Furthermore, this work serves as an incentive to improve

public health in the future and raise awareness about reducing antibiotic consumption.



4 Zusammenfassung

4 Zusammenfassung

Campylobacter jejuni und Campylobacter coli gelten als die wichtigsten Erreger der
Campylobacteriose beim Menschen, die weltweit grolle Auswirkungen auf die
offentliche Gesundheit hat. In Europa stellen sie mit Abstand die meisten Falle von
bakteriell verursachter Gastroenteritis dar. Besonders geflrchtet, aber dennoch von
der allgemeinen Bevdlkerung unterschatzt, sind die Langzeitfolgen einer Erkrankung,
die in seltenen Fallen auftreten kdnnen, wie das Guillain-Barré-Syndrom, reaktive
Arthritis und das Reizdarmsyndrom. Der UbermaRige Einsatz von Antibiotika in der
Human- und Veterinarmedizin hat zu einer zunehmenden Resistenz dieser Bakterien
gegen antimikrobielle Mittel geflhrt, was die Behandlungsmdglichkeiten einschrankt.
Entsprechend wird Campylobacter von der Centers for Disease Control and
Prevention (CDC) insbesondere wegen seiner Fluorchinolon-Resistenz als resistentes
Bakterium mit hoher Prioritat und als ernsthafte Bedrohung der oOffentlichen

Gesundheit eingestuft.

Diese Studie hatte zum Ziel, die Antibiotikaresistenzen von Campylobacter-Isolaten
aus unterschiedlichen Regionen der Welt zu vergleichen, um fur die Humanmedizin
relevante und fur Europa bevorstehende Resistenzdeterminanten zu identifizieren, die
sich unter hohem Selektionsdruck entwickeln und eine Herausforderung fir die
offentliche Gesundheit darstellen. Aufgrund der Ergebnisse dieser vergleichenden
Studie sollte ein neuartiges Warninstrument entwickelt werden, welches auf
molekularer Ebene fur den Einsatz in Routinelberwachungsprogrammen verwendet

werden kann.

Die Ergebnisse unserer vergleichenden Studie zeigten Unterschiede in der
Auspragung verschiedener Resistenzen je nach Herkunftsort der Campylobacter-
Isolate. So wiesen die Isolate in Georgien und Deutschland im besonderen hohe

Resistenzen gegenuber Fluorchinolonen und Tetrazyklinen auf. Hingegen waren
10



4 Zusammenfassung

Resistenzen gegenuber Aminoglykosiden und Makroliden eher seltener zu
beobachten. Die Campylobacter-lsolate aus Vietnam zeigten indes eine nahezu
vollstandige Resistenz gegen Fluorochinolone und Tetrazykline und besonders die
vietnamesischen C. coli Isolate wiesen sehr hohe Resistenz gegenuber
Aminoglykosiden und Makroliden auf. Diese hohen Resistenzraten in Vietnam sind
womadglich auf den umfangreichen Einsatz von Antibiotika in der Tierhaltung

zurluckzufiihren.

Durch die Anwendung der Ganzgenomsequenzierung konnten die phanotypischen
Resistenzen mit dem Vorhandensein von Resistenzdeterminanten in den einzelnen
Isolaten verknupft werden. Dies zeigte, das distinkte Campylobacter Populationen
unterschiedliche Resistenzmarker tragen und das vietnamesische Campylobacter

Isolate mehr Resistenzdeterminanten trugen.

Wir fragten uns ferner inwieweit eine Datenanalyse basierend auf Ganzgenomdaten
zur Vorhersage einer Auspragung einer phanotypischen Resistenz herangezogen
werden kann. Wir stellten fest, dass zwar fir einen Grofteil die Vorhersage mit der
phanotypischen Resistenz Ubereinstimmte. Jedoch konnten auch Diskrepanzen
zwischen den Daten der Ganzgenomsequenzierung und den phanotypischen
Resistenzprofilen aufgedeckt werden. Zu den Problemen gehdrten fehlende oder
ungenau annotierte AMR-Gene, Nachweisprobleme aufgrund von Mehrfachgenkopien
oder -varianten sowie neuartige Mutationen, die die Genfunktionalitat beeinflussten.
Aullerdem wurden auch unbekannte Resistenzmechanismen identifiziert, wie die

Resistenz gegen Ciprofloxacin ohne gleichzeitige Nalidixinsaure-Resistenz.

Ein weiterer Resistenzmechanismus, der zu einer Aminoglykosidresistenz flhrt,
konnte im Rahmen der Studie entschlisselt und charakterisiert werden. Durch
Anwendung der naturlichen Transformation und Analyse von Genomdaten, konnte

eine Punktmutation in der 16S rRNA von Campylobacter ausfindig gemacht werden,
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die im kausalen Zusammenhang mit der Aminoglykosidresistenz stand. Wir konnten
zeigen, dass die Stabilitat der Resistenz davon abhangt, wie viele der drei Kopien der

in Campylobacter vorkommenden 16S rRNA dieser Mutation unterlaufen waren.

Durch Anwendung der Nanopore Long-Read Sequenzieruntechnik, konnten
zusammen mit den Short-Read Daten flur vereinzelte Isolate sogenannte Hybrid
Assemblies erstellt werden. Somit konnten mehrere Isolate mit ihrem vollstandig
zirkularem Chromosom und ggf. weiteren epichromosomalen Einheiten (Plasmide)
dargestellt werden. Dies gab Aufschluss Uber die Lokalisierung und Art der Verbreitung

der identifizierten Resistenzdeterminanten.

Anhand der Ganzgenomdaten war es letztendlich moglich neue Primer- und Sonden
zu designen und daraufhin ein Pentaplex-Real-Time PCR System zu entwickeln.
Dieses wurde wahrend der Zeit der Studie hinreichend getestet und validiert und steht
in Zukunft als kostengunstige Alternative zur Ganzgenomsequenzierung bereit um
routinemafig die wichtigsten Resistenzmarker wie Fluorochinolon-, Makrolid- und

Tetrazyklin Resistenzen zu beobachten.

Schlussendlich lasst sich sagen, dass die grofle genetische Vielfalt und die
beobachteten Resistenzen bei Campylobacter, insbesondere in Regionen mit starkem
Antibiotikaeinsatz, die Notwendigkeit einer kontinuierlichen Uberwachung
zirkulierender Resistenzen im globalen Kontext unterstreichen, um die Ausbreitung
resistenter Stdamme zu kontrollieren und einzudammen. Ferner stellt diese Arbeit
einen Anreiz dar, zukunftig die offentliche Gesundheit zu verbessern und das

Bewusstsein im Sinne der Antibiotikaverbrauchsmengenreduzierung zu scharfen.
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5 Introduction

5.1 The Genus Campylobacter spp.

The bacteria of the genus Campylobacter were probably first identified in 1886. At this
time the German-Austrian pediatrician Theodor Escherich observed spiral-shaped
bacteria under the microscope, but was unable to cultivate them (1). In 1913 a Vibrio-
like organism was isolated from aborted fetuses and subsequently named “Vibrio fetus”
(2). Fifty years later, in 1963, Sebald and Véron introduced the name “Campylobacter”
to the genus, attributing it to the bacteria's distinctive shape and specific growth
preferences, while also highlighting biological differences from Vibrio species (3). The
name Campylobacter originates from the Greek words “campylo,” meaning “curved,”
and “bacter,” which translates to “rod.” Yet, it wasn't until the 1970s that they were
successfully isolated from stool samples of humans with acute enteritis, a significant
achievement given the challenges associated with cultivating these bacteria under
known conditions due to their specific growth requirements (4-6). Campylobacter
species commonly exhibit a helical morphology, are classified as Gram-negative, and
have a microaerobic metabolism (7). To date, the Genus Campylobacter comprises 48
species and 13 subspecies (8), of which Campylobacter jejuni and Campylobacter coli
play the most important role for public health as they are the two primary agents in
Campylobacter associated gastroenteritis (9). Nonetheless, several other species,
such as C. upsaliensis, C. hyointestinalis, and C. lari, can also cause infections in
humans (10, 11). They are highly motile due to their flagella, which are situated at the
polar ends of the bacterium (12). Unlike other pathogenic bacteria they are very
susceptible to various environmental conditions such as desiccation (13), osmotic

stress (14), oxidative stress (15), and low pH (16).
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5 Introduction

5.2 Campylobacteriosis as zoonotic disease

5.2.1 Prevalence

Thermotolerant Campylobacter have been recognized as the leading cause of
gastroenteritis worldwide and rank among the most prevalent human enteric
pathogens in both developed and developing countries (9, 17-20). In 2022,
Campylobacteriosis surpassed 137,000 reported cases EU-wide, which is more than
twice the reported number of Salmonella infections (65,208) (21). Thus,
Campylobacter spp. remains the leading cause of bacterial gastroenteritis in the
European Union. However, the true incidence is likely even higher. For instance,
Havelaar and colleagues suggest it could be as much as 47 times greater than what is
reported by EU member states (22). However, they also note that asymptomatic cases
may not always be consistently classified, and there are differences between countries

in reporting practices, which can affect the comparability of the data.

5.2.2 Clinical presentation, health burden, and economic impact

Campylobacteriosis is characterized by symptoms such as watery and/or bloody
diarrhea, abdominal pain, fever, and nausea but can also only show mild symptoms
(23, 24). While the illness is typically self-limiting, it can have severe outcomes. A study
suggested, that individuals infected with ciprofloxacin-resistant Campylobacter
experienced prolonged diarrhea compared to those with ciprofloxacin-susceptible
Campylobacter infection, while the reason for this is still unclear (25). Particularly
concerning are the potential long-term autoimmune sequelae, such as Guillain-Barré
syndrome, reactive arthritis, and irritable bowel syndrome (26, 27). These autoimmune
diseases contribute to a considerable public health burden, often underestimated by

the general population. Hence, the Foodborne Disease Burden Epidemiology
14
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Reference Group (FERG) of the WHO published an estimation of the global
Campylobacter disease burden. In 2010, a total of 600 million cases of foodborne
illnesses were attributed to thirty-one distinct hazards, with Campylobacter estimated
to account for 96 million of these cases. Among these Campylobacter cases,
approximately 21,000 deaths and over 2.1 million Disability Adjusted Life Years
(DALYs) were recorded, primarily associated with Guillain-Barré Syndrome, as data
on other long-term sequelae was limited. DALYs are a measure of overall disease
burden, expressed as the total number of years lost due to illness, disability, or
premature death. Thus, globally, Campylobacter ranked sixth among the thirty-one
hazards associated with foodborne illnesses with respect to the amount of DALY's per
100,000 population (28).

In the United States, the estimated annual cost of iliness is approximately 1.9 billion
US dollars, with over half of this (56%; 1.1 billion US dollars) attributed to Guillain-
Barré syndrome (29), although only 0.07% of acute cases develop this long-term
sequelae (26). Based on data from 2017, Schorling et al. estimated the total cost of
Campylobacter enteritis in Germany to be 95.2 million Euros. Sequelae also
contributed notably to these costs, comprising approximately 30%. Here, chronic
inflammatory bowel disease substantially contributed to the calculated costs (30). In
addition to healthcare expenses, illness and mortality result in additional non-

healthcare costs, such as productivity losses (31, 32).

5.2.3 Transmission routes and risk factors

In high-income countries, the majority of Campylobacter spp. infections are caused

by consuming undercooked contaminated animal derived food or by cross-

contamination of ready-to-eat food by contaminated meat. Fresh meat from poultry,

notably chicken, is considered the primary source of human infections associated with
15
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the pathogen (33, 34). Animals colonized asymptomatically serve as carriers,
shedding bacteria into the environment and becoming a potential source of infection
for both uncolonized animals and susceptible humans (35-37). Transmission from
living animals can occur through direct contact or indirectly via environments
contaminated with feces (38). Apart from these transmission routes, Campylobacter
infections are also commonly associated with the consumption of raw milk (21, 34,
39). According to a meta-analysis, the primary risk factor for campylobacteriosis is
international travel, followed by eating undercooked chicken, environmental

exposure, and direct contact with farm animals (40).

5.2.4 Diagnosis and treatment

The diagnosis of Campylobacter in stool samples can be conducted through
conventional culture methods (27, 41-43) or assessed culture-independently, e.g.
using enzymatic immunoassays (EIA) (44) or polymerase chain reaction (PCR) (45).
Recently, culture-independent methods are replacing traditional culture techniques
(46). Nevertheless, cultural evidence is important in order to enable antimicrobial

resistance testing and whole-genome sequencing if necessary.

The World Health Organization (WHQO) recommends oral rehydration as the first-line
treatment to replace water, electrolytes, and nutrient deficiencies caused by diarrhea
(47). To further support the reduction of dehydration, ancillary drugs such as
antiemetics (48) or the antimotility drug loperamide (49) may be utilized as adjuncts
in diarrhea treatment. Since 2017, healthcare professionals in the US have been
advised to use azithromycin, a macrolide, as the preferred antimicrobial for treating
campylobacteriosis, and ciprofloxacin, a fluoroquinolone, as an alternative option
(27). In the US, the prevalence of oral antibiotic prescriptions shows that macrolide
and fluoroquinolone treatments range from 35% to 37% in patients with and without
16
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post infection irritable bowel syndrome, respectively, with combinations of both
prescribed 12% and 13% of the time (50). In a case-control study performed from
2011 to 2014 in Germany, 31% of the patients reported that they were treated with
antibiotics, mostly with ciprofloxacin and erythromycin (51). Meanwhile, Schorling et
al., based on data gathered in Germany over one year from a large health insurance,
found that 8.7% of patients diagnosed with severe campylobacteriosis and 13.1% of
those with moderate cases received antibiotics (30). A study from 2011 conducted in
Georgia (Caucasus) found that 45% of Georgian health care practitioners’ use
antimicrobials in the case of diarrheal disease, of which 65% used antibiotics only in
case of presence of blood in stool (52). In China, children that suffer from severe or
prolonged campylobacteriosis receive antibiotic treatment with azithromycin or

erythromycin as preferred antimicrobials (53).

5.3 Antimicrobial resistance in Campylobacter spp.

The discovery of antibiotics in the early 20" century revolutionized the treatment of
bacterial infections, allowing for the effective control and cure of various diseases that
were once life-threatening, thus extending the average human lifespan by
approximately 23 years since their introduction (54). Initially, antibiotic resistance was
rare, but over time, the prevalence of resistant strains increased rapidly. Organisms,
particularly those that developed resistance to multiple, unrelated antibiotics, had a
considerable impact on human health, as antibiotic treatment was no longer effective
for the first time (55). Today, antibiotic resistant bacteria are a major threat to human
health globally (56). Notably, Campylobacter has been identified as a serious threat by
the Centers for Disease Control and Prevention (CDC) (57) and is classified as a high-

priority antibiotic-resistant pathogen by the WHO (58).
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5.3.1 Antimicrobial resistance mechanisms in Campylobacter spp.

Phenotypic antimicrobial resistance in Campylobacter is driven by various molecular
mechanisms such as target site modification by point mutations or modifying enzymes,
enzymatic inactivation of the antimicrobial, and efflux pumps. Antimicrobial resistance
may complicate the treatment of infections, particularly with commonly used antibiotics
like quinolones. Understanding these resistance mechanisms is crucial for developing

effective strategies to combat Campylobacter infections and resistance spread.

5.3.1.1 Macrolide resistance

Macrolide antibiotics are a class of antibiotics that include erythromycin, azithromycin,
and clarithromycin. These antibiotics bind to the large subunit of the ribosome,

specifically the 50S subunit, at the peptidyl transferase center (59).

Campylobacter spp. can develop resistance to macrolide antibiotics by point mutations
in their 23S rRNA genes. Mutations at positions 2074 or 2075, such as A2075G,
A2074G, A2074C, and A2074T, are described, which can lead to high-level resistance
to erythromycin when present in all three copies of the gene (60-62). There have also
been isolates identified with fewer than three copies of the altered 23S rRNA gene, yet
they exhibit similar minimum inhibitory concentration (MIC) values to those harboring
mutations in all three copies (63). One C. jejuni isolate with even two different
mutations on all three 23S rRNA gene copies was detected by Real-time PCR using a
melting curve analysis (64). The A2075G mutation is the predominant alteration found
in isolates from food animals (65-67). 23S rRNA mutations associated with macrolide
resistance have been shown to be transferable via natural transformation and were,
apart from one exception of seven strains, stable upon subculturing in absence of
selection pressure (63). The point mutation A2075G resulted in bacterial fitness loss

for colonization of C. jejuni in the chicken host, as evidenced by pairwise in vivo
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competition tests with mutated resistant and isogenic susceptible strains (68).
Meanwhile, Zeitouni et al. found that when mono-inoculated or co-inoculated into
chickens, macrolide susceptible C. jejuni outcompeted the macrolide resistant
population. However, a spontaneous mutant that evolved in vivo showed a colonization
capacity similar to the susceptible strain. In contrast, macrolide susceptible and
resistant C. coli displayed similar levels of colonization in chickens, both in separated

inoculations and during competitive assays (69).

Another target site modification mechanism is the methylation of binding sites of the
macrolide antibiotic by rRNA methyltransferases. The genes encoding these enzymes
were described in 1995 in Campylobacter rectus from patients with periodontitis (70).
These adenine-specific N-methyltransferases are encoded by the erm gene class
(erythromycin ribosome methylation). They utilize S-adenosylmethionine (SAM) to
methylate a single adenine residue in the 23S rRNA gene, specifically targeting A2058
in E. coli numbering. This methylation results in the formation of either N6-mono- or
dimethyladenine (71). Campylobacter spp. mainly harbors the erm(B) gene, which has
already been identified in isolates from different continents such as Africa (72),
Australia (73), Asia (67, 74, 75), Europe (76, 77) and North America (78). It was
described first in a C. coli strain isolated from swine in China (79) and probably derived

from gram-positive bacteria (80).

5.3.1.2 Quinolone resistance

Quinolones have been utilized since the 1960s, starting with the clinical application of
nalidixic acid as the initial agent. The incorporation of a fluorine molecule at position 6
marked a major advancement in inhibiting bacterial growth, exhibiting minimum
inhibitory concentrations 100 times greater compared to those observed with nalidixic
acid (81). Today fluoroquinolones are frequently used in human (82, 83) and veterinary

medicine (84). Fluoroquinolones (e.g. ciprofloxacin, enrofloxacin) target bacterial DNA
19
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synthesis through inhibition of two enzymes crucial for DNA replication: DNA gyrase,
formed by GyrA and GyrB, which introduces negative supercoils into DNA, and
topoisomerase |V, consisting of ParC and ParE, responsible for decatenating DNA
molecules and resolving DNA entanglements (85). In Campylobacter, however, the
ParC/E appear to be absent, leaving DNA gyrase as the sole target for
fluoroquinolones (86). Thus, resistance to fluoroquinolones mainly arises from amino
acid substitutions within the quinolone resistance-determining region (QRDR),
specifically due to mutations in the gyrA gene (87). The most frequent mutation
associated with fluoroquinolone resistance is the T86l mutation (66, 67, 88-90).
Additionally, other mutations have been identified, such as T86V (67), T86K (91),
D90ON (91), D90Y (92), and T86A (92), although the latter only confers low-level
resistance to ciprofloxacin (2 mg/L). In vivo studies on the fithess cost of the T86I
mutation highlighted an even increased bacterial fitness for some C. jejuni strains, as
they were able to outcompete their susceptible counterparts (93). Similarly,
observations of the growth kinetics of susceptible and resistant isogenic C. jejuni in
competitive in vitro experiments indicated that fluoroquinolone-resistant strains might
exhibited a small but significant growth advantage over the fluoroquinolone-susceptible
strains (94). Zeitouni and Kempf found that fluoroquinolone resistance in
Campylobacter strains incurs fitness costs in vitro, in vivo, and on food matrices (95).
In vitro experiments revealed general fithess costs associated with fluoroquinolone
resistance, while in vivo studies using chicken models showed that fluoroquinolone-
resistant strains were outcompeted by susceptible strains during competitive
colonization. Additionally, on food matrices such as chicken skin, the acquisition of
fluoroquinolone resistance led to the rapid disappearance of resistant strains,

indicating reduced survival in competitive scenarios.
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5.3.1.3 Aminoglycoside resistance

Aminoglycosides are derived from the bacteria Actinomycetes and function by
inhibiting protein synthesis (96). An ATP-dependent transport mechanism is used by
aerobic bacteria to import aminoglycosides into the cell. Once inside, these agents
specifically attach to the A-site decoding area of the 16S rRNA (97). Streptomycin,
introduced in 1944, was the first aminoglycoside utilized as an antibiotic. Throughout
the years, several additional antibiotics belonging to this class have either been
isolated from bacteria (such as gentamicin, kanamycin, and tobramycin) or created

through semi-synthetic methods (like amikacin) (96).

The mechanism of action of aminoglycosides relies on their chemical structure. While
gentamicin, kanamycin, and tobramycin have a 2-deoxystreptamine (2-DOS) core
structure in common, streptomycin exhibits a streptidine moiety, leading to different
binding patterns. The 2-DOS aminoglycosides directly interact with the ribosomal RNA,
specifically targeting the aminoacyl-(A) tRNA decoding site situated in the helix 44,
resulting in translational misreading. In contrast, streptomycin additionally binds to
helices from all four different domains and also interacts with the ribosomal protein

S12, resulting in a different mode of action (98).

In Campylobacter spp., resistance to aminoglycosides is primarily correlated with the
presence of genes encoding enzymes that alter the chemical structure of the
aminoglycosides (99). These enzymes are thought to convey either acetylation of an
amino group (N-Acetyltransferases, AAC), adenylation of a hydroxyl group (O-
Adenyltransferases, ANT), or phosphorylation of a hydroxyl group (O-
Phosphotransferases, APH) of the target aminoglycoside (100). Gentamicin,
kanamycin, and tobramycin resistance is correlated with the presence of
aminoglycoside 2"-phosphotransferase genes (aph(2")) (100), of which several distinct

variants have been identified in Campylobacter to date (101-104). Furthermore,

21



5 Introduction

bifunctional enzyme encoding genes like aac(6')-le/aph(2")-la and aac(6')-le/aph(2")-If
may also play a pivotal role in resistance to these substances (67, 104). Kanamycin
resistance was suggested to additionally be conferred by 3’-phosphotransferase genes
(aph(3’)) such as aph(3’)-llla (105) and aph(3’)-Vlla (106). Meanwhile, streptomycin
resistance in Campylobacter is associated with the occurrence of 6-Adenyltransferase
genes (ant(6)), of which ant(6’)-la (also named aadE) is the most frequently
encountered gene (88, 90, 107). Additionally, the streptomycin resistance genes
ant(6’)-1b (88) and a C. coli specific version of aadE, designated aadE-Cc (65, 90),
have also been identified in Campylobacter. Besides the inactivation of streptomycin
by enzymes, mutations in the ribosomal protein S12 (encoded by the rpsL gene) can
confer resistance, with the point mutations K43R and K88R being identified in
Campylobacter (67, 107, 108).

5.3.1.4 Tetracycline resistance

Discovered in the 1940s, tetracyclines, including tetracycline, doxycycline, and
minocycline, hinder protein synthesis by binding to the 16S rRNA of the 30S ribosomal
subunit, thereby obstructing the binding of aminoacyl-tRNA to the ribosomal acceptor
site (109). Unlike what is observed with macrolides and aminoglycosides, resistance
to tetracyclines is rarely mediated by mutations in ribosomal RNA or proteins, nor by
methylation of specific RNA residues. Instead, it is conferred by other proteins. These
proteins either i) export tetracycline across the cell membrane using an energy-
dependent efflux mechanism (110, 111), ii) chemically alter the drug to deactivate it
(112), or iii) mimic elongation factors to displace the bound antibiotic from the
ribosome, thereby protecting the ribosome, and thus are designated ribosomal
protection proteins (RPPs) (113, 114). Tetracycline resistance in Campylobacter is
mainly conferred by the RPPs of which the later designated Tet(O) was probably the
first to be described (113, 115). The RPP encoding gene tet(O) is the predominantly
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found resistance gene conferring tetracycline resistance in Campylobacter spp. (66,
104, 116). Other types of RPP encoding genes have also been identified in
Campylobacter, such as tet(32) (117) and tet(W) (67). In addition, mosaic like RPP
encoding genes have been observed in Campylobacter spp. like tet(O/M/O) (118) and
tet(O/32/0) (119). Additionally, the presence of the efflux pump coding gene tet(L) has

recently been discovered in China (120).

5.3.2 Prevalence of antimicrobial resistance in Campylobacter spp.

The EU summary report on antimicrobial resistance in 2021/22 showed a prevalence
of 69.1% and 70.6% ciprofloxacin-resistant C. jejuni and C. coli human isolates from
22 member states, respectively. Meanwhile, resistance to erythromycin was less
pronounced with 0.9% of C. jejuni and 7.8% of C. coli resistant human isolates. Similar
to the higher proportion of macrolide-resistant C. coli, they were also more resistant to
tetracyclines (71.2%) compared to their C. jejuni counterparts (46.6%). Gentamicin
resistance was also low, with 0.5% in C. jejuni and 3.0% in C. coli. Similar prevalences
in the occurrence of resistance were observed in cecal samples from broilers from 27
EU member states and the United Kingdom. The highest resistances were observed
in C. coli from cattle under the age of 1 year, with 90.5% resistance to tetracycline,

35.7% to erythromycin, 79.7% to ciprofloxacin, and 12.4% to gentamicin (121).

Antibiotic resistances among Campylobacter isolates in Southeast Asia vary
considerably by country. For instance, Vietnam exhibited very high resistance rates to
ciprofloxacin (63 - 100%), nalidixic acid (88 - 100%), and tetracyclines (75 - 100%),
along with moderate to high resistance rates to gentamicin (25 - 56%), streptomycin
(63 - 100%), and erythromycin (25 %) in C. spp from chicken and pork (122-124). In a
study conducted by Lim et al. (2017), poultry meat products from Manila (Philippines)
displayed very high resistance rates to erythromycin (98.6%) and clindamycin (98.6%)
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(125). Additionally, frequent resistance to ciprofloxacin and tetracyclines was observed
in Thailand (81.2% and 40.6%, respectively), while here the isolates were moderately

resistant to erythromycin (9.4%) (126).

During a study spanning from 2017 to 2018 in Beijing, China, elevated rates of
resistance to ciprofloxacin (94.5% and 94.4%) and tetracycline (93.5% and 94.4%)
were observed in human isolates of C. jejuni and C. coli, respectively. Erythromycin
resistance was more prevalent among C. coli isolates (44.4%) compared to C. jejuni
(9.0%), showing more than four times higher prevalence. Likewise, gentamicin
resistance was present in 50.0% of C. coli isolates and in 13.0% of C. jejuni isolates.
Difference in streptomycin resistance was even more pronounced in C. coli (72.2%)
than in C. jejuni (9.5%) (127). Notably, Campylobacter coli often exhibits higher
resistance levels than C. jejuni, as evidenced by the different studies mentioned.
Additionally, Campylobacter spp. isolates from Asia tend to be more resistant than their

European counterparts.

5.3.3 Surveillance of antimicrobial resistance

Since the primary driver of the rise in antimicrobial resistance is the use of antimicrobial
agents (57), several countries and regions have introduced antimicrobial resistance
surveillance systems along with mitigation strategies to minimize antimicrobial use and

resistance in bacteria.

5.3.3.1 AMR Surveillance in the United States

In 1996, the National Antimicrobial Resistance Monitoring System (NARMS) was
established to prospectively monitor changes in antimicrobial susceptibilities of
selected zoonotic enteric pathogens like Salmonella spp. and Campylobacter spp.
(128, 129). As NARMS initiated monitoring of antimicrobial resistance in bacterial
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isolates from humans, it wasn'’t long until data from this program (130) and another
source (131) revealed an increase in fluoroquinolone resistance among
Campylobacter from humans subsequent to the approvals of the fluoroquinolones
sarafloxacin and enrofloxacin in poultry (129). This prompted the withdrawal of
fluoroquinolones, particularly enrofloxacin, from poultry use in the United States (132).
This withdrawal was the first case of an animal drug being taken off the market due to
the associated emergence of resistance in humans. This led the FDA to develop an
evidence-based approach for approving animal antimicrobial drugs of clinical
importance to humans for use in primary production (133). Nowadays NARMS is being
crucial in monitoring antimicrobial resistance in enteric bacteria in the US, aiding in
identifying emerging threats across humans, animals, and food. Its data inform
policies, regulatory actions, and educational efforts to reduce resistance and protect
public health, continuously evolving to address changing bacterial environments and

technologies (129).

5.3.3.2 AMR Surveillance in the European Union

Over the past decades, several EU Member States had established own surveillance
programs to monitor antimicrobial resistance in bacterial isolates from animals raised
for food production (134-137). However, with the introduction of Directive 2003/99/EC,
a harmonized approach was established, mandating all European Member States to
monitor antimicrobial resistance in zoonotic and public health-threatening agents
(138). This led to the adoption of Implementing Decision 2013/652/EU (139) in 2013,
which was later updated to Implementing Decision (EU) 2020/1729 (140). Within the
EU-Decision, it is stated that Member States shall monitor thermotolerant
Campylobacter spp. from different food-producing animals and the fresh meat thereof.
For Campylobacter, this involves collecting samples, such as cecal content, from

specified food-producing animals at the time of slaughter. This sampling is conducted
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on a rotational basis, with the focus on poultry one year, and on bovine animals and
pigs the following year. The antimicrobial susceptibility testing is performed by using
the broth micro dilution method specified by the Clinical and Laboratory Standards
Institute (CLSI) (141, 142). The interpretation of antimicrobial susceptibility data relies
on epidemiological cut-off values (ECOFFs) regularly updated and published by the
European Committee on Antimicrobial Susceptibility Testing (EUCAST), which was
first formed in 1997 to also harmonize prior existing national committees (143). The
findings are subsequently submitted on an annual basis to the European Commission,
which in turn tasks the European Food Safety Authority (EFSA) with writing and

publishing a summary report on antimicrobial resistance for the European Union.

In 2008, Germany started its own strategy to fight antimicrobial resistance named
DART (Deutsche Antibiotika-Resistenzstrategie) (144). Following this, the 16th
amendment of the Medicinal Products Act (16th AMG Amendment), which came into
force in 2014, established regulations for implementing an antibiotic reduction strategy
for livestock (145). The Working Group on Antibiotic Resistance of the Federal Office
of Consumer Protection and Food Safety (BVL) and the Federal Institute for Risk
Assessment (BfR) evaluated the antibiotic reduction strategy and found that the
amount of veterinary antimicrobials dispensed has seen a notable decrease between
2011 and 2020, with a reduction of 58.9% (from 1,705.7 to 700.7 t) (146). Since the
reduction strategy was considered successful (147), follow up programs were
established such as DART 2020 (148) and the still ongoing DART 2030 (149).

5.3.3.3 AMR Surveillance in Asia

Southeast Asia is considered a region that contributes to emergence of drug resistance
(150). Additionally, the WHO stated in a report that Southeast Asian countries lack
systematic data collection regarding antimicrobial resistance (151). Hence, in 2015,

the WHO adopted a global action plan, encouraging member states to create their own
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tailored national action plans (NAPs) to combat antimicrobial resistance based on the
One Health approach (152). Although governments showed their willingness for
accelerated development of NAPs in Southeast Asia, progress on implementation
should be strengthened, with e.g. regard to accountability, equity, sustainability and
transparency (153). Antimicrobial usage in food animals in Myanmar, Indonesia, and
Vietnam, is projected to increase by 205%, 202%, and 157%, respectively, between
2010 and 2030 (154), due to higher demand for animal products and an increase in

larger production types with greater use of antimicrobial drugs.

In 2005, China established its first two nationwide surveillance systems to monitor
antimicrobial usage in clinical settings, followed by another surveillance system in 2009
that aimed to track antimicrobial usage in agriculture. China then became one of the
first countries to implement its own NAP, leading to further measures to reduce
antimicrobial use in both clinical and agricultural settings (155). Thus, in 2016, several
fluoroquinolones, such as lomefloxacin, ofloxacin, and norfloxacin, were banned in
food animals but are suspected to still be used illegally (156). In 2017, colistin was also
banned as a growth promoter (157). These mitigation strategies showed effectiveness,
as antibiotic prescriptions decreased from 19.4% in 2010 to 7.7% in 2017 for
outpatients, and from 67.3% to 36.8% for inpatients (155). Still, China is the world's
largest producer and consumer of antibiotics, with per capita antibiotic use
approximately ten times higher than in the United States (158). Additionally, it accounts
for the largest share of antimicrobial consumption in food animal production,

representing 23% of the overall global consumption in 2010 (66).

5.4 Aim of the study

Our study aimed to investigate the antibiotic resistance profiles of Campylobacter

isolates collected from poultry samples from Germany and Vietham and from human
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and chicken samples from Georgia. Our primary objective was to gain insights into the
underlying genetic mechanisms driving antimicrobial resistance in Campylobacter
populations. This was done by correlating phenotypic resistance with the presence of
genomic determinants. We aimed to identify the limitations in current predictive tools
for antimicrobial resistance. For this purpose, knowledge gaps were addressed
through in-depth analysis of whole-genome sequencing data combined with
comprehensive phenotypic assessment. Additionally, our goal was to enhance routine
resistance monitoring through the development of novel Real-time PCR assays, in
order to facilitate more effective surveillance of emerging resistances within

Campylobacter populations.
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Abstract: Antimicrobial resistance remains a public health concern globally. This study presents
antimicrobial resistance by microdilution and genetic diversity by the whole-genome sequencing of
Campylobacter spp. from human and poultry samples isolated in Georgia in 2020/2021. The major
species in poultry samples was C. coli, while C. jejuni was preferentially isolated from human samples.
Resistance against tetracycline was highest (100%) in C. coli from industrial chicken and lowest in
C. jejuni from clinical isolates (36%), while resistance against ciprofloxacin varied from 80% in C. jejuni
from backyard chicken to 100% in C. jejuni and C. coli from industrial chicken. The point mutations
in gyrA (T86I) and tet (O) genes were detected as resistance determinants for (fluoro-)quinolone or
tetracycline resistance, respectively. Ertapenem resistance is still enigmatic. All isolates displayed
sensitivity towards erythromycin, gentamicin and chloramphenicol. Multi-resistance was more
frequently observed in C. coli than in C. jejuni, irrespective of the isolation matrix, and in chicken
isolates compared to human isolates, independent of the Campylobacter species. The Georgian strains
showed high variability of multi-locus sequence types (ST), including novel STs. This study provides
the first antibiotic resistance data from Campylobacter spp. in Georgia and addresses the need for
follow-up monitoring programs.

Keywords: EUCAMP3; microdilution; ¢gMLST; backyard chicken; whole-genome sequencing;
resistance determinant; campylobacteriosis; gastroenteritis; WGS

1. Introduction

The emergence and spread of multi-resistant bacteria continues to be a global public
health concern. In the European Economic Area (EEA), it was estimated that more than
670,000 diseases were caused by antimicrobial-resistant (AMR) bacteria yearly, with about
33,000 associated deaths [1].

Campylobacteriosis is a disease caused by thermotolerant Campylobacter spp. It is one
of the four major causes of diarrhea worldwide, and is considered to be the most common
cause of bacterial food-borne human gastroenteritis [2]. Campylobacter species are motile,
curved, microaerobic, Gram-negative rods that commonly reside in the intestinal tract of
many wild and domestic warm-blooded animals.

Although campylobacteriosis is mostly self-limiting, recent reports showed that a
substantial proportion (31%) of reported Campylobacter infections have been treated with
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antibiotics [3], probably those infections with severe outcome. Concordantly, a considerable
number of 21% of the reported campylobacteriosis cases resulted in hospitalization in the
EU in 2020, while for comparison, salmonellosis led to 29.9% and infections by shiga-toxin-
producing E. coli to 40.9% of hospitalization [4].

Based on the joint report of European Food Safety Authority (EFSA), European Centre
for Disease Prevention and Control (ECDC), European Medicines Agency (EMA) and
Organization for Economic Co-operation and Development (OECD) the overall consump-
tion of antibiotics in humans decreased by 23% and in food-producing animals by 43%
between 2011 and 2020 in the EEA [5]. Harmonized AMR key indicator bacteria, such
as fully susceptible Escherichia coli for food-producing animals and Methicillin-resistant
Staphylococcus aureus (MRSA) for humans varied depending on the country and the years.
In the majority of the countries, the proportion of fully susceptible E. coli increased and
MRSA decreased between 2014 and 2018, being in-line with reduced use of antibiotics [6].
However, the percentage of E. coli from human samples resistant against third-generation
cephalosporins increased in half of the countries and decreased in the other half. Of particu-
lar concern is the increase in carbapenem resistance with, e.g., almost a quarter of EU/EEA
countries reporting at least 10% carbapenem-resistant K. pneumoniae [1]. Carbapenems are
not authorized for use in veterinary medicine in the EU [7] and in Georgia [8]. Combined
resistance to both ciprofloxacin and erythromycin, which is considered critically important
for treatment of campylobacteriosis, was marginal with 0.5% in C. jejuni and still low with
8.9% in C. coli in 2020. However, relatively high levels of combined resistance were reported
by Finland and Portugal for C. coli (36.8-40.6%) [6]. In a global world, emerging resistant
strains identified at one location can be spread around the world, thus, the issue requires a
global systematic approach and international action [9].

AMR surveillance data from Georgia are scarce in the public health system and absent
at the food production and veterinary sectors. The Central Asian and European Surveillance
of Antimicrobial Resistance (CAESAR) 2019 report [10] described resistance data gathered
in twelve countries of the WHO European Region including Georgia. Data from Georgia
were assessed reliable with limitations of small number of samples, focus on samples
from the capital and lack of harmonized AST guidelines [10]. Data on Campylobacter spp.
were lacking.

Antimicrobial resistance monitoring in Campylobacter from poultry samples in Europe
is performed based on the regulation 2003/99/EC, laying down the monitoring of zoonoses
and zoonotic agents isolated from distinct food and animal matrices and their character-
ization using harmonized panels of antimicrobial substances [11]. In several countries,
an increase in resistance in C. jejuni from broilers against tetracycline and ciprofloxacin
was detected. In addition, C. jejuni isolates from human samples also showed increasing
resistance to these antimicrobials [6].

On the way of EU integration, the regulation for monitoring of zoonoses and zoonotic
agents based on the 2003/99/EC went into force in Georgia in 2020. According to this regu-
lation monitoring of antimicrobial resistance has to be carried out at primary production
level and/or at other stages of the food chain. The regulation covers zoonoses including
Campylobacter spp.; however, implementation of the regulation is not in action yet.

Our study presents first data on genetic diversity of Campylobacter spp. strains from
human stool and poultry samples isolated in Georgia based on whole genome sequencing
analysis and identifies antimicrobial resistance patterns of C. jejuni and C. coli including
their genetic determinants. The study encourages future monitoring programs for in-depth
analysis of thermotolerant Campylobacter spp. in Georgia in order to improve food safety.

2. Materials and Methods
2.1. Sampling and Transport

In total, 160 Campylobacter isolates were obtained from chicken cecal samples from
February 2020 until September 2021 in Georgia. The 110 so-called “backyard” chicken
samples were gathered at the Digomi live animal market in Tbilisi, where poultry is sold
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reared at small farms and households from all over the country and directly processed on
the market slaughterhouse. Another 50 Campylobacter strains were isolated from samples
collected at a medium-sized ‘intensive-rear’ poultry farm slaughterhouse, located at the
eastern part of Georgia. In addition, 382 human stool samples had been previously collected
from July 2020 to July 2021 at the Tbilisi Children Infectious Diseases Clinical Hospital
from hospitalized children with diarrhea, from which 60 were positive for Campylobacter
spp- [12]. Human stool samples were transported on Cary-Blair medium (Biolife Italiana
srl, Milan, Italy) at cooling temperatures without microaerobic conditions and analyzed
within 24 h. Chicken cecal samples were transported in plastic bags on ice and analyzed
within 3-6 h after sampling.

2.2. Detection and Phenotypic Identification of Campylobacter spp.

Campylobacter detection was performed according to ISO 10272-1:2017 part C on
modified charcoal cefoperazone deoxycholate agar (mCCDA) (Thermo Fisher Specialty
Diagnostics Ltd., Hampshire, UK). For the clinical samples, Campylobacter Chromogenic
agar Campylobacter (CHROMagar, France) was applied as an additional second selective
medium to increase sensitivity [12]. Less than 20% of the clinical samples were also
enriched with Preston broth (Biolife Italiana S.r.1., Milan, Italy) [13], but the results showed
no enhanced detection [12].

Ceca were aseptically cut and the content mixed. One 1 uL loop of the cecal material
was directly streaked on the mCCDA agar plate and distributed over the surface by using
a fresh loop. The human stool samples were treated similarly but in addition to mCCDA
a second selective plate was used in parallel. Incubation was performed at 42 °C in a
microaerobic gas mixture consisting of 85% nitrogen, 10% carbon dioxide and 5% oxygen
(LTD Argoni, Tbilisi, Georgia).

Suspicious colonies were sub-cultured on Columbia Blood Agar (ColbA; AES Labora-
tories, Bruz Cedex, France). Confirmation of colonies was initially performed applying the
Biomerieux system ApiCampy (Biomerieux Inc, Marcy-1'Etoile, Lyon, France), consisting
of 20 microtubes containing dehydrated substances. One half contained enzymatic tests
and the other half substrates for assimilation or inhibition. In the latter, growth of bacteria
is monitored. The specific pattern of growth and presence of enzymatic activity is used as
read-outs for identification of bacteria. In addition, colonies were observed by microscopy
after Gram-straining. All isolates were stored at —80 °C for further characterization.

2.3. Confirmation of Campylobacter Species and Differentiation by Real-Time PCR Analysis

At the National Reference Laboratory for Campylobacter at BfR the 220 strains, from
which 160 were derived from chicken and 60 from human sources, were re-cultured on
ColbA for 48 h under microaerobic atmosphere. In case no growth or some contamination
was obtained, a parallel enrichment in Bolton broth (Oxoid, Thermo Fisher Scientific
Inc., Waltham, MA, USA) with 5% lysed defibrillated horse blood (Oxoid, Thermo Fisher
Scientific Inc., Waltham, MA, USA) was streaked on mCCDA and incubated for another
48 h. Single suspected colonies were sub-cultured on ColbA and incubated 24 h under
similar conditions.

Isolates of Campylobacter spp. were species-differentiated by real-time PCR [14]. For
this purpose, cell material of isolates was resuspended in 5% Chelex 100 resin (Bio-Rad
Laboratories GmbH, Feldkirchen, Germany) and heated for 15 min at 95 °C for thermal
lysis. Cell debris was centrifuged for 5 min at 14,000x g, and the supernatant containing
bacterial DNA was used for PCR analysis at a volume of 2.5 pL after 1:100 dilution. Oligos
and dark-quenched (DQ) probes in HPLC-grade were as follows: for C. jejuni, mapA-F,
5'-CTG GTG GTT TTG AAG CAA AGA TT-3/, mapA-R, 5'-CAA TAC CAG TGT CTA AAG
TGC GTT TAT-3' and mapA-probe, 5’ FAM-TTG AAT TCC AAC ATC GCT AAT GTA TAA
AAG CCC TTT-3'DQ; for C. coli, ceuE-F, 5-AAG CTC TTA TTG TTC TAA CCA ATT CTA
ACA-3/, ceuE-R, 5'-TCA TCC ACA GCA TTG ATT CCT AA-3" and ceuE-probe, 5'JOE-TTG
GAC CTC AAT CTC GCT TTG GAA TCA TT-DQ; for C. lari, gyrA1-F1, 5’-GAT AAA GAT
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ACG GTT GAT TTT GTA CC-3/, gyrA1-R1, 5-CAG CTA TAC CAC TTG ATC CAT TAA
G-3/, gyrA1-F2, 5'-GAT AAA GAT ACA GTT GAT TTT ATA CC-3/, gyrA1-R2, 5'-TGC AAT
ACC ACT TGA ACC ATT A-3' and gyrAl-probe, 5'Cy5-TTA TGA TGA TTC TAT GAG
TGA GCC TGA TG-DQ; for the internal amplification control, IPC-ntb2-F, 5-ACC ACA
ATG CCA GAG TGA CAA C-3/, IPC-ntb2-R, 5'-TAC CTG GTC TCC AGC TTT CAG TT-3’
and IPC-ntb2-probe, 5 TAMRA-CAC GCG CAT GAA GTT AGG GGA CCA-DQ. Note
that gyrA1-F2 bears one base exchange T3A relative to the original publication due to
oligo optimization for the validation study [15]. Oligos at final concentrations of 300 nM
(Sigma Aldrich, Steinheim, Germany), 100 nM dark-quenched probes (TIB MOLBIOL,
Berlin, Germany) and 1 U of Platinum Taq DNA polymerase (Thermo Fisher Scientific
Inc., Waltham, MA, USA) were used. As amplification control, 25 copies of the IPC-ntb2
plasmid [16] was added per PCR reaction.

2.4. Antimicrobial Susceptibility Testing

Isolates were tested for AMR according to the prescriptions given in Commission
Implementing Decision (CID) (EU) 2020/1729 (European Commission, 2020) [17]. Broth
microdilution susceptibility testing was performed according to M45-A (Clinical and Labo-
ratory Standards Institute [CLSI], 2015) [18] and VET06 (CLSI, 2017) [19] with the in-house
validated modification of the use of fetal calf serum (PAN-Biotech GmbH, Aidenbach,
Germany) instead of lysed horse blood in the culture medium for improved readability
of Campylobacter growth. For this purpose, strains were subcultured on Columbia blood
agar for 24 &+ 2 h at 42 °C under microaerobic atmosphere (5% O,, 10% CO,, 85% Np).
Cation-supplemented Mueller-Hinton broth (TREK Diagnostic Systems, United Kingdom)
supplemented with 5% fetal calf serum was inoculated with 2-8 x 10° colony forming
units/mL. Minimum inhibitory concentrations (MICs) were determined using the European
standardized microtiter plate format EUCAMP3 (TREK Diagnostic Systems). Antimicro-
bials tested included chloramphenicol (CHL; 2-64 mg/L), erythromycin (ERY; 1-512 mg/L),
gentamicin (GEN; 0.25-16 mg/L), ciprofloxacin (CIP; 0.12-32 mg/L), tetracycline (TET;
0.5-64 mg/L) and ertapenem (ETP; 0.12—4 mg/L). Epidemiological cut-off values (ECOFFs)
were taken from the European Committee for Antimicrobial Susceptibility Testing (EU-
CAST; https:/ /mic.eucast.org/Eucast2 (accessed on 7 September 2022)) laid down in the
CID 2020/1729. For C. spp. ECOFFs were as follows: 16 mg/L (CHL), 0.5 mg/L (CIP),
0.5mg/L (ETP) and 2 mg/L (GEN). For ERY and TET, species-specific cut-off values were
used (4 or 8 mg/L (ERY) and 1 or 2 mg/L (TET) for C. jejuni or C. coli, respectively). Incu-
bation was performed for 44 & 4 h at 37 °C under microaerobic atmosphere. MICs (mg/L)
were semi-automatically analyzed using the Sensititre Vizion system (TREK Diagnostic
Systems), which has an integrated camera and a mirror, recording a translucent picture
from the microtiter plates. The MIC data were stored and exported using Sensi Vizion
Software 2.0 (MCS Diagnostics BV, Swalmen, The Netherlands).

2.5. NGS Methodology

Genomic DNA was extracted from Campylobacter strains sub-cultured overnight
using the PureLink Genomic DNA Mini Kit (Thermo Fisher Scientific, Waltham MA,
USA) according to the manufacturer’s instructions. DNA was fluorimetrically quantified
by Qubit 3.0 Fluorometer (dsDNA HS Assay Kit 0.2-100 ng; Thermo Fisher Scientific,
Waltham, MA, USA). The quality of the DNA was evaluated by spectral analysis (Nan-
oDrop Spectrophotometer, Thermo Fisher Scientific, Waltham, MA, USA). DNA libraries
were prepared using the Illumina DNA Prep, (M) Tagmentation Kit according to man-
ufacturer’s instructions (Illumina Inc., San Diego, CA, USA) but with using half of the
volume of all reagents. Paired-end sequencing was performed on the Illumina MiSeq
System (2 x 151 cycles) using the MiSeq Reagent Kit v3 (600 cycles, Illumina Inc., San
Diego, CA, USA). Trimming and de novo assembly of raw reads were carried out us-
ing the AQUAMIS pipeline v1.3.8 (https://gitlab.com/bfr_bioinformatics/ AQUAMIS
(accessed on 7 September 2022)). The quality of the assembled genome contigs was au-
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tomatically evaluated using the teQuilR in-house pipeline. Sequences were published
within the BioProject No. PRJNA844526 at the NCBI sequence read archive (SRA). Ridom
Segsphere+ v8.2.0 (Ridom, Muenster, Germany) was used to perform phylogenetic analysis
on assembled genome contigs using the cgMLST scheme of 1343 gene targets previously
defined [20] with 98% required identity and 98% required percentage of coverage to one
of the alleles of the reference sequence NC_002163.1.gb (C. jejuni NCTC 11168). At least
95% “good targets” were found for cgMLST-based analysis using the previously proposed
cgMLST scheme. New MLST alleles and MLST-ST types were uploaded to PubMLST
(www.pubmlst.org). Prediction of antimicrobial resistance determinants and plasmid mark-
ers within assembled genome contigs was performed by using the BakCharak pipeline
v2.0 (https:/ /gitlab.com/bfr_bioinformatics/bakcharak (accessed on 7 September 2022)).
Tools in the pipeline include ABRicate v1.0.1 (https://github.com/tseemann/abricate (ac-
cessed on 7 September 2022)) and AMRFinderPlus v3.6.15 [21] and its associated database
for antimicrobial resistance determinant, as well as Platon v1.1.0 for plasmid prediction
(https:/ / github.com/oschwengers/platon (accessed on 7 September 2022), [22] and plas-
mid blaster, a tool that performs a BLAST analysis against the NCBI RefSeq plasmid
database. BLAST results were filtered with at least 20% coverage of the contig length.

2.6. Statistical Analyses

Isolates were categorized into susceptible and resistant, using the epidemiological
cut-off values as mentioned in Section 2.4. The dependent variable was resistant vs. sus-
ceptible (reference category) to the antimicrobial in question. In addition to the individual
antimicrobial, an outcome variable “2-3-fold resistance” was defined for an isolate resistant
against two or three tested antimicrobials. This means that first, isolates were catego-
rized according to their MIC and the epidemiological cut-off value (ECOFF) as sensitive
or resistant towards every individual antimicrobial. Second, the number of resistances
per isolate was counted and those with 2 or more resistances were defined as displaying
2-3-fold resistance”.

Multiple logistic regression with forward selection was used to establish indepen-
dent predictors for tetracycline resistance (variables of matrix source (human vs. chicken
(reference category)) and bacterial species (C. coli vs. C. jejuni (reference category)) were
included). A Nagelkerke R Square and a non-standardized beta coefficient (B) were calcu-
lated. An odds ratio with 95% confidence interval (CI) was calculated as an exponential of
the B coefficient (Exp [B]).

For all analyses, p-values of less than 0.05 were considered statistically significant.
Statistical analyses were performed using SPSS (IBM SPSS Statistics for Windows, Version
21.0. Armonk, NY, USA: IBM Corp).

3. Results
3.1. Collection of Campylobacter spp. Strains and Identification of Species

Campylobacter spp. isolates from chicken cecal content were obtained from Febru-
ary 2020 until September 2021. “Backyard” chicken samples aged between several days
to one year were collected from chicken reared on small farms and in households all
over the country and sold at a live market in Tbilisi. In addition, Campylobacter strains
were isolated from samples collected at a medium-sized industrial poultry slaughter-
house, located at the eastern part of Georgia and supplying Tbilisi with fresh chicken
meat. Those chickens were “standardized” with an age between 38 and 42 days. In ad-
dition, human stool isolates had been previously collected from hospitalized children
with diarrhea from July 2020 to July 2021 [12]. Hence, the samples correlated in time
and space. From a total of 220 isolates—160 derived from chicken and 60 from human
sources (Supplementary Materials Table S1)—sixteen were non-culturable after transport
to BfR. However, from these sixteen non-culturable samples, Campylobacter spp. were still
detectable by real-time PCR in twelve of the enrichment inoculums, showing either C. coli
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(4/12) or C. jejuni (3/12) in seven cases and mixed cultures of C. coli and C. jejuni in five
cases (41%, n =5/12).

Out of 204 strains re-cultured, 37.7% (n = 77) were identified as C. jejuni and 62.3%
(n=127) as C. coli applying real-time PCR [14]. The distribution of isolated species differed
between human stool samples and cecal chicken samples (Figure 1).
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Figure 1. Campylobacter species distribution (%) in poultry and human samples.

From the isolates of backyard chicken, 25.8% were identified as C. jejuni (n = 25/97)
and 74.2% (n =72/97) as C. coli; in cecal samples from industrial chicken, C. coli was even
more dominant with 90% (1 = 45/50). In contrast, out of 57 clinical strains of children stool
samples, 82.5% (n = 47/57) were identified as C. jejuni and 17.5% (n = 10/57) as C. coli
(Figure 1) [12].

3.2. Prevalence of Antimicrobial Resistance in Campylobacter Isolates

All isolates were tested for their resistance to the six antimicrobials chloramphenicol,
ciprofloxacin, ertapenem, erythromycin, gentamicin and tetracycline according to the Euro-
pean standardized EUCAMPS3 plate format. Results from resistance testing are shown in
Table 1. All tested strains were sensitive towards gentamicin, erythromycin and chloram-
phenicol. Resistance in both human and poultry isolates and in both bacterial species was
highest against ciprofloxacin and tetracycline.

Table 1. Antimicrobial susceptibility of Campylobacter jejuni and Campylobacter coli strains isolated
from three different sources.

No. (%) of Resistant Isolates

o . (ugh;]i?)l: fR>) Backyard Chicken Industrial Chicken Human Total
Antimicrobial (n=97) (n = 50) (n=57) (n =204)
i S R v R v s R i )
Chloramphenicol 16 16 0 0 0 0 0 0 0 0
Ciprofloxacin 05 05 20 (80%) 69 (96%) 5(100%) 45 (100%) 41 (87%) 9 (90%) 66 (86%) 123 (97%)
Erythromycin 4 8 0 0 0 0 0 0 0 0
Ertapenem 0.5 0.5 0 27 (37%) 0 37 (82%) 0 6 (60%) 0 70
Gentamicin 1 1 0 0 0 0 0 0 0 0
Tetracycline 1 2 18 (72%) 52 (72%) 4 (80%) 45 (100%) 17 (36%) 8 (80%) 39 (51%) 105 (83%)

ECOFEF, epidemiological cut-off for definition of resistance against antimicrobial substances (EUCAST.org);
R>, maximal MIC that represents sensitivity; any MIC exceeding this concentration is defined as resistant. Note
that ECOFF for erythromycin and tetracycline differs for Campylobacter species. n, number of tested isolates;
numbers in table represent numbers of resistant isolates; in brackets, percentage of resistant isolates.
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Both human and poultry C. coli strains showed resistance against ertapenem—37% of
the strains from backyard chicken, 60% of human isolates and 82% of industrial chicken
strains, while C. jejuni isolates were fully susceptible to this antimicrobial. Among the
ertapenem-resistant C. coli, 89% (n = 62) had a MIC value of 1 ug/mL, just above the current
cut-off value, 10% (n = 7) displayed a MIC of 2 ug/mL and a single strain had a MIC
of 4 pg/mL. From the strains with MIC values >2 pg/mL ETP, three were derived from
human samples, four from backyard chicken and one from industrial chicken.

Overall, isolates of C. coli were less frequently fully susceptible (3/127, 2.4%) than
isolates of C. jejuni (9/77, 11.6%), with each six strains isolated from backyard poultry and
human samples and lack of susceptible strains among the industrial isolates (Figure 2).

HUMAN Cc

HUMAN Cj

IND Cc

IND Cj
BY Cc
BYCi [

0% 20% 40% 60% 80% 100%
Isolates with x-fold resistance HO W1 m2 m3

Figure 2. Resistance against antimicrobial classes in Campylobacter spp. isolates from different sources.
Green, sensitive; yellow, 1-fold-resistant; orange, 2-fold-resistant; red, 3-fold-resistant. Cj, C. jejuni;
Cc, C. coli; BY, backyard chicken; IND, industrial chicken; HUMAN, human isolates. Resistances
against individual antimicrobials detailed in Table 1 were counted per isolate and percentage of
isolates with resistances against x-fold antimicrobial classes are depicted here.

C. coli were more likely resistant—compared to C. jejuni-against ciprofloxacin (OR 5.1,
95% CI 1.6-16.7) and tetracycline (OR 4.6, 95% CI 2.5-8.8). In addition, isolates from
clinical samples were less likely resistant to tetracycline compared to chicken isolates
(OR 0.18, 95% CI 0.1-0.4). No statistically significant difference was observed for resistance
to ciprofloxacin between human and poultry isolates.

Overall, C. coli was 18.5 times more likely resistant against two or more antibiotics
compared to C. jejuni (OR 18.5, 95% CI7.7-44.8). The same was observed in clinical isolates,
where C. coli was 17.4 times more likely resistant to two or more antimicrobials than
C. jejuni (OR 17.4, 95% CI 2.03-150.1); for poultry samples C. coli OR showed 7.9 times more
probability to have resistance against two or more antibacterial agents compared to C. jejuni
(OR 7.9,95% CI 2.6-24.6).

There was a significant association of multi-resistance probability with isolation source
in C. jejuni strains. In particular, the probability of resistance against two or more antimi-
crobials for chicken isolates of C. jejuni was 4.5 times higher compared to human isolates
(OR 4.5,95% CI1.7-12.1); however, we did not find a significant association between clinical
and chicken isolates for C. coli species, probably due to low number of C. coli isolates from
human stool samples. Additionally, no statistically significant difference was found for
the presence of two or more resistances in C. jejuni or in C. coli isolates from industrial
compared to backyard chicken.

Variables of bacterial species and isolates were subjected to logistic regression analysis
to test association with resistance to two or more antimicrobials as dependent variables.
Both variables were retained in the final model as independent variables. The Nagelkerke
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pseudo R squared was 0.435 indicating that more than 43% of the variability of dependent
variables is due to the independent variables model.

Multi-variate logistic regression was performed with two variables which showed
significant association with tetracycline resistance. Both variables, bacterial species and
sample sources were retained into final model as independent predictors. The regression
model can explain more than 20% of the variation in the dependent variable (tetracycline
resistance), according to the Nagelkerke pseudo R squared of 0.204. (Table 2). In other
words, the predictive model, consisting of the variables “bacterial species” and “sample
sources”, can explain 20% of the variability of the dependent variable “tetracycline resis-
tance”. Alternatively, this means, that the remaining 80% of the variability of the dependent
variable could be explained with variables, that were not measured within the study and/or
are not identified as a possible predictor for the outcome variable. Nagelkerkes R squared
43% for the dependent variable “2-3-fold resistance” can be interpreted in the same way.

Table 2. Association of full susceptibility and resistance to tetracycline and resistance against >2 an-
timicrobials of Campylobacter spp. with bacterial species and sample sources.

95% Confidence Nagelkerke

Lo . . Coefficient of Standard Degrees of Odds Int 1 of Odds Rati
- r -Val nterval o s Ratio
Anti-Microbial Covariate Regression Error Wald Freedom p-Vvalue Ratio Pseudo R
Lower Upper Squared
C}}‘I’Cken Vs 1.153 0.403 8.203 1 0.004 3.167 1.439 6.971
TET i
% COL V. 0.947 0.391 5.858 1 0.016 2577 1.197 5.547 0.204
. ]E]MTLZ
Chicken vs. 1.361 0.442 9.487 1 0.002 3.901 1.641 9.276
2-3-fold human
resistance CC ?‘;]I;le 2271 0.496 21.000 1 <0.001 9.693 3.669 25.607 0.435

TET, tetracycline; Coding of variables: C. coli (1) vs. C. jejuni (0); poultry isolates (1) vs. human isolates (0).

3.3. Campylobacter spp. Isolates Are Phylogenetically Diverse

We additionally analyzed forty Campylobacter strains by whole-genome sequencing,
twenty derived from poultry and another twenty from human samples, approximately each
ten C. jejuni and C. coli per matrix. The poultry isolates were both from backyard samples
(n = 14) and from industrial chicken (1 = 6). After de novo assembly of the raw reads, multi-
locus sequence type analysis (MLST, based on 7 housekeeping genes) and, for more precise
resolution, the core-genome MLST (cgMLST) scheme based on the comparison of 1343 gene
alleles was used for phylogenetic analysis. Missing cgMLST loci were pairwise ignored.

As expected, we obtained a high variability of multi-locus sequence types (ST, n = 24),
including three strains with either unknown uncA allele and/or unknown ST-type. The
C. jejuni (n = 22) belonged to 15 different ST-types, while the C. coli (n = 18) displayed
9 different ST-types (Figure 3). The most frequent ST-types were ST-855 (n = 6), ST-356
(n =4), and ST-902 (n = 3). The C. coli ST-types most frequently grouped within the common
clonal complex ST-828 (17/18). Supplementary Materials Table S2 highlights new ST-types
and their respective allelic combinations not previously reported in the PubMLST database
as well as the metadata of the dataset.

Within the limited number of sequenced strains, we even found three sequence clusters.
One of this clusters (ST-855) included four highly similar C. coli strains from industrial
chicken, collected in June/July 2021 during three independent samplings, with maximal
two cgMLST allele differences. Two further C. jejuni clusters with each two strains identified
among the human isolates belonged both to ST-type 356 and were separated from each other
by 226 allele difference. One of these clusters included two C. jejuni strains isolated from
children in September and October 2021, harboring identical pairwise cgMLST. The other
cluster included two C. jejuni strains isolated from children in July and September 2021.
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Figure 3. Whole-genome sequences of the isolates from chicken and human samples in Georgia
displayed high variability. Minimum spanning tree of cgMLST analysis was based on 1343 core genes
defined previously [20]. Missing alleles were pairwise ignored. Each colored circle with (C. jejuni) our
without frame (C. coli) represents an ST-type of the 7 housekeeping genes MLST scheme as depicted
in the inlay boxes per species. Numbers next to the connecting lines illustrate the number of allele dif-
ferences analyzed by cgMLST between nearest neighbors. One new uncA allele and two new ST-types
were found. More details, including all ST-types are shown in Supplementary Materials Table S2.

Eighteen Campylobacter isolates (45%) putatively carried plasmids (Supplementary
Materials Table S2), since contigs of the whole genome assembly were predicted as epichro-
mosomal elements by Platon and BLAST analysis using the NCBI RefSeq plasmid database.
All plasmids had at least 20% coverage of homology to known Campylobacter spp. plasmids
(Supplementary Materials Table S3), except for BfR-CA-19911, which harbored a small
plasmid without any match in the RefSeq database.

3.4. Detection of Antimicrobial Resistance Genes

Whole-genome sequencing analysis also revealed several resistance genes, responsible
for the observed phenotypes. The presence of the tet(O) gene, which mediates resistance
to tetracycline, was detected in all tetracycline-resistant strains (70%, n = 28/40). The
most common mutation in the gyrA gene (T86I) was identified in all ciprofloxacin-resistant
isolates (90% (n = 36/40)). The presence of blapxa-¢1 family genes (OXA-193, OXA-452,
OXA-460, OXA-461, OXA-489, OXA-594), which confer resistance to beta-lactams, was
observed in 75% (n = 30/37) of strains. In addition, we found the aadE-Cc gene in three
C. coli, putatively conferring streptomycin resistance. Streptomycin and ampicillin are not
part of EUCAMPS3 plate format, so the phenotype was not confirmed. The AMRFinderPlus
database also annotated the mutation 505_L22_A103V of the L22 ribosomal protein as a
putative resistance marker for macrolide resistance in 30% (n = 12/37) of the strains; how-
ever, all isolates were sensitive towards erythromycin. The resistance mechanism against
ertapenem is still unknown. According to Platon prediction, all resistance determinants
were chromosomally located.

4. Discussion

EU countries have made significant strides in developing and implementing national
monitoring plans on antimicrobial resistance [6]; however, in Georgia, monitoring programs
are still lacking.
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Our study results on antibiotic resistance in Georgian Campylobacter spp. isolates from
chicken show similarities to the AMR data profiles of Campylobacter spp. in EU member
states. In particular, both C. jejuni and C. coli from poultry sources in the EU exhibited
high resistance against (fluoro-)quinolones and tetracycline, which is in line with our
data [6,23,24]. However, notably, the resistance rate to ciprofloxacin and tetracycline was
100% in isolates from industrial poultry samples in Georgia, while in backyard chicken
and in human isolates Campylobacter strains displayed slightly lower resistance against
both antimicrobials. Comparing multi-resistance in C. jejuni or C. coli in industrial versus
backyard chicken, no significant difference could be found. Interestingly, all isolates were
sensitive towards gentamicin, chloramphenicol and erythromycin.

Use of (fluoro-)quinolones was shown to be the major risk factor for ciprofloxacin
resistance in Campylobacter spp. on broiler farms [25]. However, it was shown that the gyrA
mutation, conferring resistance against (fluoro-)quinolones, can also contribute to a fitness
increase in C. jejuni in poultry depending on the strain background [26]. The clonal spread-
ing of (fluoro-)quinolone-resistant clones was suggested to occur in Europe [27], although
the contribution of whether the resistance was selected through (fluoro-)quinolone use in
individual countries and/or transmission between countries is still unclear [28]. Moreover,
the differences in resistance rates between the bacterial species from the same source and,
therefore, the same antimicrobial exposure indicated that antimicrobial use alone cannot
explain differences in resistance profiles of C. jejuni and C. coli [29]. C. coli from the same
matrix exhibited higher resistance than C. jejuni towards multiple antimicrobials tested [29].
The reason for this phenomenon is still unclear. (Fluoro-)quinolones are among WHOs
“Highest Priority Critically Important Antimicrobials” (HPCIA) [30]. Increases in resistance
to (fluoro-)quinolones in Campylobacter spp. are of concern, as resistance in Campylobacter
from animals has been shown to be associated with resistance of Campylobacter from human
infections [6]. When Georgian isolates were compared according to their origin, the chicken
C. coli or C. jejuni isolates were each significantly more resistant towards two and three
classes of antimicrobials than the human strains. This might hint to additional infection
routes other than cross-contamination from preparing fresh chicken meat and/or direct
contact to animals on chicken farms in Georgian children suffering from campylobacteriosis.
In addition to the preparation of poultry meat and contact with poultry animals, contact
with sand in a sandbox with putative contact to animal feces such as that from dogs and
wild animals was also identified in a German study as risk factor positively associated with
a Campylobacter infection for children under 5 years of age [3].

Furthermore, our study showed a high prevalence of C.coli in comparison to C.jejuni
from poultry samples, which was untypical in a number of countries even in the Caucasus
region [6,31-33]. However, there are other studies that identified a higher prevalence of
C. coli than C. jejuni in swab samples from farms and neck skins at slaughter in Italy [34] or
some alterations of species distribution depending on the stage of broiler production [35]. A
long-term study over seven years showed a gradual decrease in the prevalence of C. jejuni
and a concomittant increase in C. coli in cecal samples from chicken in China [36], while in
Malaysia both species were frequently isolated from different broiler parts [37].

One explanation for different species distribution might be age and race of the chicken,
which is not likely in our study, since we obtained a similar species distribution from
backyard chicken of different age and industrial chicken with standardized rearing pe-
riod of 38—42 days. Our results may additionally hint at the fact that initially, we might
have isolated mixed cultures of both C. jejuni and C. coli in some cases, since PCR re-
sults of inoculums identified the presence of both species, which in turn could not be
recultivated together.

All tested isolates from Georgia were sensitive towards erythromycin and gentamicin,
which was similar for isolates in the EU. Erythromycin resistance in Campylobacter isolates
from human cases of campylobacteriosis and from broilers in sixteen EU member states
was either absent or detected at very low levels in C. jejuni, but was observed at higher
levels in C. coli isolates. Overall, erythromycin resistance was reported in 10% (2020)
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and 12.9% (2019) of human isolates and 4.4% of broiler isolates. Combined resistance
to both ciprofloxacin and erythromycin, which is considered critical for the treatment
of campylobacteriosis, was reported to be 8.9% (2020) and 10.4% (2019) in isolates from
humans and 4.1% in broilers. In 2020, EU countries reported low prevalence of gentamicin
resistance [6]. Data from C. jejuni and C. coli of human and animal origin in 2019-2020
showed very high to extremely high levels of resistance to (fluoro-)quinolones, which are
also critically important antimicrobial agents (CIAs) for the treatment of Campylobacter
infections in humans [30]. WGS of isolates, especially those with multi-drug resistance, high-
level resistance to erythromycin or ciprofloxacin, or resistance to gentamicin or ertapenem,
is strongly recommended in order to decipher the antimicrobial resistance determinants
involved, their genetic location, and the potential for horizontal transmission [38].

5. Conclusions

Preventive and control activities in Georgia are still limited concerning the monitoring
and antimicrobial susceptibility profiling of thermotolerant Campylobacter spp. Our first
national study showed similar AMR patterns of thermotolerant Campylobacter spp. strains
isolated in Georgia to those reported by the European Union. In particular, resistances
against (fluoro-)quinolones and tetracycline were high and should be considered in local
therapeutic protocols for severe human cases. Antimicrobial resistance and the prevalence
of thermotolerant Campylobacter spp. in animals, food and humans need further approaches
in order to gain a representative picture of concurrent strains in the Caucasian region.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Abstract: Campylobacter jejuni and Campylobacter coli are the predominant thermophilic species
responsible for foodborne gastroenteritis worldwide. Elevated resistance to certain antibiotics was
observed due to antimicrobial therapy in farm animals and humans, while reduced antimicrobial
usage partially reduced antibiotic resistance. Monitoring the antimicrobial resistance demonstrated
a substantial fraction of multi-resistant isolates, indicating the necessity of reliable tools for their
detection. In this study, resistance determinants in 129 German and 21 Vietnamese isolates were
selected to establish a novel multiplex real-time PCR (qPCR), facilitating the simultaneous detection
of four resistance determinants. These comprised tet(O) gene variants associated with tetracycline
resistance, point mutations GyrA_T86I and GyrA_T86V associated with ciprofloxacin resistance, and
the erm(B) gene together with the point mutation A2075G in the 23S rRNA gene, associated with
erythromyecin resistance. Moreover, the performance of the qPCR assay was evaluated by comparing
the results of qPCR to phenotypic antimicrobial resistance profiles, obtained with standardized
EUCAMP3 microdilution panel, which showed 100% similarity (inclusivity and exclusivity). Variation
in measurement methods, including qPCR machines and master mixes showed robustness, essential
for laboratories. The assay can be used for the rapid detection of resistance determinants, and is
beneficial for monitoring the spread of antibiotic resistance in C. jejuni and C. coli.

Keywords: food safety; Campylobacter spp.; food and clinical isolates; antimicrobial resistance
determinants; susceptibility testing; real-time PCR assay

1. Introduction

Campylobacter is the most frequently reported foodborne bacterial pathogen in humans
in the European Union [1]. Consumption of poultry meat contaminated with thermotoler-
ant Campylobacter species can cause severe gastroenteritis. C. jejuni, followed by C. coli, are
the predominant thermotolerant Campylobacter species in poultry samples and are mainly
responsible for foodborne human infections [2,3]. The use of antibiotics in animal farming
and for the treatment of human diseases promotes antimicrobial resistance. 