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Al  Campylobacter spp. is the most prevalent bacterial pathogen associated with food borne diseases and

C. jejuni causes the majority of cases. Despite its high prevalence observed all around Europe, the true

incidence of campylobacteriosis is still thought to be significantly underreported, especially in the lower

income countries, which do not have well established healthcare systems. In our study we have used the

Bayesian approach to modelling the campylobacteriosis prevalence in Slovenia. We have used already

existing, publicly available data to build models for key predictors influencing the reported prevalence

rates. As expected, the predictions indicated substantial underreporting rate which is strongly influenced by

the probabilities for non-bloody diarrhoea cases to visit a general practitioner and for general practitioner to

submit their sample for analysis. In addition to high prevalence, also the antibiotic resistance has increased

substantially in the last years, causing difficulties in clinical treatment of campylobacteriosis. Especially

concerning is the quinolone resistance, due to the use of this class of antibiotics in veterinary, as well as in

human medicine. In our study we have investigated the characteristics of quinolone resistance expansion

among the C. jejuni isolates from different sources in Slovenia. Using the genotyping approach by

employing the MLST and single nucleoide polymorphism analysis of quinolone resistance determining

region withing gyr4 gene we have confirmed the clonal spreading of the resistance with the most prevalent

clonal complex, 21. Further analysis of quinolone resistance expansion on the whole genome sequences of

a larger set of English clinical Campylobacter isolates revealed the clonal expansion in clonal complexes

ST-354 and ST-464, as well. In order to tackle the problematic of increasing antibiotic resistance among

Campylobacter jejuni, we aimed to identify novel resistance modulators with potential to restore bacterial

susceptibility to antibiotics. We investigated the antimicrobial, resistance modulatory and efflux inhibitory

potential of a Zingiberaceae Alpinia katsumadai used in traditional Chinese medicine. Its extracts, post-

distillation residue extract and essential oil were confirmed as moderate to weak antimicrobials and

essential oil was found to have high resistance modulatory and efflux inhibitory potential in C. jejuni.

Furthermore, the pure terpen compound a-pinene was found as one of the constituents of this essential oil

and one of its enantiomeres, (-)-a-pinene, was confirmed as a strong modulator of C. jejuni resistance

against ciprofloxacin, erythromycin, triclosan and ethidium bromide. It has an efflux inhibitory activity,

that is significantly better than that of the reference efflux inhibitors CCCP and reserpine. The efflux

systems CmeABC and Cj1687 were identified as the main targets of its efflux inhibitory activity, along

with enhanced permeability of the membrane. We have demonstrated that C. jejuni responds to treatment

with (-)-a-pinene using the same regulatory set of genes as in heat and osmotic shock response and seems

to be a type of general stress response system that protects bacteria from protein coagulation and cell death.
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1J en

JI en/sl

Al Bakterije Campylobacter spp. so najpogostejsi bakterijski vzrok okuzb s hrano, vrsta C. jejuni pa je

odgovorna za ve€ino humanih kampilobakterioz. Kljub visoki porocani prevalenci v Evropi je realna

pojavnost bolezni predvidoma moc¢no podcenjena, Se posebej v drzavah s slabSe organiziranim

zdravstvenim sistemom. V nasem delu smo uporabili bajezijski pristop k modeliranju realne prevalence

kampilobakterioz v Sloveniji, z uporabo javno dostopnih podatkov za postavitev modelov klju¢nih

spremenljivk, ki prispevajo k porocanju prevalence. Po pri¢akovanju so napovedi pokazale visoko stopnjo

podcenjenega porocanja, na katerega znatno vplivata verjetnost obiska zdravnika in verjetnost odvzema

vzorca za analizo v primeru nekrvave diareje. Poleg visoke prevalence bolezni povzroCa tezave tudi

nara$¢ajoCa bakterijska odpornost proti klinicnim antibiotikom, ki oteZzuje zdravljenje kampilobakterioz.

Posebej zaskrbljujoc¢a je odpornost proti kinolonskim antibiotikom, ki se uporabljajo v veterinarski in

humani medicini. V nasem delu smo raziskovali karakteristike Sirjenja odpornosti proti kinolonom med

bakterijami vrste C. jejuni iz razli¢nih virov po Sloveniji. Z uporabo tipizacije MLST in gena gyr4 smo

potrdili klonsko Sirjenje odpornosti z najpogostej$im klonskim kompleksom 21. Nadaljnja analiza Sirjenja

kinolonske rezistence na podlagi sekvenc celotnih genomov vecje skupine angleskih klini¢nih izolatov

Campylobacter je razkrila klonsko Sirjenje odpornosti tudi v klonskem kompleksu ST-354 in ST-464. Za

razreSevanje problematike antibiotske odpornosti smo se osredotocili na raziskovanje novih modulatorjev

odpornosti, ki bi lahko povrnili bakterijsko obcutljivost na antibiotike. Preucevali smo protimikrobno,

odpornostno-modulatorno in efluks-inhibitorno uéinkovitost izvleckov in etericenga olja rastline Alpinia

katsumadai iz druzine ingverk, ki se v tradicionalni kitajski medicini uporablja za lajSanje Zelod¢nih tezav.

Izvlecek iz semen in odpadnega materiala po destilaciji in etericno olje smo potrdili kot srednje do Sibko

ucinkovita protimikrobna sredstva. Eteri¢no olje pa se je izkazalo kot zelo u¢inkovit modulator odpornosti

z efluks-inhibitornim potencialom. Nadalje smo raziskovali modulatorno ucinkovitost spojine (-)-o-pinen,

ki je bila v neidentificirani enantiomerni sestavi prisotna v etericnem olju iz semen A. katsumadai. (-)-0-

pinen je mo¢no modulatorno uc¢inkovit pri bakterijah C. jejuni, in sicer v kombinaciji s ciprofloksacinom,

eritromicinom, triclosanom in etidijevim bromidom. Njegova efluks-inhibitorna u¢inkovitost je bila izrazito

boljsa od ucinkovitosti referen¢nih efluksnih inhibitorjev, CCCP in reserpina. Efluksni ¢rpalki CmeABC in

Cj1687 sta bili poleg poveCane prepustnosti membrane identificirani kot glavni tar¢i modulatornega

delovanja. Pokazali smo tudi, da se C. jejuni odziva na stres tretiranja z (-)-o-pinenom z enakim setom

genov kot na toplotni in osmotski stres, kar predstavlja tip sploSnega stresnega odziva, ki bakterije $¢iti

pred koagulacijo proteinov in posledi¢no smrtjo.
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of the doctoral thesis.
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1 INTRODUCTION AND RESEARCH AIMS

1.1 INTRODUCTION

1.1.1 The general introduction to the Campylobacter genus and a brief overview of the
research challenges

Bacteria of Campylobacter genus are small, gram negative, spirally shaped organisms with a
single polar flagellum at one or both sides, but some are also non-motile. Campylobacters
are thermophilic microorganisms with optimal growth at 37 to 42 °C. Due to absence of cold
shock response they are incapable of growth below 30 °C. Almost all species have active
oxidase. Because they do not metabolize majority of carbohydrates, they tend to obtain
energy from utilizing amino acids or Krebs cycle intermediates. C. jejuni hydrolyses
hippurat and indoxyl acetate and reduces nitrate, which is exploited in its biochemical
differentiation from other Campylobacter species (Vandamme, 2000). One of the
specialities of these bacteria is the requirement of microaerophilic environment for optimal
growth. They are also known to change the physiological and morphological state to so
called viable but non-culturable state in unfavourable environment and when exposed to
stress. This is also one of the factors which make them difficult to isolate (Kassem et al.,
2013).

The history of Campylobacter discovery is thought to go back to the far year of 1886, when
Theodor Escherich, the famous German-Austrian paediatrician and also a professor at
university in Graz, has first described it as non-culturable bacteria of spiral shape (Shulman,
2007; Vandamme, 2010). Later on the bacteria were frequently found in sheep uterus,
aborted bovine fetuses, cattle and pig faeces and were named Vibrio jejuni and V. coli (Silva
et al., 2011). It was not recognized as Campylobacter genus (campylos meaning curved in
Greek) until 1963, when this group of bacteria was distinguished from Vibrio based on the
smaller genome size, non-fermentative metabolism and microaerophilic respiration (Silva et
al., 2011).

Campylobacters started to draw attention in the early seventies, when Butzler and co-
workers started a systematic search for vibrio related microorganisms in stools of children
and adults (Butzler et al.,, 1973). With this pioneer study and invention of the first
Campylobacter selective agar, they have laid the foundation of Campylobacter research.
Soon after, new studies with successfully isolated Campylobacter spp. from children with
characterized clinical background have followed (Bokkenheuser et al., 1979). In those times
C. fetus specific bacteriophages were also successfully introduced for the first time as the
potential antimicrobials. At the same time this was the ground-breaking era of recognizing
Campylobacter genus as a causative agent of human disease, which has increased an interest
in this pathogen and accelerated the research in the field of campylobacteriosis. However, it
was not known at that time, that bacteria can be transmitted with food, so the mystery of its
origin was yet to be unravelled.
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Today we know that campylobacteriosis is a zoonotic disease that can be transmitted to
humans directly from animals, or via foodstuffs. While it usually does not cause any disease
symptoms in animals, the human infection reflects in elevated body temperature, diarrhoea
and abdominal cramps. In some cases also post-infectious disorders, such as Guillain-Barré
syndrome occur (EFSA, 2014a).

Campylobacter spp. is acknowledged as the most common bacterial foodborne cause of
gastroenteritis in EU, as well as in other parts of the developed world (EFSA, 2014a). The
trend of its increasing prevalence is recorded ever since the European Food Safety Authority
(EFSA) was established and started to monitor the trends and sources of zoonoses, zoonotic
agents and food-borne outbreaks in the EU. Moreover, the officially reported numbers are
thought to be significantly underestimated, due to different levels of underdiagnosis and
underreporting among different countries (Haagsma et al., 2012). It is therefore no surprise,
that tremendous efforts are invested, economic- as well as research-wise, to elucidate the
epidemiological characteristics of campylobacters. The sound scientific results on this
subject could namely contribute to efficient policy making in the field, resulting in decrease
of the disease burden.

With the effective use of molecular tools in the last decade, it has become clear that meat,
especially poultry, is the major source of Campylobacter infections, although other,
especially environmental sources are thought to be underestimated (Sheppard et al., 2010).
A great contribution to this endeavour was the establishment of multi locus sequence typing
scheme for Campylobacter jejuni in 2001 (Dingle et al., 2001), as well as other source-
tracing genotyping methods (Stabler et al., 2013). This has triggered a new wave of studies
in Campylobacter molecular epidemiology with focus on tracing the pathogen along the
food production chain and exploiting the available techniques for investigation of foodborne
outbreaks and following the spreading of highly pathogenic clones (Muhammad et al., 2011;
Sahin et al., 2012; Kwan et al., 2014). These techniques are lately advantageously used also
in studying the antibiotic resistance expansion (Kittl et al., 2013, Wimalarathna et al., 2013;
Kovac et al., 2014).

The resistance against ciprofloxacin, one of the first drugs of choice for treatment of
gastrointestinal diseases, including campylobacteriosis, is substantially increasing among
campylobacters, with the increasing trend being more pronounced in southern European
countries, including Slovenia (Smole Mozina et al., 2011; EFSA, 2014b). Due to the acute
nature of infectious diseases, the antimicrobial drug discovery is not a priority in
pharmaceutical industry. In order to solve this problem, therefore a lot of academic research
is focused on finding new antimicrobial compounds. In this aspect plant kingdom represents
a valuable source of bioactive constituents that is not yet fully exploited. In the last years
several new anti-Campylobacter natural products have been identified, some possessing a
direct antimicrobial activity, while others having a resistance-modulatory potential, meaning
they can potentiate the activity of existing antibiotics when administered together (Klanc¢nik
et al., 2012a; Klan¢nik et al., 2012b; Kurinci€ et al., 2012; Kovac et al., 2014b). The most
promising strategy of resistance modulation approach seems to be inhibition of bacterial
efflux and will be presented more in detail later on.
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1.1.2  Campylobacter prevalence and its underreporting issues

In 2002 the EU established the independent agency called The European Food Safety
Authority (EFSA) to monitor and collect information on zoonoses. Today all EU member
states are obliged to collect and report relevant data on zoonoses, zoonotic agents and
antimicrobial resistance and food-borne outbreaks according to the Zoonoses Directive
2003/99/EC. One of the food-borne pathogens included in the monitoring scheme is also
Campylobacter spp., which is followed in animals, foodstuffs and humans. Among
campylobacters, C. jejuni is the species most commonly associated with human disease
(EFSA, 2014a).

The notification rate of campylobacteriosis in 2012 was 55.49/100,000, which was for 4.3%
less than the year before that. The prevalence of campylobacteriosis in Slovenia was
somewhat lower with 47.83 cases per 100,000. This was the first decrease in reported cases
on the EU level in the last five reporting years. In the years 2008-2012 the clear seasonal
trend with peak of the reported cases in summer months was observed, as well as the clear
increase in the reported cases of human campylobacteriosis. In contrast to high
hospitalization rate (47.7%), low mortality (0.03%) is reported, probably due to selflimiting
nature of the disease and often mild symptoms. Campylobacter was also on the fourth place
of known causes of outbreaks with weak and strong evidence altogether. Outbreaks, which
are less common than sporadic cases, are usually caused by ingestion of contaminated milk
or water (EFSA, 2014a).

To protect consumers from health risks associated with food-borne pathogens, EFSA has
implemented an integrated "farm to fork" approach to study the food safety. Part of this
approach is risk assessment based on the collected data, as well as risk management, which
is based on the sound output of the scientific analyses. The risk management is performed in
cooperation of EU member states with European commission, European Parliament, EFSA
and the European Centre for Disease Prevention and Control, in order to ensure efficient risk
communication and protect the consumers (EFSA, 2014a).

As the prevalence of foodborne diseases is thought to be significantly underestimated, there
is a need to evaluate the effectiveness of the reporting process in order to assess the real
burden of disease. The prevalence is underestimated due to underreporting and
underdiagnosis associated with passive surveillance, incorrect diagnosis and inefficient
communication with authorities, as well as with the unregistered cases with mild symptoms
that do not seek medical help. Prevalence is normative, characterizing the rate of cases in a
population at a specific time and is easy to visualize and compare. It is measured from finite
samples and the reported cases behave according to a binomial process; therefore
uncertainty in prevalence can be described by beta distributions. Prevalence can be
considered as the probability for a binomial process and the uncertainty about prevalence is
the probability density of the binomial parameter which has a beta distribution. Existing
belief about the prevalence can therefore be systematically updated given the data from
successive finite samples. Bayes’ theorem can be used to express how to rationally change a
subjective belief by taking evidence into account. Model parameters affecting the prevalence
reporting by general practitioners (GPs) can be defined in order to construct a probabilistic
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graphical model. Since different parameters affecting the process of reporting are involved
in cases of hospitalization, these have to be acknowledged with a separate branch of the
model. Because of the differences in symptoms and severity of the disease caused by
different pathogens, as well as the differences in medical and reporting practice among EU
countries, some of the parameters are dependent of the country and others of the pathogen
(Haagsma et al., 2012).

Most of the studies approach to reconstruction of the surveillance pyramid for foodborne
diseases by evaluating few vital fractions, which estimate the underdiagnosis and
underreporting rate of the diseases. These include the probability for a gastroenteritis patient
to visit a GP, for a GP to submit a stool, for a positive result and for a positive result to be
reported. The odds for diarrhoea case to seek medical help and for a GP to submit the
patient’s stool sample for microbiological analysis are the most important components
contributing to the overall notification fraction according to the data from previous studies
(Michel et al., 2000; Scallan et al., 2006; Hall et al., 2008; Scallan et al, 2011; Haagsma et
al., 2012). Moreover, the medical help seeking behaviour, as well as GP decision making is
influenced by the severity of symptoms, thus the cases experiencing bloody and non-bloody
diarrhea were often analysed separately (Scallan et al., 2006; Scallan et al., 2011; Haagsma
et al., 2012). Although some studies report similar proportions of diarrhoea cases seeking
medical health despite the differences in structure and access to health care systems in
Australia, Canada, Ireland and United States (Scallan et al., 2005), other reveal significant
differences in medical help seeking behaviour among countries within EU (Haagsma et al,
2012).

In our study, parameters were modelled using linear regression based on existing data for
seven foodborne pathogens in seven EU countries and only common statistical data
available for EU countries was used to model the parameter uncertainty distributions. Monte
Carlo simulations of modelled parameters were used to estimate beliefs about prevalence of
foodborne pathogens in additional EU countries. Furthermore, the sensitivity of parameters
comprizing the prevalence model was examined.

1.1.3 Tracing Campylobacter along the food chain and detecting the source of
infection

Modern molecular tracing techniques, like pulsed field gel electrophoresis (PFGE) and multi
locus sequence typing (MLST) have been widely used to trace the Campylobacter along the
food chain and to identify the sources of sporadic and outbreak cases (Roux et al., 2013;
Kovac et al., 2014a; Kittl et al., 2014; Kwan et al., 2014). Although PFGE is known as a
golden standard among genotyping methods, the MLST begins to take over the lead. There
are several reasons for its successful establishment in molecular epidemiological studies of
Campylobacter, although it is not competitive concerning the cost of analysis. Firstly, the
method is portable, completely reproducible and the results are easily comparable among
different laboratories, secondly a user-friendly publicly available database called PubMLST
was build by the University of Oxford molecular epidemiology research group, which
currently has over 29000 entries (Cody et al., 2010a). The MLST community is constantly
increasing and public health authorities like European Centre for Disease Control and
Prevention (ECDC) are starting to implement it in their epidemiological studies (Kwan et
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al., 2014). Since the price of sequencing is rapidly decreasing due to the implementation of
the highly efficient next generation sequencing, MLST is expected to become more
affordable and widely accepted as the method of first choice also in the routine laboratories.
Even more, the advanced laboratories are already beginning to implement the extended
MLST schemes like ribosomal multi locus sequence typing (rMLST) and whole genome
MLST (Jolley et al., 2012; Cody et al., 2013). The rMLST examines the variation of 53
genes, instead of only seven housekeeping genes and it includes ribosomal genes.
Ribosomal MLST is integrating typing and genealogy, while whole genome MLST
(wgMLST) provides definitive characterization of C. jejuni and C. coli and is proposed to be
used in a routine as a practical and rapid exploitation of whole-genome sequencing (Jolley et
al., 2012; Cody et al., 2013).

1.1.4 Campylobacter antibiotic resistance prevalence and spreading

The increasing incidence of antibiotic resistant bacteria reflects in the impaired efficacy of
clinical treatments, prolonged illness and greater mortality due to infectious diseases. The
decline in new antibiotic discovery in the last decades, with only two antibiotics from new
classes being brought on the EU market since the 1970s, poses serious economic and public
health threat. Not only 25,000 patients dying due to incurable infections with multidrug-
resistant (MDR) bacteria, but also the European healthcare budget being burdened for at
least 1.5 billion additional euros each year because of the prolonged treatments of MDR
infections is concerning (ECDC, 2009). C. jejuni, being the most prevalent bacterial cause of
gastroenteritis and with high rates of ciprofloxacin resistance, is an important part of this
issue (EFSA, 2014a; EFSA 2014b). Drug resistant Campylobacter is on the CDC’s list of
serious threats, causing 120 deaths per year in the US alone, and its threat is expected to
worsen without ongoing public health monitoring and preventing activities (CDC, 2013).

According to EFSA (2014b), high resistance of campylobacters to ciprofloxacin, nalidixic
acid and tetracycline exists in EU countries. On the other hand, they are susceptible to the
first drug of choice for campylobacteriosis treatment, erythromycin, as well as gentamicin.
Especially resistance against fluoroquinolones, which is commonly observed in isolates
from broilers, chicken meat, pigs and cattle, is of great concern. It is ranging from 32 to 83%
among different EU Member states (EFSA, 2014b). Fluoroquinolones are usually the first
drug of choice for treatment of gastrointestinal infections with unknown causative agent;
this is why the increasing resistance can seriously impair effective clinical treatment. In
Slovenia, the ciprofloxacin resistance of human Campylobacter spp. isolates is extremely
high, with 68% resistance rate (N=981), which is significantly higher than the EU average
(47%, N=36,172). When considering C. jejuni alone, the rate is by more than half lower
(31%; N=1,044) and is below the EU average (54%, N=11,551). Alarming is also the high
rate of multidrug resistance (24%, N=695), while co-resistance to ciprofloxacin and
erythromycin is kept at a low level (0.7%). The ciprofloxacin resistance of human C. coli is
higher (75%, N=55) than of C. jejuni, but C. coli represents only a minority of total human
Campylobacter infections (EFSA, 2014a; EFSA, 2014b).

The rapidly increasing resistance of campylobacters against clinically used antibiotics raises
a lot of interest in how the antibiotic resistance is acquired and spread among bacterial
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population. It is known that bacteria of Campylobacter genus are naturally competent and
can take up the genes from the environment via horizontal gene transfer (Vegge et al., 2012;
Gaasbeek et al., 2010). The horizontal gene transfers also present one of the ways for the
antibiotic resistance genes to spread. For example fefO, which encodes ribosomal protection
protein and provides resistance against tetracycline is one of the typical examples of
resistance genes in Campylobacter spp. (Pérez-Boto et al., 2014). Based on GT content,
sequence homology, codon usage and hybridization it is suggested that Campylobacter tetO
gene was acquired by horizontal transfer from Streptomyces, Streptococcus or Enterococcus
spp. (Luangtongkum et al., 2009). The gene is in most strains plasmid-encoded, although it
can also be found on the chromosome of some species (Luangtongkum et al., 2009). It is
therefore possible that the Campylobacter can uptake the tetO resistance gene from other
bacteria present in the gut of the colonized animals via horizontal gene transfer or
recombination events.

On the other hand, there are antibiotics to which resistance is provided by point mutations in
the genes which usually code for the target of antibiotic action. Examples are erythromycin
with mutation A2075G in 23S rRNA and ciprofloxacin with mutation Thr86lle in quinolone
resistance determining region (QRDR) of gyrase gene gyr4 (lovine, 2013; Kurindi€ et al.,
2007). Quite some time ago it was found that acquirement of point mutation in gyr4 QRDR
not only provides C. jejuni with resistance to quinolones, but also enhanced their survival
fitness when colonizing chickens in competition with ciprofloxacin susceptible strains.
Surprisingly, this feature is preserved even in the absence of antibiotic selective pressure
(Hyytidinen et al., 2013; Luo et al., 2005). The opposite was observed in case of
erythromycin resistant strains, which were outcompeted in transmission and host
colonization by susceptible C. jejuni strains (Luangtongkum et al., 2012). The latter
somewhat explains the low reported prevalence of erythromycin resistance among
campylobacters, however it is important to note that high resistance to fluoroquinolones
exists also due to the extensive use of this class of antibiotics in veterinary medicine, while
use of macrolides in veterinary is more rational since the EU banned its use for growth
promotion of farm animals (EMA, 2011a; EMA, 2011b). The long-term exposure to sub-
inhibitory concentrations of macrolides namely results in higher frequency of resistant
isolates compared to treatment with therapeutic doses (EMA, 2011b). The resistance of
these types of antibiotics can expand by acquisition of individual mutations in new strains or
by clonal spreading of resistant strains with increased survival fitness.

1.1.5 Overcoming the antibiotic resistance in Campylobacter jejuni

Search for alternative antimicrobials derived from plants seems to be a viable solution for
mitigation of existing bacterial antibiotic resistance (Savoia et al., 2012). In addition to
searching for new antimicrobially active plant formulations, the antibiotic resistance
combating strategies are focused also on resistance modulators. These are not necessarily
antimicrobially active, but can decrease the resistance of pathogens when administered
together with other antimicrobials. The microbial sensitization using resistance modulators
is mostly due to efflux inhibition, increased membrane permeability, increased porin
production or change in porin profile (Bolla et al., 2011; Tegos et al., 2011). Active efflux is
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one of the most important contributors to the bacterial multidrug resistance, since it helps
bacteria to extrude antimicrobials of broad specificity out of the cells. The most important
efflux pump in C. jejuni 1s CmeABC, along with CmeDEF and CmeG (Lin et al., 2002;
Akiba et al., 2006; Jeon et al., 2011). These efflux pumps alone or in combination with
specific point mutations and antibiotic resistance genes provide increased resistance of
bacteria against several different classes of antibiotics.

Plant extracts rich in phenolic compounds, and essential oils have long been shown to
possess antimicrobial activity and were frequently studied and reviewed (Cowan, 1999;
Burt, 2004; Negi, 2012; Klanc¢nik et al., 2012a). In order to restore the activity of already
existing antibiotics on the market, a lot of research is therefore focused on finding new
compounds from plant sources with ability to inhibit bacterial efflux (Klanc¢nik et al., 2012a;
Klan¢nik et al., 2012b; Kurinci€ et al., 2012). To the date, no efflux pump inhibitor has been
licensed for clinical use, although some of the drugs like calcium ion influx inhibitor
verapamil, which is licensed for arrhythmia treatment, possess also efflux inhibitory activity
(Mahamoud et al., 2007). Still, many new compounds, especially from the natural sources,
have recently been identified as potential efflux pump inhibitors in the in vitro assays (Stavri
et al., 2007; Groblacher et al., 2012a; Groblacher et al., 2012b; Shiu et al., 2013). They are
especially interesting as they have a potential to be used as preservatives in food products.
One of the plants interesting from this aspect is Alpinia katsumadai Hayata (syn. A.
katsumadae Hayata; Zingiberaceae) (Groblacher et al., 2012a). It is widely used in
traditional Chinese medicine as an anti-emetic remedy and to increase the appetite, but also
in animal feed, to facilitate rapid growth of domestic animals (Klan¢nik et al., 2012a).

In our studies we have focused on investigating anti-Campylobacter, resistance modulatory
and efflux inhibitory potential of an A. katsumadai seed extract, essential oil and waste
material that remains after essential oil production (Klan¢nik et al., 2012; Kova¢ et al.,
2014b). Such residual materials are often disposed of and may present an environmental
problem. Their high phenolic content and the potential to provide an economically feasible
source of natural antioxidants and antimicrobials is still unused (Moure, 2000).

One of the natural compounds, which were proven to have antimicrobial activity against
various microorganisms, is a terpen compound a-pinene, naturally found in several essential
oils, including that of A. katsumadai (da Silva et al., 2012; Wang et al., 2012; Thu et al.,
2013; Sieniawska et al., 2013). Alpha pinene naturally exists in two enantiomers, (+)-o-
pinene and (-)-a-pinene. The latter was investigated in one of our studies for its
antimicrobial, resistance-modulatory and efflux-inhibitory potential on a set of antibiotic
resistant and susceptible Campylobacter jejuni isolates from different sources.

1.1.6 Campylobacter jejuni adaptational response to treatment with antimicrobial and
resistance modulatory compounds

In the last years several expressional studies of Campylobacter response to treatment with
different antimicrobials have been carried out. Two of those have analyzed the bacterial
adaptation to antibiotics erythromycin (Xia et al., 2013) and ciprofloxacin (Han et al., 2008)
and one to natural antimicrobial product (Dufour et al., 2013). It was found that C. jejuni
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adapts to erythromycin treatment by up-regulation of motility genes and down-regulation of
energy metabolism genes, which helps the bacteria to survive this chemical stress (Xia et al.,
2013). Similar analysis of C. jejuni response to treatment with ciprofloxacin revealed that
the gene mfd plays an important role in bacterial adaptation to this antibiotic. It was
demonstrated, that the mutation of these gene results in 100-fold reduction in the rate of
spontaneous mutation to ciprofloxacin resistance, while overexpression elevates the
ciprofloxacin resistance conferring mutation rate (Han et al., 2008). The treatment of C.
jejuni with phytochemical benzyl isothiocyanate resulted in up-regulation of heat shock
response genes and impact on energy metabolism. The consequence of treatment was the
impaired oxygen consumption and increased ATP content, as well as increased intracellular
protein aggregation (Dufour et al., 2013).

We have investigated transcriptomic response of C. jejuni to treatment with resistance
modulatory efflux inhibitor (-)-a-pinene, in order to elucidate the mode of its action.

1.2 THE RESEARCH AIMS

. To evaluate the underreporting of Campylobacter spp. prevalence in Slovenia;

. To investigate the correlation between antibiotic resistance and certain
Campylobacter jejuni genotypes;

. To investigate the anti-Campylobacter, resistance modulatory and efflux inhibitory

activity of Alpinia katsumadai seed extract and essential oil, as well as the extract
from residual material left after the distillation of the essential oil;

. To evaluate the potential of (-)a-alpha-pinene to inhibit the efflux systems CmeABC
and Cj1687 of Campylobacter jejuni;
. To evaluate the bacterial response to treatment with (-)-a-pinene.

1.3 THE RESEARCH HYPOTHESES

. Prevalence of Campylobacter spp. in Slovenia is underreported;

. Antibiotic resistant Campylobacter jejuni are more prevalent in specific clonal
complexes;

. Extracts of Alpinia katsumadai poses antimicrobial, resistance-modulatory and
efflux-inhibitory activity;

. (-)-a-pinene is inhibitor of Campylobacter jejuni efflux systems CmeABC and
Cj1687,;

. Campylobacter jejuni uses multiple mechanisms of adaptation to (-)-a- pinene.
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2 SCIENTIFIC PUBLICATIONS

2.1 PUBLISHED ARTICLES

2.1.1 The evidence for clonal spreading of quinolone resistance with a particular
clonal complex of Campylobacter jejuni

Dokaz za klonsko Sirjenje odpornosti proti kinolonom z doloé¢enim klonskim kompleksom
bakterij Campylobacter jejuni

Jasna Kovag, Neza Cadez, Marija Luicky, Eva Meller Nielsen, Matjaz Ocepek, Peter Raspor,
Sonja Smole Mozina

Epidemiology & Infection (2014), 142: 2595-2603

Campylobacter 1s the most prevalent cause of bacterial gastroenteritis worldwide and it
represents a significant public health risk, severity of which is becoming even higher due to
its increasing resistance to clinically important quinolone and macrolide antibiotics. As a
zoonotic pathogen Campylobacter is transmitted along the food chain and naturally cycles
from environmental waters, feedstuff, animals and food to humans. We have determined
antibiotic resistance profiles, as well as MLST and fla4-SVR types for 53 C. jejuni isolated
in Slovenia from human, animal, raw and cured chicken meat and water samples. Twenty-
eight different sequence types, arranged in ten clonal complexes, three new allele types and
five new sequence types were identified, indicating the relatively high diversity among a
small group of strains. The assignment of strains from different sources to the same clonal
complexes indicates their transmittance along the food supply chain. The most prevalent
clonal complex (CC) among isolates was ST-21, which was also the genetic group with 95%
of quinolone resistant strains. Based on the genetic relatedness of these quinolone resistant
strains found with MAMA PCR and gyr4 QRDR sequencing, we conclude that high
resistance prevalence observed in our study indicates the local clonal spreading of quinolone
resistance with the CC ST-21.
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SUMMARY

Campylobacter is the most prevalent cause of bacterial gastroenteritis worldwide and it represents
a significant public health risk of increasing severity due to its escalating resistance to clinically
important quinolone and macrolide antibiotics. As a zoonotic pathogen Campylobacter is
transmitted along the food chain and naturally cycles from environmental waters, feedstuff,
animals and food to humans. We determined antibiotic resistance profiles, as well as multilocus
sequence types and fla4-SVR types for 52 C. jejuni isolated in Slovenia from human, animal,
raw and cured chicken meat and water samples. Twenty-eight different sequence types, arranged
in ten clonal complexes, three new allele types and five new sequence types were identified,
indicating the relatively high diversity in a small group of strains. The assignment of strains from
different sources to the same clonal complexes indicates their transmission along the food supply
chain. The most prevalent clonal complex was CC21, which was also the genetic group with 95%
of quinolone-resistant strains. Based on the genetic relatedness of these quinolone-resistant strains
identified by polymerase chain reaction with a mismatch amplification mutation assay and
sequencing of the quinolone resistance-determining region of the gyr4 gene, we conclude that
the high resistance prevalence observed indicates the local clonal spread of quinolone resistance
with CC21.

Key words: Antibiotic resistance, Campylobacter jejuni, epidemiology, flad, food supply chain,
genotyping, MLST, transmittance.

INTRODUCTION 48.7/100000, respectively [1, 2]. These numbers are
still believed to be strongly underreported, since
most campylobacteriosis cases remain unrecognized
by surveillance systems due to the mild self-limiting
symptoms or undetermined cases of gastroenteritis.

In Slovenia, as well as in other countries, there is a

Campylobacteriosis is a leading zoonotic foodborne
disease in Europe and around the world. Its latest
yearly incidence in Europe and Slovenia is 50.28 and

* Author for correspondence: Prof. Dr. S. Smole Mozina,
Department of Food Science and Technology, Biotechnical
Faculty, University of Ljubljana, Jamnikarjeva 101, SI-1000
Ljubljana, Slovenia.

(Email: sonja.smole@bf.uni-lj.si)

trend of increasing campylobacteriosis incidence [2, 3].

Of the thermotolerant campylobacters, Campylo-
bacter jejuni is the most infectious, causing around
90% of reported human campylobacteriosis cases in
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Slovenia [2]. Besides the high prevalence of infections,
antibiotic resistance of C. jejuni against quinolones
(ciprofloxacin and enrofloxacin) and to a lesser extent,
macrolides (erythromycin and azithromycin) is pro-
blematic [4]. In Slovenia in 2010, 78% (n=60) of
C. jejuni strains isolated from meat were resistant
against ciprofloxacin, while all of them were suscep-
tible to erythromycin. Of the human C. jejuni clinical
isolates from the same year, 67.2% and 1.0% (n=2882)
were resistant against ciprofloxacin and erythromycin,
respectively [3]. This degree of resistance and the
emergence of multidrug-resistant strains can seriously
hinder clinical treatment of campylobacteriosis [5].

Campylobacter colonizes the gut of many pro-
duction animals, especially broilers, in which it rarely
causes disease symptoms. The meat of these animals is
therefore often contaminated during slaughtering and
serves as a vehicle of transmission of this pathogen via
the food production chain [6]. Campylobacter is
widely known for its rapid adaptive ability and geno-
mic instability [7-9]. When different reservoirs har-
bour strains with specific genotypes, it is possible to
determine the source of the infection by pulsed-field
gel electrophoresis, multilocus sequence typing (MLST)
and/or fla gene typing [10-12]. Nevertheless, MLST
has become the method of choice for Campylobacter
genotyping. Moreover, in combination with sequen-
cing of the short variable region within the flagella-
encoding flaB gene MLST allows further strain
differentiation within the same sequence type (ST)
[13]. This approach has allowed the correlation of
specific genotypes with specific antimicrobial resist-
ance profiles [13, 14]. It was shown that resistance to
quinolones and macrolides are mostly associated
with point mutations in gyr4 and 23S rRNA, respect-
ively, acting together with efflux mechanisms [15, 16].
The RND-type efflux pumps of some Gram-negative
bacteria are able to extrude different types of antibio-
tics and can also be induced by their substrates [17].
This indicates that environmental selective pressures
play an important role in acquiring non-specific (via
active efflux), or specific (via point mutation), resist-
ance against antimicrobial drugs. Specific STs have
already been associated with quinolone resistance in
strains with point mutations, but it is not yet known
whether this is because these genotypes are more
prone to mutations conferring resistance or because
they are clonal [13].

We investigated the potential correlation between
MLST/flaA genotypes, source of the isolates and
resistance against seven antibiotics of 52 Slovenian

C. jejuni isolates, in order to elucidate the spread
of antibiotic resistance. This is the first report on
MLST/flaA characterization of Slovenian C. jejuni
isolates from humans, animals, water, and food.

MATERIALS AND METHODS
Campylobacter strains and growth conditions

Fifty-two C. jejuni strains isolated from different
sources (human, raw and cured chicken meat from re-
tail, animal, water) and regions in Slovenia were used
in our study. Control reference strains included
C. jejuni ATCC 33560 and C. coli strains 158 and
01378 as negative controls. The majority of meat and
animal isolates, and all water isolates from Slovenian
rivers were obtained through national monitoring in
2008/2009. Five chicken meat isolates were obtained
from a laboratory collection and human isolates were
from reported campylobacteriosis cases in 2009.
C. jejuni was confirmed by /ipO gene species-specific
polymerase chain reaction (PCR) [18]. Isolates were
grown on Columbia blood agar (Oxoid, UK) under
microaerobic conditions (5% O», 10% CO,, 85% N»)
at 42 °C for 24 h and maintained at —80 °C in brain
heart infusion broth (Oxoid) with 5% horse blood
(Oxoid) and 20% glycerol.

MLST and flaA short variable region sequence typing

DNA was extracted from 24-h cultures with Prep-
Man® (Applied Biosystems, USA) according to the
manufacturer’s instructions and MLST was perfor-
med as described by Dingle et al. [19]. Seven house-
keeping genes, aspA, ginA, gltA, glyA, pgm, tkt, uncA
were amplified using 7ag polymerase (Promega,
USA) with primers detailed in Korczak et al. [20]. The
short variable region of the flad gene (flaA-SVR) was
amplified by primers flaA_Cjc-L and flaAB_Cjc-R
[20] according to the protocol of Josefsen ef al. [21].
The purified PCR products were sequenced with the
BigDye terminator v. 3.1 ready reaction cycle sequen-
cing kit (Applied Biosystems) on an ABI3130XL
genetic analyser (Applied Biosystems).

The sequences of the seven MLST loci and flad
were compared with sequences in the MLST database
(www.pubmlst.org/campylobacter) to determine the
allele number. The STs, clonal complexes (CCs) and
flaA type of each strain were assigned from the profiles
of the seven alleles in the MLST database with an
integrated automated link in the computer program
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Table 1. Prevalence of Campylobacter jejuni isolates from different sources
in identified clonal complexes in this study

Source (no. of isolates)

CcC No. of STs Human  Animal Meat Water  Total
21 4 4 10 (53%) 5 19
45 5 1 6 (75%) 1 8
48 3 1 1 1 3
206 1 1 1
353 2 3 3 6
354 3 1 3 1 5
403 1 1 1
464 2 1 1 2
607 1 1 1
658 2 2 2
Not defined 4 3 4
Total 28 10 9 11 6 52

CC, Clonal complex; STs, sequence types.

BioNumerics v. 6.6 (Applied Maths NV, Belgium).
Relationships between strains were determined by
the MLST-based network creation method, minimum
spanning tree (MST) and by the unweighted pair-
group method with arithmetic mean cluster analysis
based on flaA-SVR in BioNumerics. New alleles and
STs were submitted to the PubMLST database.

Antibiotic susceptibility

The susceptibility of isolates to seven antibiotics
(chloramphenicol, ciprofloxacin, erythromycin, genta-
micin, nalidixic acid, streptomycin, tetracycline) was
determined by a broth microdilution method using a
commercial diagnostic test for Campylobacter mini-
mum inhibitory concentrations (MICs) (Sensititre
Campylobacter plate— EUCAMP; Trek Diagnostic Sys-
tems, USA) according to the manufacturer’s instruc-
tions. Resistance against antibiotics was expressed
as MICs based on cut-off values recommended by
European Food Safety Authority (EFSA) [22].
Multidrug resistance was defined as resistance to at
least three non-related antibiotics.

Mutation assay PCR and gyrA sequencing

Mismatch amplification mutation assay (MAMA)
PCR for detection of the Thr¥-Ile mutation, which
confers resistance against ciprofloxacin was performed
on all phenotypically ciprofloxacin-resistant isolates.
Additionally, the quinolone resistance-determining

region (QRDR) of gyrd4 was sequenced (Macrogen,
South Korea) to study the genetic relatedness of
ciprofloxacin-resistant isolates from different CCs.
Both procedures were as described previously [23].
Thirty-two sequences of gyrA QRDR were depos-
ited in GeneBank (accession numbers KF831198-
KF831229).

Statistical analysis

The discriminatory index of the typing methods was
calculated by Simpson’s index of diversity according
to Hunter & Gaston [24]. Statistical significance
(P<0.05) of association of specific genotypes with
quinolone resistance and source of the strains was
tested using IBM SPSS Statistics v. 20 (IBM, USA),
with Fisher’s exact two-tailed test and Pearson’s »° test.

RESULTS AND DISCUSSION

The 52 C. jejuni isolates were recovered from animals
(chicken, bovine, turkey skin and faeces), raw and
cured chicken meat from retail, human patients and
environmental water samples during 2008-2009 in dif-
ferent regions of Slovenia. The isolates were grouped
by MLST into 28 STs, four of which were novel addi-
tions to the PubMLST database; one of these new STs
(ST5207 — C. jejuni 1603) was a novel combination of
previously known alleles but three, ST5205, ST5206,
ST6309, included novel allele sequences in tkt, aspA
and glyA loci, respectively. Each of the isolates with
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Fig. 1. Phylogenetic tree constructed on the basis of the

Strain ID cc ST flaAtype  Source
17697/26 ND 1367 636 water

K49/4 ST45 230 92 chicken meat
1297/08 ST45 5206 161 turkey feaces
53198 ST45 45 161 chicken meat
885/1/08 ST45 583 239 turkey meat
660/08 ST354 2863 34 chicken faeces.
9152 ST354 4899 34 human faeces
965/09 ST354 2863 34 chicken faeces.
1190/09 ST21 50 265 chicken skin
1518/08 ST21 50 265 chicken faeces.
58429 ST21 50 265 chicken meat
60089 sT21 50 265 chicken meat
670/08 sT21 19 265 turkey meat
9090 sT21 50 265 human faeces
a1 ST21 50 265 human faeces
122/08 sT21 104 36 chicken faeces.
123/08 sT21 104 36 chicken faeces.
1728/08 sT21 104 36 bovine faeces
211/08 sT21 104 38 bovine faeces
244/08 ST21 104 36 turkey faeces
57359 sT21 104 36 turkey meat
609/08 sT21 50 36 bovine faeces
9387 ST21 50 36 human faeces
9493 ST21 50 36 human faeces
1603 ND 5207 1285 waler

130 ST353 2036 278 chicken meat
53196 ST48 475 278 chicken meat
57357 ST353 5205 278 chicken meat
57360 sT21 50 278 chicken meat
60057 ST353 5205 278 chicken meat
9091 ST353 5205 278 human faeces
9795 ST363 5206 278 human faeces
9829 ST353 5205 278 human faeces
1292/08 ST48 918 123 bovine faeces
61035 ST354 2863 105 chicken meat
846/09 ST206 572 121 chicken faeces.
9581 ST48 48 32 human faeces
ATCC 33560 ST403 403 156 bovine faeces
180/08 ND 881 67 bovine faeces
9544 ST607 3611 817 human faeces
1186/08 sT21 822 54 chicken faeces.
1271/08 sT21 822 54 turkey faeces
132 ST464 464 54 chicken meat
1591/08 ST4B4 4878 54 chicken faeces.
53124 ST45 45 21 chicken meat
2252/09 ST354 354 222 chicken faeces.
1604 ST658 1044 5 water

816 ST658 657 5 water

01379 ST45 45 15 water

128 ST45 1 15 chicken meat
885/2/08 ST45 45 15 turkey meat
07/807 ND 6309 1550 water

short variable repeat of the flad region showing correlation

between antibiotic resistance, origin of the strains and MLST type. Light grey squares represent antibiotic-sensitive
phenotypes; dark grey squares represent antibiotic-resistant phenotypes; black squares represent ciprofloxacin-resistant
phenotypes of clonal complex ST21. CC, Clonal complex; ST, sequence type; ND, not determined.

the novel rkt allele type originated from the same re-
gion in Slovenia (data not shown) and were isolated
from raw and cured chicken meat and human faeces,
which is suggestive of chicken being the most probable
source of infection.

As shown in Table 1, 48 C. jejuni isolates were
assigned to ten pre-defined CCs and 24 STs by
MLST. Four isolates could not be assigned to a CC.
CC21 and CC45 predominated and accounted for 19
and eight, respectively, of the total 52 isolates typed.
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Fig. 2. Minimum spanning tree generated from MLST comparisons of Campylobacter jejuni strains isolated from animals,
humans, meat, and water in Slovenia. Each circle represents one sequence type (ST), the clonal complexes (CC STs) are
indicated by numbers. Node sizes represent higher strain numbers within one ST. Node colour indicates the origin of the
strains: black (meat), dark grey (human), light grey (animal), white (water). The connecting lines between STs depict the
number of allelic differences between them: one allele difference (black bold lines), two alleles difference (grey bold lines),
three alleles difference (grey dashed lines), more than three alleles difference (grey dotted lines).

ST50 and ST104 were the most frequent STs account-
ing for 10 and six, respectively, of the total (Fig. 1,
Table 1). Twenty-three (79%) STs appeared only
once, indicating high genetic diversity. STs belonging
to CC21 and CC45 were previously shown to be pre-
dominant in Europe and typical for poultry [13, 20,
25, 26]. In our study, 12/19 isolates assigned to
CC21 and 6/8 assigned to CC45 were isolated from
poultry meat or faeces.

The distribution of isolates in the MST analysis
(Fig. 2) indicates some correlation between specific
genotypes and their main source of isolation. The ma-
jority (71%) of human isolates was distributed among
CC21 and CC353 and most (67%) of the meat isolates

among CC21 and CC45, while animal isolates were
mostly (67%) assigned to CC21 and CC354. Water
isolates were genetically the most diverse group and
2/5 could not be assigned to any existing CC. Their
distinct STs present an interesting group with little
in common with isolates from human and animal
sources. Water as an abiotic source, represents a dif-
ferent environment to which bacteria need to adapt
phenotypically and genetically. Similar genetic differ-
ences between C. jejuni strains originating from biotic
and abiotic sources have been found in the past and
resulted in the identification of specific genetic mar-
kers able to distinguish between isolates from biotic
and abiotic sources [27].
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Table 2. Distribution of antibiotic resistant strains in clonal complexes

CC No. of isolates STR CIP TET ERY NAL MDR
21 19 1 18 (95%) 7 (37%) 1 18 (95%) 1
45 8 1 1 2

353 6 4 (67%) 4 (67%)

354 5 3 (60%) 2 2 (40%)

206 1 1 1 1

403 1 1

464 2 1

48 3 1 1 1 1 1 1
607 1

658 2 1 1

Other 4 2 1

Total 52 2 7 6 2 6 2

CC, Clonal complex; STR, streptomycin; CIP, ciprofloxacin; TET, tetracycline; ERY, erythromycin; NAL, nalidixic acid;
MDR, multidrug-resistant strain (resistant against >3 unrelated antibiotics).

flad-SVR typing revealed 22 different genotypes
in the C. jejuni isolates (Fig. 1), and was thus a less
discriminatory method than MLST (28 STs). Indeed,
flaAd-SVR typing additionally discriminated isolates
within only one ST (ST50), whereas MLST dis-
tinguished between isolates in more flad types. This
was reflected by the higher discriminatory power
of MLST (0.942) over flaA-SVR (0.928). The com-
bination of both typing methods increased the
discriminatory power to 0.967.

The most common flaA alleles were 36, 278 and 256
with prevalences of nine (17%), eight (15%) and seven
(13%) out of a total of 52 alleles. All flad allele types
256 and 36 were segregated into CC21, while most of
the strains with allele type 278 were assigned to
CC(C353, as well as to CC21 and CC48. Cluster analysis
of flaA-SVR sequences revealed six major clusters at a
similarity level of 95%. Statistical analysis confirmed
flaA allele type 36 (8/9) as typical for animal isolates
and type 278 (5/8) as typical for meat isolates.

The highest frequency of antibiotic resistance
was recorded for the quinolones ciprofloxacin and
nalidixic acid (61% and 58%), followed by tetracycline
(25%), streptomycin and erythromycin (4%) (Table 2).
All C. jejuni isolates were susceptible to gentamicin
and chloramphenicol. These results are in accordance
with trends reported by the EFSA [3]. Antibiotic re-
sistance in C. jejuni is becoming a significant issue,
not only in Slovenia, but also in other European coun-
tries [3] with the most problematic being resistance
against quinolones, which are the second group of drugs
of choice for campylobacteriosis treatment. In Slovenia
quinolones are widely used for the non-specific

treatment of bacterial gastroenteritis as well as for
enterococcal and E. coli infections in poultry flocks.
The prevalence of ciprofloxacin-resistant animal
Campylobacter isolates in Europe is reported to
range from 37% to 84%, depending on the country
[3] which is consistent with the results reported here,
where 72% of animal and 44% of meat isolates were
ciprofloxacin resistant and this increased to 80% for
human isolates. Almost all (94%) -ciprofloxacin-
resistant strains from our study were cross-resistant
to nalidixic acid. Interestingly, tetracycline resistance
occurred almost exclusively (92%) in ciprofloxacin-
resistant strains. Although erythromycin resistance
was rare, it is of concern that both erythromycin-
resistant isolates were from raw chicken meat and
exhibited multidrug resistance to ciprofloxacin,
nalidixic acid, streptomycin and tetracycline, which
seriously compromises the choice of treatment for
infections caused by the ingestion of these organisms.

The high incidence of quinolone resistance com-
pared to erythromycin resistance was previously
demonstrated to be due to the faster development of
ciprofloxacin-resistant mutants during exposure to
antibiotics, improved biological fitness of resistant
mutants and their ability to persist in the environment
after the selective pressure is removed [28-30]. By con-
trast, macrolide resistance appears to require longer
exposure to antibiotics to develop, and resistant
strains are less likely to survive in the absence of selec-
tive pressure [31-33]. We also observed persistence of
ciprofloxacin-resistant strains of the same genotypes
(e.g. ST50) which were isolated from animals, meat,
and human samples.
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Fig. 3. Relationship between Campylobacter jejuni strains
based on the sequences of quinolone resistance-determin-
ing region (QRDR) of the gyrd gene in comparison
to clonal complex (CC). The position of silent mutations
in relation to the reference strain C. jejuni NCTC 11158
are shown on the branches. The accession numbers of
the sequences are shown in parentheses after the strain de-
signation. ND, Not determined.

Analysis of antibiotic resistance and MLST geno-
types revealed that all but one of the 19 strains of
C. jejuni belonging to the predominant CC21 were
quinolone resistant (P <0.05). Over half of ciprofloxa-
cin-resistant genotypes within CC21 belonged to ST50
and over 30% to ST104 and only 13 (42%) of these
resistant strains were identified in all other CCs
(P<0.05). A similar pattern was observed with flaA
types, where 47% of ciprofloxacin-resistant CC21 gen-
otypes were assigned to flaA 36 and 32% to flad 265.

Campylobacter jejuni clonal resistance 7

All ciprofloxacin-resistant strains in CC21 also
showed cross-resistance to nalidixic acid. An associ-
ation between CC21 and quinolone resistance has
already been found in Belgium [34] and Switzerland
[13] accounting for resistance rates in these countries
of 66% and 30%, respectively.

In order to determine whether the association of
quinolone resistance with CC21 was due to individual
mutational events or an increased ability to spread
clonally [24], we investigated the most common ciprofl-
oxacin resistance conferring mutation Thr®-Ile and
analysed the QRDR by sequence typing. The results
show that all phenotypically ciprofloxacin-resistant
isolates, with the exception of strain 180/08, have the
mutation ACA to ATA in the 86th codon. Six ad-
ditional silent mutations in the QRDR were identified,
and on the basis of these results we constructed the den-
drogram shown in Figure 3, which clearly indicates the
high degree of genetic relatedness of ciprofloxacin-
resistant isolates from CC21, which together with one
strain from CC658 and two strains with unassigned
CCs form a separate group compared to the
ciprofloxacin-resistant strains from all other CCs. As
quinolone resistance is quickly developed under anti-
biotic selective pressure and can persist long after cess-
ation of treatment, we conclude that the high
incidence of such strains within CC21 found here is
not due to high genetic plasticity of this particular
CC [24], but rather to acquired efficiency of clonal
spreading. This hypothesis is additionally supported
by the fact that not all investigations from other coun-
tries [35] found a correlation between quinolone resist-
ance and CC21.

In conclusion, this study is the first report on the
genetic variability of C. jejuni isolates from Slovenia
based on MLST, which contributes new allele types
and STs to the PubMLST database. CC21 was the
predominant genetic group with representative isolates
from a variety of different sources and this group was
highly associated with quinolone resistance, confi-
rming its clonal spreading along the food supply
chain. We also identified distinct genotypes of strains
from water sources with high antibiotic susceptibility.
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2.1.2 Anti-Campylobacter and resistance-modifying activity of Alpinia katsumadai
seed extracts

Protimikrobno in odpornostno modulatorno delovanje izvleCkov semen rastline Alpinia
katsumadai na bakterije Campylobacter

Anja Klan¢nik, Barbara Groblacher, Jasna Kovac, Franz Bucar, Sonja Smole Mozina
Journal of Applied Microbiology (2012), 113, 5: 1249-1262

Aims: We tested extracts from Alpinia katsumadai seeds for anti-Campylobacter activity
and investigated the roles of the CmeABC and CmeDEF efflux pumps in Campylobacter
resistance to these natural phenolics. Additionally, we investigated an A. katsumadai
ethanolic extract (AIpE) and other plant extracts as putative efflux pump inhibitors on
Campylobacter isolates and mutants in efflux pump genes.

Methods and Results: AlpE showed antimicrobial activity against sensitive and multidrug-
resistant Campylobacter isolates. CmeB inactivation resulted in the greatest reduction in
resistance, while cmeF and cmeR mutations produced only moderate effects on minimal
inhibitory concentrations (MICs). The chemical efflux pump inhibitors additionally reduced
MICs in isolates and mutants, confirming that active efflux is an important mechanism in
resistance to AlpE, with additional contributions of other efflux systems. A notable decrease
in resistance to tested antimicrobials in the presence of subinhibitory concentrations of AlpE
confirms its modifying activity in Campylobacter spp.

Conclusions: AlpE is important anti-Campylobacter source of antimicrobial compounds
with resistance-modifying activity. At least two of the efflux systems are involved in the
resistance to 4. katsumadai antimicrobial seed extracts.

Significance and Impact of the Study: This is the first report of antimicrobial and resistance
modifying activity of AlpE from A. katsumadai seeds, demonstrating its potential in the
control of Campylobacter in the food chain.
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Introduction

Abstract

Aims: We tested extracts from Alpinia katsumadai seeds for anti-
Campylobacter activity and investigated the roles of the CmeABC and CmeDEF
efflux pumps in Campylobacter resistance to these natural phenolics.
Additionally, we investigated an A. katsumadai ethanolic extract (AlpE) and
other plant extracts as putative efflux pump inhibitors on Campylobacter
isolates and mutants in efflux pump genes.

Methods and Results: AlpE showed antimicrobial activity against sensitive and
multidrug-resistant Campylobacter isolates. CmeB inactivation resulted in the
greatest reduction in resistance, while cmeF and c¢meR mutations produced
only moderate effects on minimal inhibitory concentrations (MICs). The
chemical efflux pump inhibitors additionally reduced MICs in isolates and
mutants, confirming that active efflux is an important mechanism in resistance
to AlpE, with additional contributions of other efflux systems. A notable
decrease in resistance to tested antimicrobials in the presence of subinhibitory
concentrations of AlpE confirms its modifying activity in Campylobacter spp.
Conclusions: AlpE is important anti-Campylobacter source of antimicrobial
compounds with resistance-modifying activity. At least two of the efflux
systems are involved in the resistance to A. katsumadai antimicrobial seed
extracts.

Significance and Impact of the Study: This is the first report of antimicrobial
and resistance-modifying activity of AlpE from A. katsumadai seeds,
demonstrating its potential in the control of Campylobacter in the food chain.

organisms, campylobacters are relatively sensitive to phe-
nolic compounds from different plant sources, both in

Campylobacteriosis is the leading bacterial food-borne ill-
ness throughout the world and the most frequently
reported zoonosis in humans. Campylobacters frequently
enter the food chain via infected food production, ani-
mals and/or cross-contamination of thermally untreated
foods. Their antimicrobial resistance is constantly
growing, including resistance to fluoroqinolones and
macrolides, which are the drugs of choice for campylob-
acteriosis treatment, as well as for multidrug resistance
(MDR) (Luangtongkum et al. 2009). Therefore, new anti-
microbials for reducing the prevalence of Campylobacter
spp. in the food chain are needed. In our previous stud-
ies, we showed that although they are Gram-negative

© 2012 The Authors
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vitro (Klan¢nik et al. 2009, 2010) and in poultry meat
(Piskernik et al. 2011). Additionally, agents from natural
sources that might reverse or decrease the resistance of
campylobacters have been investigated (Smole Mozina
et al. 2011). Most phytochemicals can only modulate the
activities of Gram-positive micro-organisms, while little
or no activity is shown towards Gram-negative micro-
organisms. Recently, there have been reports of new
potential efflux pump inhibitors (EPIs) from various nat-
ural extracts, like of Levisticum officinale, Mirabilis jalapa
and Artemisia absinthium (Michalet et al. 2007; Fiamegos
et al. 2011; Garvey et al. 2011). Indeed, natural products
provide unlimited opportunities, because of their
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unmatched range of chemical diversity (O’Bryan et al.
2008).

While the target-site activities of most antibiotics are
known, the mechanisms of natural antimicrobials in
Campylobacter spp. remain largely unknown. Campylo-
bacter spp. have multiple resistance mechanisms that are
associated with target mutations and resistance-nodula-
tion-cell division (RND) and non-RND efflux pumps
(Lin et al. 2005b; Pumbwe et al. 2005; Akiba et al. 2006).
CmeABC is involved in the extrusion of structurally
diverse antimicrobials and contributes to intrinsic and
acquired resistance to various antimicrobials (Lin et al.
2002; Guo et al. 2010). Its function has also been defined
for pure phenolic compounds and extracts of plant phen-
olics (Klan¢nik et al. 2012). In addition, CmeDEF, which
has different substrate-binding properties, interacts with
CmeABC and has a secondary role in conferring intrinsic
antimicrobial resistance (Akiba et al. 2006).

To our knowledge, compounds from A. katsumadai
have not been studied yet for application as food addi-
tives, although the seeds have a long tradition in herbal
medicine, and as a flavouring agent and animal-feed
additive. In traditional Chinese medicine, the seeds are
applied for fullness and distending pain in the abdomen,
to increase appetite, and against nausea and vomiting
(Zhongzhen 2004; Chinese Pharmacopoeia 2009; Zhao
2011). Alpinia seeds are ingredients in a preparation to
treat dysentery in piglets and in animal feed as an addi-
tive to facilitate rapid growth of domestic animals (Zhang
2010). In addition, our recent evidence has shown that
compounds isolated from A. katsumadai seeds can act as
potential EPIs in Mycobacterium smegmatis (Groblacher
et al. 2012).

The aim of this study was first to prepare and chemi-
cally characterize new bioactive plant materials from
A. katsumadai by extraction of seeds with solvents of dif-
ferent polarities. We determined antimicrobial activity of
these extracts in different Campylobacter spp., including
antibiotic resistant isolates. By comparing the sensitivity
of wild-type C. jejuni 11168 and its mutants in specific
efflux pump genes (cmeB, cmeR, cmeF), we evaluated the
roles of the CmeABC and CmeDEF efflux pumps in the
resistance to these natural phenolics in Campylobacter
spp. Moreover, we examined the role of efflux using dif-
ferent EPIs, for example, phenylalanine-arginine f-naph-
thylamide  (PASN),  1-(1-naphthylmethyl)-piperazine
(NMP), verapamil, reserpine and carbonyl cyanide
m-chlorophenylhydrazone (CCCP), to determine whether
they can potentiate the anti-Campylobacter activity of
AlpE, the ethanolic extract from A. katsumadai seeds.
Finally, we investigated AIpE and two additional plant
extracts as putative EPIs on the susceptibility to different
antibiotics, biocides, ethidium bromide (EtBr) and plant
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phenolic extracts, for the first time in Campylobacter
isolates and following mutation of the efflux pump genes.

Materials and methods

Chemical characterization of the extracts

Preparation of A. katsumadai seed extracts

The A. katsumadai seeds were bought from a commercial
source (Plantasia; Cat. no. 680381, Oberndorf/Salzburg,
Austria). Their identity was defined according to the Chi-
nese Pharmacopoeia (2009). A voucher specimen is kept
at the Institute of Pharmaceutical Sciences, University of
Graz. To cover a broader range of polarity, the crushed
seeds (900 g) were extracted in a Soxhlet apparatus, suc-
cessively with hexane, dichloromethane and methanol, for
24 h each. These solvents were evaporated to dryness,
which resulted in dried crude extracts, as 36-7 g from
hexane (AlpH), 31-4 g from dichloromethane (AlpD) and
48-8 g from methanol (AlpM), respectively. For compari-
son, an ethanolic extract, a solvent of less toxicity com-
pared with the others, was prepared by stirring 100 g of
crushed seeds with 1 1 of EtOH (96%) at room tempera-
ture for 72 h. After evaporation of the solvent, 9-8 g of
dried crude ethanolic extract (AlpE) was obtained. Owing
to its ease of preparation and the reduced toxicity of the
solvent, which could be relevant for in vivo application,
the ethanolic extract was used in the full spectrum of
assays.

Phytochemical analysis of extracts

Liquid chromatography—photo diode array-mass spec-
trometry (LC-PDA-MS) analysis was conducted with a
Thermo Surveyor LC system coupled to a Thermo Finni-
gan LCQ DECA XP plus mass detector [electrospray
injection (ESI), negative mode] and a 2-6 um C18 100A
Kinetex column (100 x 2-1 mm; Phenomenex, Torrance,
CA, USA). Elution was performed with an acetonitrile
(A) and water (B) gradient system. The major com-
pounds 1-5 present in the ethanolic extract, which was
used for most experiments, were identified based on their
UV spectra and their ESI mass spectra, in comparison
with the literature (Kuroyanagi et al. 1983; Huang et al.
2007; Li et al. 2010). Pinocembrin (2), (5R)-trans-1,
7-diphenyl-5-hydroxy-6-hepten-3-one (4) and 1,7-diphe-
nyl-4,6-heptadien-3-one (5) were previously isolated from
the hexane extract of the seeds (Groblacher et al. 2012),
and they were used as reference compounds (purity
>90% according to HPLC and '"H NMR analysis). The
major compounds 1-5 of the ethanolic extract were
quantified by HPLC using a Merck Hitachi LaChrome
HPLC System and a Zorbax SB C-18, 3 um,
2-1 x 150 mm column (Agilent, Santa Clara, CA, USA).

© 2012 The Authors
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Gradient elution was with acetonitrile (A) and water (B),
with both containing 0-1% trifluoroacetic acid. This
started with 10% A and increased to 90% A in 25 min at
a flow rate of 250 ul min~" and a column temperature of
30°C. Compounds 1, 2 and 4 were quantified at 215 nm,
with 2 as the external standard, whereas compounds 3
and 5 were quantified at 320 nm using purified 5. The
samples were analysed in triplicate.

Bacterial strains and growth conditions

Twenty-two food, animal, water and human Campylo-
bacter strains were used in this study (Table 1). They
were isolated and identified phenotypically and by mul-
tiplex polymerase chain reaction (mPCR), as described
previously (Zorman and Smole Mozina 2002). Cam-
pylobacter jejuni NCTC 11168 was used as the reference
strain, and its knockout cmeB, cmeR and cmeF mutants
were also used (obtained from Prof. Qijing Zhang,
Iowa State University, USA). Purified DNA from the
cmeB (Lin et al. 2002), cmeF (Akiba et al. 2006) and
cmeR (Lin et al. 2005a) mutants was used to transform
C. jejuni NCTC 11168 using the standard biphasic
method for natural transformation and construction of
cmeB, cmeF and cmeR mutants, as described by Klanc-
nik et al. (2012). The cultures were stored at —80°C in
brain-heart infusion broth (Oxoid, Hampsire, UK) sup-
plemented with 5% horse blood (Oxoid) and glycerol
(Kemika, Zagreb, Croatia). The isolates were subcul-
tured on Columbia agar (Oxoid), supplemented with
horse blood at 42°C under micro-aerophilic conditions
in gas-tight containers (5% O,, 10% CO,, 85% N,).

Antimicrobial susceptibility testing

The Alpinia extracts were dissolved in DMSO to pre-
pare stock solutions and further diluted in the appro-
priate media to the working concentrations. Twofold
serial dilutions were used at concentrations from 0-016
to 5 mg ml™". Control wells were prepared with culture
medium (sterility control), plant extract in 50 ul of
Miiller Hinton broth (negative control), bacterial sus-
pension in 50 ul of Miiller Hinton broth (positive con-
trol) and DMSO in amounts corresponding to the
highest quantity present (from 2:5%) (positive control
to prove that there was no bacterial growth inhibition
by DMSO). The lyophilized rosemary (Rosmarinus offi-
cinalis L.) V40 ethanolic extract (with 40% carnosic
acid) (supplied by Vitiva d.d., Markovci, Slovenia), (-)-
epigallocatechin gallate (EGCG; Sigma-Aldrich GmbH,
Steinheim, Germany) and vine-leaf (VL; Vitis vinifera
L.) ethanolic extract (provided by Visnja Katalinic,
University of Split, Split, Croatia) were dissolved in

© 2012 The Authors
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Table 1 Susceptibilities of Campylobacter spp. isolates from various
sources to the different Alpinia katsumadai seed extracts

Campylobacter strain

Alpinia extracts Distribution of MIC (%)

AlpE (mg mli~") 4.103 2-051 1-025 0-512 0-256

Erythromycin- 0 444 444 141 0
resistant C. coli

Erythromycin- 0 0 42-8 571 0
resistantC. jejuni

Erythromycin- 0 0 100 0 0
resistant C. coli

Erythromycin- 0 0 60 40 0
sensitive C. jejuni

AlpM (mg mli~") 4.103 2-051 1-025 0-512 0-256

Erythromycin- 1141 55-5 333 0 0
resistant C. coli

Erythromycin- 0 0 713 286 0
resistant C. jejuni

Erythromycin- 0 100 0 0 0
resistant C. coli

Erythromycin- 0 20 60 20 0
sensitive C. jejuni

AlpD (mg mli~") 4.103 2-051 1-025 0-512 0-256

Erythromycin- 111 333 111 333 111
resistant C. coli

Erythromycin- 0 0 0 713 286
resistant C. jejuni

Erythromycin- 0 100 0 0 0
resistant C. coli

Erythromycin- 0 20 80 0 0
sensitive C. jejuni

AlpH (mg mI~") 4.103 2-051 1-025 0-512 0-256

Erythromycin- 0 55-5 44.4 0 0
resistant C. coli

Erythromycin- 0 286 713 0 0
resistant
C. jejuni

Erythromycin- 0 0 100 0 0
resistant C. coli

Erythromycin- 0 20 60 20 0

sensitive C. jejuni

AlpE, ethanol extract; AlpM, methanol extract; AlpD, dichlorome-
thane extract; AlpH, hexane extract.

absolute ethanol to provide the stock solutions. They
were further diluted in the appropriate media to the
working concentrations. Twofold serial dilutions of V40
and EGCG were used at concentrations from 0-00061
to 125 mg mlI™' and of VL at concentrations from
0-0078 to 16 mgml™'. Controls were tested as
described above. The DMSO and ethanol were used at
concentrations previously shown to be noninhibitory
for bacterial cells.

The broth microdilution method was used for measur-
ing of minimal inhibitory concentrations (MICs), as pre-
viously described (Klan¢nik et al. 2009). The MICs,

Journal of Applied Microbiology 113, 1249-1262 © 2012 The Society for Applied Microbiology 1251
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defined as the lowest concentrations of natural
antimicrobials where no metabolic activity was seen after
24 h, were determined on the basis of the biolumines-
cence signals measured using a microplate reader (Tecan,
Mannedorf/Zurich, Switzerland) after adding CellTiter-
Glo reagent (Promega Corporation, Madison, WI, USA)
to the culture media (Klanc¢nik et al. 2009). All of the
measurements of MIC values were repeated in triplicate.
Control wells were prepared with culture medium, bacte-
rial suspension only, alternative antimicrobial only and
ethanol, in amounts corresponding to the highest
quantity present.

Efflux pump inhibitors

Chemical EPIs

To investigate the contributions of the CmeABC and
CmeDEF efflux pumps in AlpE resistance, the isolates
and the reference and mutant strains were tested both in
the absence and presence of five EPIs in Miiller Hinton
broth: PASN (20 ug ml™"), NMP (100 ug ml™Y), verapa-
mil (100 pg ml™"), reserpine (100 ug ml™') and CCCP
(0-25 ug ml™"). Microdilution tests were also performed
in preliminary independent experiments to determine the
MICs of the EPIs used for all of the tested strains. The
selected concentrations had no inhibitory effects on bac-
terial growth for any of the tested strains.

Putative EPIs

To investigate the activities of putative EPIs and resis-
tance-modifying agents, the MICs of erythromycin
(Sigma-Aldrich, St Louis, MO, USA), ciprofloxacin
(Fluka, Biochemika), bile salts (Sigma-Aldrich), sodium
deoxycholate (Sigma-Aldrich) and ethidium bromide
(EtBr, Sigma-Aldrich) were determined in the absence
and presence of the AlpE, V40 and VL extracts in Miiller
Hinton broth at the subinhibitory concentrations of 0-25
MICs, in ten Campylobacter isolates and the three efflux
pump mutant strains. Three independent experiments
were carried out to confirm the reproducibility of all of
the MIC data.

Statistical analysis

The MICs of antimicrobial assays were compared with
the independent-samples t-tests to define the significance
of the differences in resistances between C. jejuni and
C. coli and between erythromycin-sensitive and erythro-
mycin-resistant strains. The correlations of antimicrobial
MIC distributions and the effects of EPI were compared
by Pearson y’-test. A Pearson coefficient was calculated
for the correlation matrix between antimicrobial MICs
and the effects of EPI. Results were considered significant

A. Klancnik et al.

when P < 0-05 and ry, < 0-9. Statistical analyses were

performed with IBM pasw Statistic software, ver. 18.0.

Results

Chemical compositions of the A. katsumadai extracts

Chemical screening of the ethanolic extract of the A. kat-
sumadai seeds (AlpE) by LC-PDA-ESI-MS analysis
revealed the flavonoids alpinetin (1), pinocembrin (2)
and cardamomin (3), the diarylheptanoids and (5R)-
trans-1,7-diphenyl-5-hydroxy-6-hepten-3-one  (4) and
trans, trans-1,7-diphenyl-4,6-heptadien-3-one (5) as the
major components (Fig. 1). As this extract was studied in
detail microbiologically, the quantities in the extract
according to HPLC-UV analysis were established as
569 = 0-17% (1), 9-47 + 0-32% (2), 1-85 + 0-04% (3),
3-28 + 0-06% (4) and 12-89 = 0-20% (5).

In the hexane extract of the A. katsumadai seeds
(AlpH), 4 and 5 dominated, whereas compound 1 was
found in traces only. The dichloromethane extract of the
A. katsumadai seeds (AlpD) showed a composition simi-
lar to AlpE, with the exception of a lower content of 5.
Finally, in the methanolic extract of the A. katsumadai
seeds (AlpM), the flavonoids 1 and 2 were present at
much higher levels than 5.

Antimicrobial activity of the A. katsumadai extracts

In total, 22 food, animal, water and human Campylo-
bacter coli or C. jejuni isolates were tested for the MICs
of the four A. katsumadai seed extracts that differed
according to their solvent extraction procedures: with
ethanol (AIpE), methanol (AlpM), dichloromethane
(AlpD) and hexane (AlpH) (Table 1). All the four of
these extracts showed antimicrobial activities against all
Campylobacter  isolates, with MICs of 0-512 to
2:051 mg ml™" for AlpE and AlpH, and of 0-256 to
4-103 mg ml™" for AlpD, with no statistically significant
differences between the erythromycin-sensitive and
erythromycin-resistant Campylobacter isolates or between
C. jejuni or C. coli isolates.

For MDR, eight isolates of multi-resistant C. coli (137,
140, 171, FC8, FC10, VC7114, VCI10076 and 809)
(Kurinéi¢ et al. 2012) were also tested, and their MIC
values showed antimicrobial activities similar to those
detected for the other isolates (Table 1).

Although the quantitative composition of the major
compounds differed in the extracts from the different
extraction procedures, their anti-Campylobacter activities
were not significantly different. AIpE was slightly more
effective (Table 1), so it was chosen for the further
investigations.

© 2012 The Authors
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Figure 1 Analysis of Alpinia katsumadai EtOH extract (AlpE) by HPLC-PDA. Left: chromatogram at 320 nm (a) and 260 nm (b). Right: UV spectra
of major components; 1 = alpinetin, 2 = pinocembrin, 3 = cardamomin, 4 = (5R)-trans-1,7-diphenyl-5-hydroxy-6-hepten-3-one; 5 = trans, trans-1,

7-diphenyl-4,6-heptadien-3-one.

The role of CmeABC and CmeDEF in resistance
to the A. katsumadai extracts

We used insertional inactivation mutations as the effec-
tive tools for studying the CmeABC and CmeDEF resis-
tance mechanisms in Campylobacter spp. The mutants of
the cmeB (encoding a transporter protein), cmeF (encod-
ing an inner membrane transport protein) and cmeR
(encoding a transcriptional repressor that directly inter-
acts with the cmeABC promoter and modulates cmeABC
expression) efflux pump genes were compared with wild-
type C. jejuni 11168 using antimicrobial susceptibility
microdilution analysis (Table 2). The insertional inactiva-
tion of the cmeB gene increased the susceptibility of the
C. jejuni NCTC 11168 reference strain to all of the tested
A. katsumadai extracts, by 4- to 16-fold (Table 2). The
MICs for the AlpM and AlpH extracts decreased by four-
fold. More significant decreases were observed in the
cmeB mutant strain to AlpE (eightfold) and AlpD
(16-fold) (Table 2). In contrast, inactivation of the cmeF
and cmeR genes had smaller effects on the MICs of

© 2012 The Authors
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A. katsumadai extracts. Inactivation of the cmeF and
cmeR genes had no influence on the AlpE and AlpD
activities. Compared with the wild-type strain, in both of
these mutants, the MICs for AlpM and AlpH increased
by twofold and fourfold, respectively (Table 2).

Effects of EPIs on the resistance to AlpE

Furthermore, we studied the role of efflux in the resis-
tance to AlpE, in the absence and presence of each of the
EPIs (PAPN, NMP, verapamil, reserpine, CCCP). We
tested nine Campylobacter spp. isolates, wild-type C. jeju-
ni NCTC 11168 and its efflux pump mutants (cmeB,
cmeF, cmeR). The MIC values are given in Table 3. A sta-
tistically significant correlation between the effects of
PASN and NMP and AlpE resistance was observed.
PAPSN had the greatest effects in all of the sensitive and
resistant isolates, as eightfold to >32-fold AlpE MIC
reductions. NMP reduced the MICs in most of the tested
strains by fourfold to >32-fold. Additionally, CCCP
reduced the MICs by up to eightfold, although not for all
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Table 2 Susceptibilities of Campylobacter jejuni reference strain and
its mutants to the different Alpinia katsumadai seed extracts

AlpE AlpM AlpD AlpH
Campylobacter MIC MIC MIC MIC
strain (mg mi~") (mg mi~") (mg ml~") (mg mli~")
Reference strain
C. jejuni 11168  0-512 0-512 0-512 0-512
Mutant strains
cmeB 0-064 0-128 0-032 0-128
cmef 0-512 1-025 0-512 2-051
cmeR 0-512 1-025 0-512 2-051

AlpE, ethanol extract; AlpM, methanol extract; AlpD, dichlorome-
thane extract; AlpH, hexane extract.

of the tested isolates. On the other hand, verapamil and
reserpine had no significant influence on the MICs of
AlpE (Table 3). No statistically significant differences
were observed in the effects of different EPIs to AlpE
resistance between C. jejuni and C. coli as well as between
erythromycin-resistant and sensitive strains (Table 3).

The results obtained for the mutant strains were simi-
lar. The MICs are presented in Table 2. PASN provoked
>fourfold MIC reduction in the cmeB mutant, and inter-
estingly, had even greater effects, in both of the other
mutants (cmeF and cmeR) with at least 16-fold reduc-
tions. Both of the other possible EPIs in Campylobacter
spp., NMP and CCCP, also reduced the AlpE MICs in all
three of the tested efflux pump mutants. However, there
were no effects of verapamil and reserpine on any of
tested mutant constructs (Table 3).

AlpE, V40 and VL extracts as modulators of
Campylobacter resistance to antibiotics, EtBr, biocides,
plant phenolic extract and plant phenolic compound

AlpE, V40 (rosemary) and VL (vine-leaf) extracts were
further tested for modulation of Campylobacter resistance
to antibiotics (erythromycin, ciprofloxacin), EtBr, bio-
cides (bile salts, sodium deoxycholate), plant phenolic
extract (V40) and plant phenolic compound (EGCG).
The concentrations of the natural putative EPIs selected
for this investigation were always subinhibitory, at 0-25
MIC for each Campylobacter strain tested. Table 4 gives
the effects of the putative natural EPIs on the resistance
of C. jejuni and C. coli isolates and efflux pump mutants
to erythromycin, ciprofloxacin, EtBr, bile salts, sodium
deoxycholate, V40 and EGCG. Additionally, Table 4
includes the activities of the known EPIs, PASN and
NMP, respectively.

AlpE decreases the resistance to erythromycin by 4- to
16-fold in above 80% of the tested strains, and for cipro-
floxacin in 60%. AlpE also produces a large decrease in
resistance to the V40 plant extract, where it reduces the
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MICs by fourfold in 80% of both the sensitive and resis-
tant Campylobacter spp. isolates. The effects of AlpE on
the MIC of EGCG in these selected Campylobacter spp.
was much smaller (Table 4). AlpE showed modulatory
activity also in combination with EtBr, where in 90% of
these strains it reduced the MICs by 4- to 16-fold. More-
over, significant effects were seen for AlpE on the bile
salts and sodium deoxycholate MICs, for 75% of the
tested strains. In this case, AIpE reduces the resistance of
both by at least 4- to 16-fold (Table 4). However, a Pear-
son correlation matrix showed also statistically significant
correlation between the resistance to AlpE and the modu-
latory activity of AlpE to resistance to ciprofloxacin, EtBr,
bile salts and sodium deoxycholate (Table 4).

The effects of V40 and VL, as putative EPIs in resis-
tance to the tested antibiotics, EtBr, biocides, plant phe-
nolic extract and phenolic compound were minimal in
comparison with the EPIs PASN and NMP, and also with
AlpE (Table 4).

The MICs of the selected antibiotics, biocides, EtBr,
plant phenolic extract and phenolic compound were
tested also in the presence of PAPN and NMP. The great-
est effects of PASN were seen in the reduction in the
MICs of V40 and EGCG by fourfold to >64-fold in 80%
of these strains and of the MICs of erythromycin and
sodium deoxycholate by fourfold to >256-fold in all of
the strains tested (100%) (Table 4). Interestingly, signifi-
cantly higher effect of PASN to erythromycin resistance
was found in erythromycin-resistant isolates. Conversely,
the significant effect of PASN to resistance to V40 was
higher in erythromycin-sensitive isolates (Table 4). Addi-
tionally, as an EPI, NMP restored erythromycin and
sodium deoxycholate resistance by 4- to 512-fold in all of
the strains tested (100%) (Table 4). Statistically signifi-
cant differences in the effect of NMP to resistance to
sodium deoxycholate and V40 were also found between
erythromycin-resistant and sensitive isolates (Table 4). A
Pearson correlation matrix was calculated also for the
activity of PAPN and NMP. Statistically significant corre-
lations between the effect of these EPIs to resistance to
ciprofloxacin and V40 were observed (Table 4).

The putative EPIs were further evaluated in the
mutant strains (Table 4). AlpE reduced the erythromy-
cin, ciprofloxacin, sodium deoxycholate, V40 and
EGCG MICs by fourfold or eightfold in the cmeR
mutants, and it had a fourfold effect in the reduction
in the erythromycin, bile salts and sodium deoxycholate
MIC in the cmeF mutant. In comparison with this
activity, PASN and NMP increased the susceptibility
for erythromycin by 16-fold in the cmeF mutant, and
NMP reduced the erythromycin MIC in the cmeR
mutant. In contrast, AlpE produced generally smaller
MIC reductions in the ¢meB mutant. PASN and NMP

© 2012 The Authors

Journal of Applied Microbiology 113, 1249-1262 © 2012 The Society for Applied Microbiology



Kova¢ J. Antimicrobial and modulatory activity of selected phytochemicals ...

antibiotic resistance in Campylobacter jejuni.

Doctoral dissertation. Ljubljana, University of Ljubljana, Biotechnical Faculty, 2015 26

A. Klancnik et al.

Resistance-modifying activity of Alpinia katsumadai

Table 3 Susceptibilities of the Campylobacter spp. isolates and the reference strain and its mutants to the AlpE Alpinia katsumadai extract in the

absence and presence of PABN, NMP, verapamil, reserpine and CCCP

+PASN +NMP +Verapamil +Reserpine +CCCP
AlE (20 ug mi™") (100 pg ml™") (100 ug ml~") (100 ug ml~") (0-25 pug ml™")
P!

Campylobacter FMIC MIC MIC Fold MIC Fold MIC Fold MIC Fold
strain (mg mi~") (mg mi~")  Fold diff. (mg ml~")  diff. (mg mli~")  diff. (mg mi~")  diff. (mg mi~")  diff.
Erythromycin resistant
C. coli 137 2-051 0-128 16 0-256 8 1-025 2 2-051 2 0-512 4
C. coli 140 1-025 <0-032 >32 <0-128 >8 1.025 1 1-025 1 0-256 4
C. coli 171 2051 0-128 16 0-256 4 1025 2 2-051 1 0-512 4
C. coli FC8 1-025 0-064 16 1-025 1 1-025 1 1-025 1 1-025 1
C. colivC7114 2-051 0-128 16 2051 1 2-051 1 2-051 1 2-051 1
C. jejuni 375-06 0-512 <0-032 >16 <0-032 >16  0-256 2 0-512 1 0-256 2
Erythromycin sensitive
C. jejuni K49/4 0-512 <0-016 >32 <0-016 >32 0512 1 0-512 1 0-256 2
C. jejuni V1 - 846  1-025 0-128 8 0-128 8 0512 2 1-025 1 0-512 2
C. jejuni 573/03 1-025 0-128 8 0-128 8 0512 2 1-025 1 0-256 4
C. jejuni 11168 0-512 <0-032 >16 0-064 8 0128 4 1-020 05 0-512 1
Mutant strains
cmeB 0-064 <0-016 >4 0-016 4 0-064 1 0-064 1 <0-032 >2
cmef 0-512 <0-032 >16 0-128 4 0512 1 0-512 1 0-128 4
cmeR 0-512 <0-032 >16 0-128 4 0512 1 0-512 1 0-064 8

‘Fold diff." indicates fold difference, which is calculated using the formula: MIC without an EPI/MIC with an EPI. > Fourfold changes are indicated

in bold.

mostly increased the susceptibilities for both phenolic
extract and compound in all of the mutants tested, but
the AlpE produced MIC reduction only in the cmeR
mutant. Unlike AlpE, V40 and VL did not reduce the
MICs in any of the mutants (Table 4).

Discussion

Although it is known that components of A. katsumadai
have antioxidant activities (Lee et al. 2003), few studies
have already investigated their biological activities. Molec-
ular insights into the neuraminidase inhibitory activities
of diarylheptanoids isolated from A. katsumadai seeds
were shown by Grienke et al. (2010). Recently, a series of
new diarylheptanoids isolated from A. katsumadai seeds
were described as heat-shock-factor-1 inducers (Nam
et al. 2011). Previous investigations of A. katsumadai
have reported a variety of diarylheptanoids, flavonoids,
monoterpenes, sesquiterpenoids and stilbenes in the seeds
(Saiki et al. 1978; Kuroyanagi et al. 1983; Brown and
Rice-Evans 1998). Diarylheptanoid monomers in A. kats-
dumadai usually have either unsubstituted or monosub-
stituted phenyl rings at the end of the heptyl chain
(Kuroyanagi et al. 1983; Nam et al. 2011). In addition,
diarylheptanoid — chalcone dimers and kavalactones —
appear to be characteristic compounds in A. katsumadai
(Li et al. 2010; Nam et al. 2011). These latter constituents

© 2012 The Authors

could only be identified in minor amounts in the
extracts, whereas major compounds were the flavanones,
chalcones and simple diarylheptanoids, whereby their
proportions depending on the solvent used for extraction.
Therefore, in this study, we initially evaluated four differ-
ent extraction procedures for the seeds of A. katsumadai
in biological inhibition assays. However, the potential for
antimicrobial activities of extracts of A. katsumadai seeds
has hardly been investigated, with only one study report-
ing antibacterial activities of compounds 1 and 5 against
Helicobacter pylori (Huang et al. 2006). Strikingly, in the
same study, pinocembrin (2), which is closely related to al-
pinetin 1, was much less active (1, MIC = 0-001 mg ml™}
2, MIC = 0-32 mg ml™!), with moderate-to-low antimi-
crobial activities also detected when compounds 1-3 and 5
were tested against Staphylococcus aureus, Staphylococcus
epidermidis and Escherichia coli. Moderate antibacterial
effects of 1 and 2 were also reported in the studies of Heli-
chrysum forskahlii (Al-Rehaily et al. 2008) and knotwood
extracts (Valimaa et al. 2007), respectively.

With specific reference to the campylobacters, no
antimicrobial activities have been previously reported
for A. katsumadai seed extracts. According to the MIC
values in this study, these A. katsumadai extracts were
moderately effective in the inhibition of food-borne
Campylobacter spp. pathogens. These strains of C. coli
and C. jejuni revealed similar susceptibilities to each of

Journal of Applied Microbiology 113, 1249-1262 © 2012 The Society for Applied Microbiology 1255
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teria arises as these pathogens are uniquely suited to
survival in toxic environments (Simoes et al. 2009). We
examined here whether Campylobacter spp. have resis-
tance mechanisms that are in some cases not specific
to the antibacterial product to which they are exposed,
but instead represent more general mechanisms. Alpinia
katsumadai extracts showed similar MICs against the
sensitive and the multi-resistant C. coli, thus confirming
the antimicrobial activities of the A. katsumadai extracts
also against multi-resistant Campylobacter spp. isolates.
As can be seen, the Campylobacter spp. susceptibilities
to A. katsumadai extracts do not correlate with their
susceptibilities or resistance to different antibiotics,
indicating that the modes of action of A. katsumadai
extracts are different from those of the antibiotics
tested. This has also been reported for several natural
antimicrobials (Gibbons et al. 2004; Simoes et al. 2009).
Overall, these data indicate that A. katsumadai is a
promising plant, with antibacterial activities seen for all
of the extracts tested against sensitive and resistant
Campylobacter spp. isolates. However, the ethanolic
(AlpE) and dichloromethane (AlpD) extracts were
slightly more effective.

We further investigated whether the efflux pumps
can extrude the active components of these A. katsuma-
dai seed extracts across the outer membrane and thus
reduce their effectiveness. The significant decrease in
the MICs in the gene-specific knockout mutant that
lacks the cmeB efflux pump gene indicates that these
extracts contained substrates for CmeABC in Campy-
lobacter spp., whereby the inactivation of this efflux
pump can recover the susceptibilities for these extracts.
Interestingly, inactivation of the CmeF efflux pump
protein had no effect on the MIC when AIpE and
AlpD were tested, but decreased the susceptibilities for
AlpM and AlpH. These data indicate that the CmeDEF
efflux pump also has a modest role in the resistance
mechanisms to A. katsumadai in Campylobacter spp. As
previously reported, cmeR encodes a transcriptional
repressor that directly interacts with the cmeABC pro-
moter and modulates the expression of cmeABC (Lin
et al. 2005a). In this study, the MICs of these different
A. katsumadai extracts varied in the ¢meR mutant. The
inactivation of the transcriptional repressor CmeR, and
hence overexpression of CmeABC, slightly increased
(up to fourfold MIC increase) the resistance to AlpM
and AlpH. These unexpected MIC changes indicate that
the exclusion of one of these efflux systems can lead to
increased activity of another efflux system, possible
recently described CmeG efflux pump (Jeon et al
2011), or even the activation of other resistance mecha-
nisms. This coincides with a previous finding on the
interactive involvement of the CmeABC and CmeDEF

© 2012 The Authors
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efflux pumps in the extrusion of toxic compounds in
C. jejuni, where the inactivation of CmeDEF led to
increased expression of CmeABC, whereby CmeDEF
might be primarily responsive to certain conditions
(Akiba et al. 2006).

However, the MICs of the A. katsumadai extracts were
affected by cmeB inactivation, and for two of the four
extracts tested, also by cmeF inactivation, which indicate
that they are substrates of CmeABC and possibly of the
CmeDEF efflux pump. Significant MIC reductions in
the cmeB mutant and visible susceptibility changes in the
cmeR mutant for AlpM and AlpH indicate that the
CmeABC efflux pump has an important and broad role
in the resistance to A. katsumadai extracts in Campylo-
bacter spp.

Intrinsic and acquired resistance in bacteria is mostly
demonstrated by the use of EPIs, which can enhance
drug accumulation inside the bacterial cell, thereby
increasing bacterial susceptibility to antimicrobials
(Garvey and Piddock 2008; Hannula and Hinninen
2008). The ethanolic extract, AlpE, was specifically
selected for these experiments because of its easier prepa-
ration, less toxic solvent and its similar composition to
the equally active dichloromethane extract (AlpD). The
resistance to AlpE of all of the sensitive and MDR isolates
tested were statistically significantly reduced by PASN and
NMP. These data support our results that active RND
efflux via CmeABC is an important resistance mechanism
against A. katsumadai extracts in Campylobacter spp. On
the basis of the restored sensitivity in the presence of
CCCP, we suggest that the less-known CCCP can be used
as an EPI also in Campylobacter spp. CCCP has previously
been reported as an EPI in Bacillus subtilis and Streptococ-
cus pneumoniae, where it blocks RND-type efflux pumps,
as is known for PASN and NMP (Lomovskaya et al. 2001;
Garvey and Piddock 2008).

A significant difference in the efficiencies of the EPIs
verapamil and reserpine in comparison with the other
tested EPIs was observed, with relatively little or no
effects on the resistances to AlpE. This indicates that they
have different modes of action. However, verapamil and
reserpine had no effects on the resistance to the A. kat-
sumadai extract, and we confirmed that these are not
appropriate as EPIs in Campylobacter spp.

Similar to what was observed with the wild-type
C. jejuni 11168, PASN, NMP and CCCP showed greater
potentiating effects in the efflux pump mutants than the
other EPIs. The changes in susceptibilities after EPIs
addition in the cmeB mutant resulted in increased
activities of another efflux system, indicating that the
CmeABC efflux pump is not the only active efflux system
involved to Campylobacter resistance to AlpE. Changes in
susceptibility in cmeF after efflux inhibition with EPIs

Journal of Applied Microbiology 113, 1249-1262 © 2012 The Society for Applied Microbiology 1259
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indicate the involvement of other non-CmeDEF efflux
pumps in the extrusion of these plant substrates. Of par-
ticular interest, the EPIs PASN, NMP and CCCP also
had effects in the cmeR mutant, showing the possible
contribution of another, third, active efflux system in the
mediation of the resistance to such A. katsumadai anti-
microbials, or even the activation of other resistance
mechanisms.

We confirm that PASN, NMP and CCCP can potenti-
ate the anti-Campylobacter spp. activities of AlpE, but
there is the need for new efflux inhibitors and/or resis-
tance-modifying agents with inhibitory efficacy and no
toxic effects on mammalian cells. As is seen in the testing
of the activities of putative natural EPIs in sensitive and
resistant isolates of Campylobacter spp., AlpE inhibited
the efflux of all of these antimicrobial agents, except for
EGCG. Thus, we confirm resistance-modifying activity of
AlpE from A. katsumadai seeds in Campylobacter spp. In
comparison with PASN and NMP, the effects of AlpE on
selected antimicrobial resistances were smaller, although
they were still remarkable. Additionally, the efficiency of
AlpE as an EPI with both biocides tested was comparable
with NMP and PASN.

No effects of the rosemary V40 and vine-leaf extracts
on the resistances to the antibiotics, biocides and plant
extracts were observed in the Campylobacter strains
tested.

Collectively, the results of this study show that these
extracts from A. katsumadai seeds are important sources
of antimicrobial compounds against sensitive and MDR
Campylobacter spp. isolates. This is the first report to
show that at least two of the efflux systems are
involved in the resistance to A. katsumadai antimicro-
bial seed extracts. The mechanism of active efflux from
the cell is mostly through the CmeABC pump, but
there is also the involvement of the CmeDEF efflux
pump, with a modest role in this resistance indicated.
The additional effects of the EPIs also demonstrate pos-
sible contributions of other efflux mechanisms to
Campylobacter spp. resistance to AlpE.

For the inhibitory effects, we can confirm that the EPIs
PASN, NMP and CCCP potentiate the anti-Campylobac-
ter spp. activities of A. katsumadai. Verapamil and reser-
pine had no effects on the resistances to the
A. katsumadai extract. Significant effects of AlpE on the
antibiotics, the biocides, EtBr and also the V40 plant
extract in resistant and sensitive Campylobacter strains
were also shown, with inhibition of the efflux of all of
these antimicrobial agents. This efficacy of the AlpE
extract represents the first evidence of a plant-derived
resistance-modifying agent in Campylobacter spp. On the
other hand, rosemary V40 and the VL extracts did not
show resistance-modifying activities.

A. Klancnik et al.

Our findings provide an evaluation of the anti-Cam-
pylobacter spp. and resistance-modifying activities of
A. katsumadai extracts and demonstrate the potential use
of AlpE for the control of Campylobacter and its anti-
microbial resistance in the food industry.
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2.1.3 Antimicrobial and resistance modulatory activity of Alpinia katsumadai seed
extract, essential oil and post-distillation extract

Protimikrobno in odpornostno modulatorno delovanje semenskega izvlecka, eteri¢nega
olja in podestilacijskega izvlecka rastline Alpinia katsumadai

Jasna Kovac, Neda Gavari¢, Franz Bucar, Sonja Smole Mozina

Food Technology and Biotechnology (2014), 52, 2: 248-254

Antimicrobial resistance of food-related bacterial pathogens is becoming a serious problem,
especially after the emergence of multidrug-resistant strains. To overcome this problem, new
and effective antimicrobials or resistance modulators are highly needed and plant kingdom
represents a valuable source of these compounds. We investigated antimicrobial and
resistance modulatory activity of the phenolic extract, essential oil and post-distillation
extract of Alpinia katsumadai seeds against Campylobacter jejuni and Staphylococcus
aureus. Among the tested plant formulations, A. katsumadai seed extract and post-
distillation extract showed moderate antimicrobial activity against C. jejuni, while S. aureus
was more resistant. When evaluating resistance modulatory potential of A. katsumadai
phenolicextract, essential oil and post-distillation extract in C. jejuni against ciprofloxacin,
erythromycin, triclosan, bile salts and ethidium bromide, plant formulations exhibited
modulatory activity in combination with all antimicrobials. Modulation of resistance was
more strain- and antimicrobial-specific in S. aureus, but very efficient in the case of reduced
resistance to bile salts. Essential oil from A. katsumadai seeds efficiently increased
intracellular ethidium bromide accumulation and was thus confirmed as potential inhibitor
of efflux pumps in C. jejuni and S. aureus.
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Antimicrobial resistance of food-related bacterial pathogens is becoming a serious prob-
lem, especially after the emergence of multidrug-resistant strains. To overcome this prob-
lem, new and effective antimicrobials or resistance modulators are highly needed and plant
kingdom represents a valuable source of these compounds. We investigated antimicrobial
and resistance modulatory activity of the phenolic extract, essential oil and post-distilla-
tion extract of Alpinia katsumadai seeds against Campylobacter jejuni and Staphylococcus au-
reus. Among the tested plant formulations, A. katsumadai seed extract and post-distillation
extract showed moderate antimicrobial activity against C. jejuni, while S. aureus was more
resistant. When evaluating resistance modulatory potential of A. katsumadai phenolic ex-
tract, essential oil and post-distillation extract in C. jejuni against ciprofloxacin, erythromy-
cin, triclosan, bile salts and ethidium bromide, plant formulations exhibited modulatory
activity in combination with all antimicrobials. Modulation of resistance was more strain-
and antimicrobial-specific in S. aureus, but very efficient in the case of reduced resistance
to bile salts. Essential oil from A. katsumadai seeds efficiently increased intracellular ethidi-
um bromide accumulation and was thus confirmed as potential inhibitor of efflux pumps
in C. jejuni and S. aureus.
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Introduction

Despite many recent technological advances in the
food industry, which have contributed to increased safe-
ty in the food supply chain, we are still facing high inci-
dence of foodborne illnesses. Only in 2011, there were
69 553 human cases originating from foodborne zoonotic
outbreaks in the EU (I). Ninety-three of them were fatal.
In the same year, Campylobacter, as the most prevalent

foodborne zoonotic agent, caused 220 209 registered, most-
ly sporadic human illnesses and it is assumed that the real
burden is even much higher (1). Besides emerging and
reemerging food-related zoonotic agents, the non-zoonot-
ic pathogens are also transmitted by foods. Together with
their high incidence and the increasing resistance against
antibiotics and other antimicrobials used in the food chain
(2,3), microbial pathogens compromise food safety, espe-
cially with the emergence of multidrug-resistant strains (4).

*Corresponding author: Phone: +386 1 320 3751; Fax: +386 1 256 5782; E-mail: sonja.smole@bf.uni-lj.si
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Search for alternative antimicrobials derived from
plants seems to be a viable solution for mitigation of re-
sistance (5). In addition to searching for new antimicro-
bially active plant formulations, the strategies for com-
bating antibiotic resistance are focused also on resistance
modulators. These are not necessarily antimicrobially ac-
tive, but can decrease the resistance of pathogens when
administered together with other antimicrobials. The mi-
crobial sensitization by resistance modulators is mostly
due to efflux inhibition, increased membrane permeabil-
ity, increased porin production or change in porin pro-
file (6).

Plant extracts rich in phenolic compounds (phenolic
extracts), and essential oils have long been shown to
possess antimicrobial activity and were frequently stud-
ied and reviewed (7-10). They are especially interesting
as they are generally recognized as safe and have a po-
tential to be used as preservatives in food products. Alpi-
nia katsumadai Hayata (syn. A. katsumadae Hayata; Zingi-
beraceae) is widely used in traditional Chinese medicine
as an anti-emetic remedy and to increase the appetite,
but also in animal feed, to facilitate rapid growth of do-
mestic animals (11,12). In our study we have focused on
investigating the bioactivity of A. katsumadai extract, es-
sential oil and also waste material that remains after the
essential oil production. Such residual materials are often
disposed of and may present an environmental problem.
Their high phenolic content and the potential to provide
an economically feasible source of natural antioxidants
and antimicrobials is unused (13).

In our study ethanolic extract, essential oil and post-
-distillation extract of A. katsumadai seeds were tested
against drug-sensitive and resistant strains of Gram-nega-
tive Campylobacter jejuni and Gram-positive Staphylococ-
cus aureus, and their potential to modulate the resistance
of these pathogens against different antimicrobials was
evaluated. Additionally, intracellular accumulation of ethi-
dium bromide was tested to confirm efflux inhibition
with the plant formulation, which was most efficient in
resistance modulation.

Materials and Methods

Bacterial strains, growth conditions and antibiotic
resistance

All bacterial strains were stored at —80 °C. Campylo-
bacter was grown on Columbia blood agar (Oxoid, Ba-
singstoke, UK) at 42 °C for 24 h under microaerobic con-
ditions. Staphylococcus was grown on Mueller-Hinton agar
(MHA, Oxoid) at 37 °C for 24 h. For the antimicrobial
activity assays, cultures were suspended in Mueller-Hin-
ton broth (MHB, Oxoid) to 10°-10° CFU/mL. Antibiotic-
-sensitive and -resistant strains of both species were in-
cluded in testing. Their resistance against five or more
medically important antibiotics was determined by broth
microdilution method (Sensititre® TREK Diagnostic Sys-
tems Inc., Thermo Scientific, Independence, OH, USA)
or CellTiter-Blue® reagent (Promega, Madison, WI, USA)
and automated fluorescence signal detection (14).

Preparation of plant formulations

Alpinia katsumadai seeds were bought from a com-
mercial source (Cat. no. 680381, Plantasia, Oberndorf/
Salzburg, Austria) and extracted with 96 % ethanol for
24 h at room temperature to obtain an extract rich in
phenolic compounds which was dried by gradual pres-
sure decrease at 45 °C using rotavapor. Part of the ex-
tract was suspended in water and hydrodistilled for 2 h
using Clevenger-type apparatus to obtain the essential
oil. The remaining material after hydrodistillation was
freeze-dried and dissolved in ethanol for further testing
as post-distillation extract.

Total phenolic content and DPPH radical-scavenging
assay

The total content of phenolic compounds (TPC) of
tested formulations was determined spectrophotometri-
cally using Folin-Ciocalteu reagent (15). The reaction mix-
ture contained 100 pL of 0.1 % phenolic extract or post-
-distillation extract diluted in methanol, 500 uL of 0.2 M
Folin-Ciocalteu reagent (Fluka Chemicals, AG, Buchs,
Switzerland), and 400 uL of 10 % aqueous Na,CO; solu-
tion (Lach-Ner, Brno, Czech Republic). The absorbance
was measured spectrophotometrically (Agilent Technol-
ogies, Santa Clara, CA, USA) at 760 nm after a 30-min-
ute incubation in the dark. The results are expressed as
mg of gallic acid equivalents (GAE) per g of tested dried
material.

The radical-scavenging potential of the tested plant
formulations was evaluated using the DPPH assay (16),
with some modifications. Briefly, the samples were dis-
solved in methanol and tested at four concentrations
ranging from 3.75 to 150 pg/mL. The reaction mixtures
contained 50 puL of the sample dilution and 150 pL of 50
uM DPPH dissolved in methanol. Spectrophotometric ab-
sorbance at 535 nm was measured after 30 min, against
methanol as a blank on a Wallac 1420 Victor2 multilabel
counter (PerkinElmer, Waltham, MA, USA). The RSC was
calculated using the following equation:

RSC=[(A—Ay)/Ac]100 /1/

where A, is the absorbance of the sample, and A, is the
absorbance of the control.

Antimicrobial activity assay

Antimicrobial activity was evaluated using broth mi-
crodilution assay in microtiter plates as previously de-
scribed using CellTiterBlue® kit (Promega) (14). After 24-
-hour incubation under species-specific growth conditions,
viability was measured based on the intensity of the fluo-
rescence signal with a microplate reader (Tecan, Manne-
dorf/Zurich, Switzerland). Minimal inhibitory concentra-
tion (MIC) was determined as the lowest concentration
of the tested antimicrobial at which no fluorescence sig-
nal was detected. Negative control, growth control and
dimethyl sulphoxide (DMSO) control were included and
each assay was repeated in triplicate.



Kova¢ J. Antimicrobial and modulatory activity of selected phytochemicals ...

Doctoral dissertation. Ljubljana, University of Ljubljana, Biotechnical Faculty, 2015

antibiotic resistance in Campylobacter jejuni.

37

250 J. KOVAC et al.: Antimicrobial and Modulatory Activity of A. katsumadai, Food Technol. Biotechnol. 52 (2) 248-254 (2014)

Resistance modulatory activity assay

The resistance modulatory assay was performed by
the same principle as the antimicrobial activity assay
with the addition of the tested modulators in concentra-
tions of half MIC value into the medium.

Ethidium bromide accumulation assay

Ethidium bromide (EtBr) accumulation assay (17) was
carried out to evaluate the potential efflux inhibitory ac-
tivity of essential oil at 0.5 and 0.25 MICs of essential oil
on C. jejuni NCTC 11168 and S. aureus 5.3. Additionally,
100 pg/mL of verapamil were tested as a positive efflux
inhibitor reference. The overnight cultures were resus-
pended in MHB to achieve Agy ,,,=0.2 and incubated for
4 h at 37 °C (S. aureus) or 42 °C (C. jejuni). Further on,
the cells were washed and resuspended in phosphate buf-
fered saline (PBS) to achieve Ay ,n,=0.2. Plant formula-
tions and EtBr at final concentration of 0.5 pg/mL were
added to the culture in black microtitre plates (100 uL
per well). Intracellular EtBr accumulation kinetics was
measured at 500 nm excitation and 608 nm emission wave-
length with a microplate reader (Tecan) for 1 h. Culture
with EtBr, but without inhibitor was used as a baseline
accumulation control and EtBr alone as blank. Three in-
dependent experiments with three replicates were car-
ried out.

Statistical analysis

The results were statistically analyzed using the SPSS®
software, v. 21 (IBM Corp., Armonk, NY, USA). Compar-
isons of the group mean values and the significances of
the differences between the groups were verified by one-
-way ANOVA. Pearson coefficients were calculated for
the correlations between different variables. The results
were considered significant when p<0.05.

Results and Discussion

Phenolic extract, essential oil and the post-distilla-
tion extract of A. katsumadai seeds were tested for their
antimicrobial activity against five C. jejuni and five S. au-
reus isolates. Among each tested bacterial species, antibi-
otic-sensitive and resistant strains, including multidrug-
-resistant ones, were included (Table 1; 18).

Statistically significant differences between the anti-
microbial activities of different plant formulations were
observed (p<0.0001). According to the average MICs for
Campylobacter (275 ug/mL), A. katsumadai phenolic extract
was the most efficient antimicrobial plant formulation,
followed by A. katsumadai post-distillation extract. Gen-
erally, plant formulations were more effective against C.
jejuni than against S. aureus (Table 1). We could not con-
firm any difference between the antimicrobial activities
of the tested plant formulations against antibiotic-sensi-
tive or resistant strains. They were active also against mul-
tidrug-resistant strains (Table 1).

Besides direct antimicrobial activity, we also tested
and confirmed remarkable resistance modulatory activ-
ity of A. katsumadai extract, essential oil and post-distilla-
tion extract in C. jejuni, as well as in S. aureus (Table 2).
A. katsumadai seed ethanol extract was confirmed for the
first time to modulate antibiotic resistance in Campylo-
bacter in our recent work (12). Here we comparatively
investigated the resistance modulatory potential of addi-
tional A. katsumadai formulations, essential oil and post-
-distillation extract, and the activity of all three formula-
tions in S. aureus, including MRSA strains (Tables 1 and
2). They were tested as modulators in concentrations half
of their MIC on each individual strain of C. jejuni and S.
aureus and in combination with antimicrobials, i.e. two
antibiotics (ciprofloxacin and erythromycin), triclosan, bile
salts and ethidium bromide. The cut-off value of signifi-

Table 1. Antimicrobial activity of Alpinia katsumadai plant formulations against antibiotic-sensitive and -resistant Campylobacter jejuni
and Staphylococcus aureus strains, including multidrug-resistant ones

MIC/(ug/mL)

C. jejuni

PE PDE EO ERY CIP TET GEN STR CHL
NCTC 11168 250 250 1000 0.25 (S) 0.25 (S) 0.25 (S) 0.25 (S) 2(5) <2 (8)
ATCC 33560 125 250 1000 1(S) 0.25 (S) 0.5 (S) 1(S) 4 (R) 4(S)
375/06 500 500 2000 128 (R) 32 (R) 0.25 (S) 05 (S) <1(8) <2(S)
573/03 250 250 4000 1(S) 32 (R) 2(S) 0.25 (S) <1(S) <2 (S)
K49/4 250 1000 2000 0.5 (S) 1(R) 0.25 (S) 0.25 (S) 2(S) <2 (S)
S. aureus

PE PDE EO ERY CIP TET GEN PEN MET
5.1 1000 1000 250 0.25 (S) 2 (R) 32 (R) >16 (R) >16 (R)
5.2 1000 1000 2000 >1024 (R) 0.25 (S) <0.5 (S) <0.25 (S) >16 S)
5.3 1000 1000 4000 0.5 (S) 0.5 (S) <0.5 (S) <0.25 (S) <0.06 S)
5.5 250 500 2000 0.5 (S) 64 (R) >32 (R) <0.25 (S) 0.008 (R)
5.6 1000 500 4000 0.25 (S) 0.5 (S) 8 (R) <0.25 (S) 0.5 (S)

MIC=minimal inhibitory concentration; PE=A. katsumadai phenolic extract, PDE=A. katsumadai post-distillation extract, EO=A. katsu-
madai essential oil; ERY=erythromycin, CIP=ciprofloxacin, TET=tetracycline, GEN=gentamicin, STR=streptomycin, CHL=chloram-
phenicol, PEN=penicillin, MET=methicillin; R=resistant, S=sensitive. Resistant phenotypes were determined according to EUCAST

breakpoints (18), where these are defined
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cant resistance modulation was set at more than twofold
decrease in the MIC of the tested antimicrobial and was
referred to as modulation factor (MF, Table 2). When test-
ing the post-distillation extract and essential oil as mod-
ulators at half of the MIC on C. jejuni, we found that the
mean MF values were 34 and 78, respectively, consider-

ing combinations with all antimicrobials. Testing the
extract, essential oil and post-distillation extract in S. au-
reus resulted in mean MFs of 63, 40 and 22, respectively.
According to this, the essential oil was the best modula-
tor in C. jejuni, while in S. aureus the most effective for-
mulation was the phenolic extract, followed by essential

Tk

Table 2. Resistance modulatory activity of Alpinia katsumadai plant formulations in Camyp jejuni and Staphylococcus aureus

Bile salts EtBr
MIC/(ug/mL) MF  MIC/(ug/mL) MF

Triclosan

MIC/(ug/mL) MF

Ciprofloxacin
MIC/(ug/mL) MF

Erythromycin
MIC/(ug/mL) MF

C. jejuni

NCTC 11168 0.25 0.25 32 32 2

+PE* 0.063 4 0.03 8 n.d. n.d. 8 4 0.5 4
+PDE 0.25 1 0.063 4 8 4 0.5 >64 2 2
+EO <0.125 >2 0.004 >64 <0.5 >64 <0.125 >256 <0.078 >256
375/06 32 128 8 >2 1

+PE* 16 2 64 2 n.d. n.d. 4 4 0.25 4
+PDE 16 2 n.d. nd. 4 2 0.5 >4 0.5 2
+EO <0.5 >64 n.d. n.d. <0.25 >32 <0.016 >128 <0.03 >32
K49/4 1 0.5 32 128 1

+PE* 0.125 8 0.125 4 n.d. nd. 16 8 0.125 8
+PDE <0.016 >64 <0.125 >4 <0.5 >64 <2 >64 <0.02 >64
+EO <0.016 >64 <0.125 >4 <0.5 >64 <2 >64 <0.02 >64
573/03 32 1 16 8 0.5

+PE* 16 2 0.25 4 nd. nd. 4 2 0.125 4
+PDE <2 >16 <0.5 >2 <0.25 >256 <0.25 >32 0.5 1
+EO <2 >16 <0.5 >2 <0.25 >256 <0.25 >32 <0.02 >32
S. aureus

5.1 2 0.25 0.12 4 64

+PE <0.03 >64 <0.03 >8 <0.001 >128 <0.06 >128 16 4
+PDE 2 1 2 1 0.12 1 0.26 16 32 2
+EO 1 2 1 2 >0.12 <1 1 4 8 8
52 0.25 >1024 0.03 >4 8

+PE 0.25 1 >1024 nd. 0.12 0.25 <0.03 >256 8 1
+PDE 0.06 4 >1024 n.d. <0.001 >32 0.51 >16 4 2
+EO 1 0.25 1024 >1 <0.001 >32 0.26 >32 8 1
53 0.5 0.5 0.002 >4 2

+PE 0.25 2 0.06 8 <0.0001 >32 <0.03 >256 <0.03 >64
+PDE 0.25 2 <0.008 >64 0.0001 16 <0.03 >256 <0.03 >64
+EO 0.25 2 0.125 4 0.0001 16 <0.03 >256 <0.03 >64
5.5 64 0.5 0.06 4 4

+PE 32 2 0.25 2 0.06 1 2 2 2 2
+PDE 32 2 1 0.5 >0.06 <1 0.51 8 2 2
+EO 128 0.5 1 0.5 >0.06 <1 1 4 4 1
5.6 0.5 0.25 >1 >8 8

+PE 0.125 4 0.125 2 <0.008 >256 <0.06 >256 2 4
+PDE 0.25 2 0.125 2 >1 nd. 1 >16 4 2
+EO 0.008 32 <0.004 >128 <0.008 >256 1 >16 <0.06 >128

*The results were previously published with 0.25 MIC of modulators (12). 0.5 MIC=half of minimal inhibitory concentration, 0.25
MIC=quarter of minimal inhibitory concentration; n.d.=not determined; MF=modulation factor; PE=A. katsumadai phenolic extract,
PDE=A. katsumadai post-distillation extract, EO=A. katsumadai essential oil; EtBr=ethidium bromide. Numbers in bold represent sig-
nificant resistance modulatory activity (MF>2)
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oil and the post-distillation extract. However, these dif-
ferences could not be confirmed as statistically signifi-
cant in C. jejuni (p=0.071) nor in S. aureus (p=0.202). The
mean modulation factors of all formulations in combina-
tion with individual antimicrobials ranged from 13 to
93, confirming the high modulation potential of A. katsu-
madai seed formulations in C. jejuni. The comparative
analysis of modulatory activity of A. katsumadai formula-
tions in C. jejuni confirmed them as equally efficient in
combination with different antimicrobials, including bile
salts (MF,.,>55, Table 2). This is important since the in-
testinal tract with the presence of bile salts is a natural
environment and reservoir of Campylobacter sp., so resis-
tance to bile salts is essential for C. jejuni survival and
virulence potential. It was also shown that active efflux
is one of the resistance mechanisms used by C. jejuni to
resist the bactericidal effects of bile salts (19,20). With
this work we confirmed Alpinia formulations to be very
efficient in restoring C. jejuni sensitivity to bile salts (Ta-
ble 2) and thus potentially influence its survival and in-
fection capacity. On the other hand, in S. aureus, there
were significant differences in modulation effects when
formulations were combined with different antimicrobi-
als (p=0.005). The strongest resistance modulation was
achieved in combination with bile salts (MF,,..,=101),
followed by triclosan (MF,.,,=57) and ethidium bro-
mide (MF,,.,,=23). The weakest, yet still exceptional in-
crease in sensitivity was obtained when plant formula-
tions were used together with antibiotics, where mean
modulation factor was 18 in the case of erythromycin
and 10 in the case of ciprofloxacin. Phenolic extract and
essential oil were able to restore resistance of S. aureus
5.1 against ciprofloxacin, while all of the tested plant
formulations were able to reverse ciprofloxacin resis-
tance in C. jejuni strain K49/4. Compared to other stud-
ies of resistance modulatory activity of rosemary extract,
vine leaf extract and epigallocatechin gallate in Campy-
lobacter, our plant formulations performed equally good
or better, according to the modulation factors (12,14).
This might also be due to the differences in concentra-
tions of modulators used. In these previous studies the
strain specificity of the resistance modulation had been
observed and this phenomenon was to some degree ob-
served also in our study, especially in S. aureus. Cate-
chins and gallates had previously been investigated as
resistance modulators in methicillin-resistant S. aureus.
Among them, (-)-epicatechin gallates could significantly
decrease the resistance to flucloxacillin, imipenem and
meropenem (21).

There are several possible mechanisms of increasing
susceptibility of bacteria to antibiotics and other antimi-
crobials. The most promising are focusing on increasing
the antibiotic influx by destabilizing lipopolysaccharides
in Gram-negative bacteria and increasing the membrane
permeability, and blocking the efflux using efflux pump
inhibitors (6).

In order to elucidate the mechanism of modulatory
activity of A. katsumadai essential oil in C. jejuni and S.
aureus, we have evaluated its potential to increase the
accumulation of the common efflux pump substrate EtBr,
which is an indicator of the efflux inhibition. The extract
and post-distillation extract were excluded from the ex-
periments because of the high autofluorescence. We com-

pared the levels of EtBr accumulation in cultures treated
with half and quarter MIC values of essential oil, rela-
tive to the untreated culture, to evaluate whether it can
potentiate the intracellular EtBr accumulation. The known
efflux pump inhibitor verapamil was included in the study
as a positive reference. The results show significant
(p<0.0001) increase in the EtBr accumulation in the pre-
sence of A. katsumadai essential oil, compared to untreat-
ed culture of C. jejuni, as well as S. aureus (Figs. 1 and 2).
The accumulation of EtBr was 1.7-fold better in the pres-
ence of A. katsumadai essential oil in half of its MIC than
in the presence of positive control, verapamil (Table 3).
The accumulation of EtBr in the presence of essential oil

o essential oil, 0.5 MIC

© essential oil, 0.25 MIC

4 verapamil

¥ no inhibitor
£5BE90900009000000603050 + EtBr

0 oewuouoocuoooooﬂgBBUBBBBBEBBBBBBBCBBWOMQWQDW

6000

4000 a o°

EtBr accumulation/RFU

o a8
2000 000"
° pan

T T T T 1
0 10 20 30 40 50 60
Time/min
Fig 1. Ethidium bromide accumulation in Campylobacter jejuni
NCTC 11168 in the presence of Alpinia katsumadai essential oil
and verapamil. RFU=relative fluorescence units; 0.5 MIC=half
of minimal inhibitory concentration, 0.25 MIC=quarter of mini-
mal inhibitory concentration; EtBr=ethidium bromide

6000 o essential oil, 0.5 MIC
© essential oil, 0.25 MIC

9 ng:0000
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Fig. 2. Ethidium bromide accumulation in Staphylococcus aureus
5.3 in the presence of Alpinia katsumadai essential oil and vera-
pamil. RFU=relative fluorescence units; 0.5 MIC=half of mini-
mal inhibitory concentration, 0.25 MIC=quarter of minimal in-
hibitory concentration; EtBr=ethidium bromide
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Table 3. Ethidium bromide accumulation in Campylobacter jejuni
and Staphylococcus aureus

EtBr accumulation*/RFU
Plant formulation

C. jejuni S. aureus
essential oil, 0.5 MIC 5303+39 4300+52
essential oil, 0.25 MIC 5298+31 4211+141
verapamil 3128+41 3045+35
no inhibitor 2335+39 229148
EtBr control 83243 797+2

N=9 N=9

*Ethidium bromide accumulation was calculated from the mea-
surements during the last 10 minutes of each assay. The results
are expressed as mean valueststandard deviations. The differ-
ences between accumulation when essential oil or verapamil
were added are statistically significant (p<0.0001), compared to
the culture without added inhibitor. RFU=relative fluorescence
units; 0.5 MIC=half of minimal inhibitory concentration, 0.25
MIC=quarter of minimal inhibitory concentration; EtBr=ethidi-
um bromide

in half of MIC started to slowly decrease in C. jejuni af-
ter reaching the maximum accumulation after 15 min,
whereas the accumulation in the presence of verapamil
increased linearly and did not reach the plateau after 60
min (Fig. 1). Similar mean accumulation of EtBr in the
presence of verapamil was achieved in S. aureus, but it
reached the plateau after 25 min and then the accumula-
tion started to decrease slowly. The same trend of EtBr
accumulation as in C. jejuni in the presence of essential
oil was observed in S. aureus, but the mean accumula-
tion in the last 10 min was by 19 % lower than in C.
jejuni. The mean EtBr accumulation values in the pres-
ence of essential oil in quarter of MIC were almost the
same as in the presence of half of MIC (Table 3), only
the time needed to reach the maximum accumulation
was different (Figs. 1 and 2). Gradual decrease in EtBr
accumulation after reaching the plateau might be due to
the facilitation of EtBr influx by the essential oil and in-
sufficient capacity to block the efflux.

Compounds from A. katsumadai had previously been
confirmed to increase the EtBr accumulation in Mycobac-
terium smegmatis (22). Recently, several triterpenoids iso-
lated from Momordica balsamina and coumarins from Me-
sua ferrea exhibited efflux-inhibitory activity in S. aureus
(23,24); however, the activity was not directly compara-
ble, due to the different experiment settings.

Since the phenolic compounds are often identified
as main active biomolecules in plant formulations (25),
we have determined the total phenolic content (TPC) of
the phenolic extract and post-distillation extract (Table 3)
in order to see whether the TPC correlates with their
bioactivity. Essential oil was not expected to be rich in
phenols and therefore it was not tested. The TPC of A.
katsumadai seed extract was 24.7 pg/mL, which is lower
than in its post-distillation extract (39.9 pg/mL). How-
ever, the antimicrobial activity of the extract was better
than of the post-distillation extract in all bacterial targets
(Table 1), which indicates that some valuable antimicro-
bially active compounds have been lost or deactivated

during hydrodistillation. A similar result was observed
in the analysis of resistance modulation. The extract had
the strongest potential to decrease the resistance in S. au-
reus, followed by the essential oil and the post-distilla-
tion extract. In C. jejuni, A. katsumadai essential oil was
the best modulator. Post-distillation extract was com-
pared to the phenolic extract and the essential oil and it
was concluded that it is the least effective modulator, al-
though still showing very good resistance modulation in
both, S. aureus as well as in C. jejuni. This indicates the
loss of some bioactive compounds during the hydrodis-
tillation of the extract. Since both, phenolic extract and
essential oil, had valuable resistance modulatory activi-
ties, it is possible that different compounds, other than
phenolics, are responsible for the activity.

Compared to other plant extracts, also from medici-
nal plants, formulations in our study had comparable or
higher phenolic content (25-27). Plant extracts rich in phe-
nolic compounds often possess good radical scavenging
potential (25); therefore, the DPPH radical scavenging of
the tested plant formulations was determined. As seen
in Table 4, the post-distillation extract, which had a
higher TPC, was also a more effective radical scavenger
(IC5y=14.5 pg/mL), compared to the phenolic extract
(IC50=64.7 pg/mL).

Table 4. Total phenolic content (TPC) and DPPH radical scav-
enging potential of Alpinia katsumadai plant formulations

TPC DPPH

Plant formulation me of GAE
g of
per g of d.m. [Cs0/(ug/mL)
phenolic extract 24.7+0.2 64.7+6.5
post-distillation extract 39.9+£0.03 14.5£1.5
essential oil n.d. DPPH inhibition
<50 %

GAE=gallic acid equivalents; d.m.=dried material; n.d.=not de-
termined

All of the tested formulations originate from a plant
that is used traditionally as an anti-emetic remedy, culina-
ry spice and to increase the appetite, as well as in animal
feed to increase growth. They also contain compounds
that are generally recognized as safe or are approved as
food additives by the FDA (8), which is why they have a
good potential to be exploited as natural antimicrobial
and antioxidative preservatives in food products. How-
ever, more research needs to be done to evaluate their
sensorial impacts, activity in the real food model (28),
and to prove that they do not cause any negative side-
-effects, like allergic reactions and irritations (8).

Conclusions

Alpinia katsumadai seed phenolic extract, essential oil
and post-distillation extract showed moderate antimicro-
bial activity against Campylobacter jejuni, while they were
less efficient against Staphylococcus aureus. However, all
tested plant formulations were confirmed as good mod-
ulators of C. jejuni and S. aureus resistance against vari-
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ous antimicrobials, including antibiotics and bile salts.
Modulatory activity of A. katsumadai essential oil was
confirmed to be at least partly due to the efflux pump
inhibition, when tested with ethidium bromide accumu-
lation assay. All tested plant formulations have a poten-
tial to be used as natural preservatives and functional
additives in food products.
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2.1.4 Antibiotic resistance modulation and modes of action of (-)-a-pinene in
Campylobacter jejuni

Modulacija antibiotske odpornosti in nacini delovanja (-)-a-pinena pri bakterijah
Campylobacter jejuni

Jasna Kova¢, Katarina Simunovié, Zuowei Wu, Anja Klanénik, Franz Bucar, Qijing Zhang,
Sonja Smole Mozina
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The aim of the study was to investigate the mode of action of (-)-a-pinene in terms of its
modulation of antibiotic resistance in Campylobacter jejuni. Broth microdilution and
ethidium bromide accumulation assays were used to evaluate the (-)-a-pinene antimicrobial
activity, modulation of antimicrobial resistance, and inhibition of antimicrobial efflux. The
target antimicrobial efflux systems were identified using an insertion mutagenesis approach,
and C. jejuni adaptation to (-)-a-pinene was evaluated using DNA microarrays. Knock-out
mutants of the key up-regulated transcriptional regulators 4spR and hrcA were constructed
to investigate their roles in C. jejuni adaptation to several stress factors, including osmolytes,
and pH, using Biolog phenotypical microarrays. Our data demonstrate that (-)-o-pinene
efficiently modulates antibiotic resistance in C. jejuni by decreasing the minimum inhibitory
concentrations of ciprofloxacin, erythromycin and triclosan by up to 512-fold. Furthermore,
(-)-a-pinene promotes increased expression of cmeABC and another putative antimicrobial
efflux gene, Cj1687. The ethidium bromide accumulation was greater in the wild-type strain
than in the antimicrobial efflux mutant strains, which indicates that these antimicrobial
efflux systems are a target of action of (-)-o-pinene. Additionally, (-)-a-pinene decreases
membrane integrity, which suggests that enhanced microbial influx is a secondary mode of
action of (-)-a-pinene. Transcriptomic analysis indicated that (-)-a-pinene disrupts multiple
metabolic pathways, and particularly those involved in heat-shock responses. Thus, (-)-o-
pinene has significant activity in the modulation of antibiotic resistance in C. jejuni, which
appears to be mediated by multiple mechanisms that include inhibition of microbial efflux,
decreased membrane integrity, and metabolic disruption. These data warrant further studies
on (-)-a-pinene to develop its use in the control of antibiotic resistance in Campylobacter-.
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Abstract

The aim of the study was to investigate the mode of action of (-)-o-pinene in terms of its
modulation of anfibiotic resistance m Campylebacter jejuni. Broth microdilution and
ethidium bromide accumulation assays were used to evaluate the (-)-g-pmene anfimicrobial
activity, modulation of antimicrobial resistance, and inhibition of anfimicrobial efflux. The
target antimicrobial efflux systems were identified using an insertion mutagenesis approach,
and C. jefumi adaptation to (-)-o-pinene was evaluated wsing DNA microarrays. Knock-out
nmmitants of the key up-regulated transcripfional regulators hspR and Arcd were constructed fo
investigate their roles in C jejuni adaptation to several siress factors, including osmolvtes,
and pH, wvsing Biolog phenotvpical mucroarrays. Our data demonstrate that (-)-o-pinene
efficiently modulates antibiotic resistance in C jgfuni by decreasing the mininmm inhibitory
concentrations of ciprofloxacin, erythromyein and triclosan by up to 512-fold. Furthermore, (-
J-o-pinene promotes increased expression of cmedBC and another pufative anfimicrobial
efflux gene, (1687, The ethidiim bromide accumulation was greater in the wild-type strain
than in the antimicrobial efflux mmitant strains, which indicates that these antimicrobial efflux
systems are a target of action of (-)-o-pinene. Additionally, (-)-o-pinene decreases membrane
infegrity, which suggests that enhanced microbial influx is a secondary mode of action of (-)-
o-pinene. Tramscriptomic analysis indicated that (-)-o-pinene disrupts multiple metabolic
pathways, and particularly those involved in heat-shock responses. Thus, (-)-u-pinene has
significant activity in the modulation of antibiotic resistance in C. jejuni, which appears to be
mediated by nmwmltiple mechanisms that include inhibition of microbial efflux, decreased
membrane integrity, and metabolic disruption. These data warrant further smdies on (-)-o-
pinene to develop its use in the control of antibiotic resistance in Campylobacter.

Kevwords: Campylobacter jejuni, microbial efflux inhibitor, adaptation, microbial resistance
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Introduction

The increasing incidence of bacterial pathogens that show antibiotic resistance has led fo
impaired efficacy of clinical treatments, prolonged illness and greater mortality. This rising
anfimicrobial resistance has been accompamied by a decline in new anfibiotic discovery over
the last few decades, which now poses a serious threat to public health. In Furope it has been
estimated that 25,000 patients die annually due to mcurable infections with mmltidmg-
resistant (MDR) bacteria. and that the healthcare system is burdened with at least an
additional 1.5 billion euros each year because of the prolonged treatments that are needed for
infections with MDR bacteria [1]. Campylobacter jejuni is the most prevalent bacterial canse
of gastroenteritis, and it shows high rates of ciprofloxacin resistance; as such, C. jefuni
represents an important part of this healthcare burden [2, 3]. Drug resistant Campyiobacter
are on the CDC list of serious threats in the U.S., which further indicates the importance of
Campylobacter in public health [4]. Campylobacter resistance to quinolone antibiotics is
especially problematic, because quinolone resistance has increased globally and tends to
spread clonally [5].

One of the major mechanisms that contributes to the resistance of MDER bacteria is
enhanced antimicrobial efflux, which extrudes anfimicrobials of out of bacterial cells with
broad specificity. The most important anfimicrobial efflux pump in C. jefuni is CmeABC,
while CmeDEF and CmeG have secondary roles [6-8]. Alone or in combination with specific
pomt nmifations and antibiotic resistance genes, these anfinucrobial efflux pumps provide
increased resistance to climically important classes of antibiotics.

To restore the activity of antibiotics that are already available on the market, research
has been devoted to finding new compounds with activities that can be used to inhibit

anfimicrobial efflux in bacteria [9-12]. However, to date, no inhibitors of these antimicrobial



Kova¢ J. Antimicrobial and modulatory activity of selected phytochemicals ... antibiotic resistance in Campylobacter jejuni.
Doctoral dissertation. Ljubljana, University of Ljubljana, Biotechnical Faculty, 2015

46

72

73

74

76

77

78

79

80

81

82

83

84

86

87

88

80

a0

a1

a2

a3

o4

efflux pumps have been licensed for clinical use, although some dmgs, such as the caleium
ion influx inhibitor verapamil that is licensed for arrhythmia treatment, also show inhibitory
activity agamst antimicrobial effhoe. Also, some new nahural products have recently been
identified for potential use as antimicrobial efflux pump inhibitors, based on findings from in-
vitro studies [13-17].

One of these natural compounds that has been shown to have antimicrobial activity
against various microorganisms is the monoterpene o-pinene, which is naturally present in
various essential oils [18]. o-Pinene is also one of the constituents of an essential oil from
Alpinia katsumadai seeds (J. Eovaé, unpublished data). which we have shown to have
modulatory activity towards antimicrobial resistance in C. jgjumi and Staphylococcus aureus
[10. 13]. o-Pinene exists naturally as both (+)-o-pinene and (-)-o-pinene [11]. (-)-o-Pinene
was investigated here, in terms of ifs activity as an antimicrobial, its modulation of
anfinucrobial resistance, and its inhibition of anfimicrobial effle, using antibiotic-susceptible
and antibiofic-resistant C. jefumi isolates from different sources. Furthermore, the C. jefuni
responses to treatment with (-)-o-pinene were studied using transcriptomic and phenotypic

microarray approaches.

Materials and Methods

Chemicals

Erythromycin  ciprofloxacin,  ethidium  bronude  (EtBr), carbonyl cyamde-m-
chlorophenylhydrazone (CCCP), reserpine, (-)-a-pinene, resazurin sodium salt, and menadion
were from Sigma-Aldrich Chemie (Steinheim. Germany), triclosan and chloramphenicol were
from Calbiochem (Merck KGaA, Darmstadt. Germany). ampicilin was from Roche

Diagnostics (Mannheim. Germany), and kanamycin was from Merck (Darmstadt. Germany).
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Bacterial strains and growth conditions

Frozen stocks (from -80 *C storage) of the C. jejumi strains listed in Supporting Information
51 Table were cultured on selective Karmali agar and Mueller-Hinton agar (Oxoid,
Hampshire, UK). or in Mueller-Hinton broth (Oxoid). and incubated at 42 °C under
microaerobic conditions (5% Oy, 10% COy, in Ni). Escherichia coli were cultured on Luria-
Bertani agar (Oxoid) at 37 °C. When needed, the Mueller-Hinton agar was supplemented with
kanamycin (30 mg/L) or chloramphenicol (4 mgTL). and the Luria-Bertani agar was

supplemented with ampicillin (50 mg/L).

Antimicrobial and resistance-modulation assays

The anfimicrobial activity of (-)-e-pinene was determined on 17 C. jgfuni strains and two C.
Jejuni mutants with knocked-out antimicrobial efflux genes (AcmeB and ACjI687), using the
broth microdilution method. DBrefly, the tested compounds were dissolved in
dimethylsulphoxide (final concentration, 2.5%) and serially diluted in Mueller-Hinton broth
in black microtitre plates. and the C. jejumi cultures were added at a concentration of 5 *10°
CFU/mL. to the final volume of 0.1 ml/well After 24 h incubation at 42 °C under
microaerobic conditions, 10 pl. resazunn reagent was added to each well, which consisted of
10 mM tetrazolium salts and 0.8 mM menadion. Following a 2-h incubation at 42 °C, the
fluorescence intensity was measured at 550 nmm and 959 nm_ using a microplate reader (Tecan,
MamnedorfZurich, Switzerland) [19]. The mininmm inhibitory concentrations (MICs) were
defined as the mimimal concentrations at which the fluorescence signal declined to the level of
the blank Modulation of antimicrobial resistance was evaluated using the same method. for

nine . jejuni strains and two knocked-out antimicrobial effhm mutants (AcmeB and
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ACiI687), except that the medium was supplemented with subinlubitory concentrations of (-)-
o-pinene (625 mg/L or 125 mg/[) for the determination of the MICs of ciprofloxacin,
erythromycin, friclosan and ethidivm bromide. The (-)-o-pinene modulation factors were
defined as the ratios of the MICs for the antimicrobial alone and for the anfimicrobial in the
presence of (-)-a-pinene. A modulation factor =2 was set as the cut-off for biologically

significant resistance modulation [14].

Membrane integrity

The influence of 62.5 mg/L and 125 mg/L (-}-o-pinene on membrane integrity of C. jejuni
NCTC 11168 was followed using LIVE/DEAD BacLight Bacterial Viability kits (L-7012;
Molecular Probes, Eugene, Oregon, USA) [20]. A mixture of the green fluorescent dye SYTO
9 and propidium iodide was prepared and uvsed according to the manufacturer instructions
(Molecular Probes). This dye muxture was added to 100 pL. C jgjuni cultures (ODsgo, 0.2; 1:1,
w/iv) that were untreated or treated with (-)-o-pinene. The kinetics of propidinm iodide
intracellular penetration were followed by measuring the relative fluorescence units (RFUs) in
60-s intervals over 1 h. in terms of the SYTO 9 fluorescence at 481 nm and 510 nm in a
microplate reader (Tecan). Two independent experiments were carried out in triplicate in
black nucrotifre plates. The membrane dismuption (%) was calculated from the kinetics
measurements of the treated relative to the unfreated cultures over the last 10 min of the

assay.

Ethidium bromide accumulation

The mnfluence of 62.5 mg/LL and 125 mg/L (-)-o-pinene on EfBr accumulation m C. jefuni

NCTC 11168, Acmel and ACI687 was determuned. Further screening was carried out with
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625 mg/L (-)}o-pmmene on 16 C jejumi isolates (Supporting Information 51 Table). as
previously described [13]. Briefly. exponential phase culfures were washed and resuspended
in phosphate-buffered saline (ODggg, 0.2). After a 10-min incubation at 37 °C, the efflux
pump inhibitors were added to 100 pL cultures in black microtitre plates, and incubated for 10
min at 37 °C before adding EiBr to a final the concentration of 0.5 mg/L. The kinefics of
intracellular EtBr accummlation were measured at 500 nm and 608 nm using a Tecan
microplate reader, at 45-s infervals for 1 h. In parallel to the (-)-o-pinene treatments. the
reference efflux pump inhibitors CCCP (10 mg/L) and reserpine (100 mg/L) were tested. The
selected concentrations of the efflux pump inhibitors had no inhibitory effects on bacterial
growth. Other EPIs, such as verapamil, NMP, and PaBN were also tested in the preliminary
experiments, but they were excluded from further studies due to their low activity (data not
shown). Measurements were carnied out in friplicate and the means of the last 10

measurements were used in the statistical analysis.

Transcriptional response to (-)-u-pinene

The influence of (-)-o-pinene on gene expression in O jgjuni NCTC 11168 was determined
using DNA mucroarrays and gqRT-PCR. Exponenfial phase cultures were adjusted to ODjsgp
0.2 in Mueller-Hinton broth. Five millilitres of culture were treated with 62.5 mg/L (-)-o-
pinene dissolved in dimethylsulphoxide. Only dimethylsulphoxide (0.048%) was added to the
untreated samples. The cultures were incubated for 2 h, microaerobically and with shaking
(160 rpm), at 42 °C. Experiments were camied out as four biological replicates. RNA Protect
Bacteria reagent (Qiagen. Maryland, USA) was added to the cultures, and the total EINA was
isolated using RNeasy mini kits (Qiagen), and treated with Ambion Turbo DINA-free kits

(Invitrogen, USA).



Kova¢ J. Antimicrobial and modulatory activity of selected phytochemicals ...

Doctoral dissertation. Ljubljana, University of Ljubljana, Biotechnical Faculty, 2015

antibiotic resistance in Campylobacter jejuni.

50

168

169

170

171

172

173

174

176

177

178

179

180

181

182

183

184

186

187

188

180

190

191

192

Microarrays with 4,751 probes that targeted 1,756 genes that are specific to C. jejuni
NCTC 11168 (Mycroarray, Biodiscovery-LLC, MI, USA) were used for the gene-expression
analysis. as described previously [21]. The cDNA was synthesised with random hexamers,
SuperScript IIT Reverse Transcriptase. and aminoallyl dUTP (all supplied by Invitrogen,
USA) and labelled with a monofunctional WHS-ester dye, as Cy3 or Cy3 (GE Healthcare,
Buckinghamshire, UK). The DNA concentration and the labelling efficiency were determined
spectrophotometrically (NanoDrop 1000; Thermo Scienfific, Waltham MA, USA). Four
biological replicates were hybridised to four microarrays, according to the manufacturer
protocol, and incubated for 24 h at 42 °C. and scanned at 550 nm for Cy3 and 650 nm for Cy
5, using a microarray scanner (GenePix 4100A; Molecular Devices, Sunnyvale, CA, USA), to
5 pm resolution. The fluorescence intensities were converfed to digital signals using the
GenepixPro 7.0 programme (MolecularDevices, Sunnyvale, CA. USA). The microarray data
was deposited with the NCBI Gene Expression Ommibus, under the accession number
GSES59879, GPL19011.

The expression of four genes was confirmed by quantitative real-time PCR using a
real-time PCR detection system (ABI 7500; Applied Biosystems, Thermo Scientific,
Waltham, MA, USA) with Universal KAPA SYBER One-Step gRT-PCR lkats (Kapa
Biosystems., Boston. USA) and the same RINA template as i the nucroarray expenments.
Quantitative RT-PCE. primers (Supplementary Information 52 Table) were designed using the

online tool Primer3 (hitp:/frodo wimit edu). Standard quantification curves were generated

for each of the RINA templates, using 10-fold dilution series between 25 ng/pL and 0.0025
ng/pL. Quantitation was performed m 15 pL reactions with three techmical replicates of three
biological replicates, according to the following programme: 10 nun at 50 °C. 5 mun at 60 °C,
3 nun at 95 °C and 40 cycles of 10 s at 95 °C and 30 s at 58 °C. including the melt curve

analysis performed after amplification Here, 165 rENA was used for the internal
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normalisation standard for the calculation of the relative fold-change in gene expression, by

the comparative threshold cvele method (AACKE) [22].

Construction of insertional mutants

Three C. jejuni NCTC 11168 knock-out mutants with disrupted open reading frames of the
hispR, hred and Cil687 genes were constructed (Supporting Information 52 Table) using an
inserfion mutagenesis approach. The internal fragments of the genes were replaced with the
kanamycin resistance cassette apiid-3 (Fig. 1) The PCR products used for construction of
these nmitants were amplified with GoTaq polvmerase (Promega Corporation, Madison, WI,
USA) using the pnimers listed m Supperting Information 52 Table. Following amplification,
these were purified using a Wizard SV gel and PCR clean-up system (Promega). and digested
with HindIIT or Pstl (Thermo Scientific, Waltham, MA, USA). or both. The restricted PCR
products were incubated at 80 °C, to deactivate the restriction enzymes, ligated using Quick
ligation kits (New England Biolabs, Ipswich, MA, USA). and cloned into pGEM-T Easy
Vectors using T4 DNA ligase (Promega). The plasmud was amplified i competent E. coli
DH5a, isolated using GenElute Plasmid Miniprep kits (Sigma, St. Luis, MO, USA), and
transformed into C_jefuni NCTC 11168 by natural transformation. The transformants with the
insert were selected on Mueller-Hinton agar supplemented with kanamyein (30 mg/L), and

confirmed with PCR (Supperting Information 52 Table).
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Fig. 1. Scheme of the insertional mutagenesis strategies (not to scale). Box arrows, target
open reading frames; solid arrows, primers used for DNA fragment amplification (from left to
nght: F1-F, F1-R, F2-F, F2-R_ specific for each individual mutant, as listed in Supporting
Information S2 Table); blue dots, target gene; blue rectangles. deleted regions substituted with

a kananyyein cassette (fan).

Metabolic response to inactivated genes

C' jefuni NCTC 11168 and the AhspR and Afrcd mutants were prepared in [F-0a inoculating
fluid (Biolog, Hayward, CA, USA), mixed with redox indicator Dye D, according to the
manufacturer instructions, and dispensed (100 pL/well) using carbon utilisation, osmolality,
and pH phenotypic plates PM1, PM2A PMO and PM10 (Biolog). The PM plates were placed

in plastic bags together with mucroaerophilic atmosphere generafing sachets (Oxoid), sealed
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and fixated in the automatic plate reader (Ommnilog: Biolog) trays using adhesive tape. Plates
were incubated in automatic plate reader at 42 °C and the metabolism of different carbon
sources, growth on different osmolytes and at different pHs was followed
spectrophotometrically every 15 min for 48 h The endpoint values were used in the

comparative statistical analysis.

Statistical analysis

The statistical significances of the data for the antinucrobial actions, medulation of
anfimicrobial resistance. and EtBr accumulation were determined using one-way ANOVA
with appropriate post-hoc tests, using the SPSS software, version 21 (IBM Corp., Armonk,
NY, USA). Analysis of the Biolog phenotypic microarray data was carried out using M5
Excel and Student’s t-tests, and analysis of the DNA nucroarray data was performed with the
R software using the LIMMA package, as previously described [21, 23). Statistical
significance was sef at p <0.05, and the cuf-off for significance of the relative fold-changes in
the modulation of antimicrobial resistance set at =2, the gene expression between untreated

and treated cultures set at =2, and in the growth on phenotypic plates set at =1.5.

Results

Antimicrobial activity and modulation of antimicrobial resistance
of (-)-u-pinene

The anfimicrobial activity of (-)-o-pinene was determined on 16 strains of C jefuni

(Supporting Information S1 Table). The MICs of {-)-u-pinene were 1000 mg/L or higher in all
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of the tested strains, including those tested in the antimicrobial-resistance-modulation assay
(Table 1). These high MICs confirmed the insignificant antimicrobial activity of (-)-o-pinene.
As a potential modulator of antimicrobial resistance, (-)-o-pinene was tested at 62.5 mg/L and
125 mg/L in combination with the antibiotics ciprofloxacin and erythromycin, the disinfectant
triclosan. and the anfimicrobial efflux pump substrate EfBr. on the C. jejuni NCTC 11168
reference strain. At 62.5 mg/L. (-)-a-pinene decreased the MICs of these antimicrobials by up
to 2-fold. However, at 125 mg/L, (-)-o-pinene reduced the MICs of the various antimicrobials
from 32-fold to over 512-fold (Table 1).

Due to the significantly stronger modulation of antimicrobial resistance of (-)-o-pinene
at 125 mgL, this higher concentration was further tested on eight other C. jejimi isolates and
two mutants with inactivated antimicrobial efflux genes, AcmeB and ACjI687 (Table 1)
These data indicated pronounced modulation of antimicrobial resistance by (-)-u-pinene with
all of these strains for most of the antimicrobials tested. Significant MIC reductions were
produced also in the AcmeB and ACF 1657 mutants derived from the wild type NCTC 11168,
which suggest that this modulatory activity of 125 mg/L (-)-c-pinene is not dependent on its

inhibition of antimicrobial effhux.

Influence of (-)-u-pinene on membrane integrity

As for the modulation of anfimicrobial resistance, both 62.5 mg/L and 125 mg/L (-)-u-pinene
were tested for their influence on membrane integrity in C. jeuni, to determine whether
membrane permeability 15 the main mechanism of its modulation of antimicrobial resistance.
The membrane integrity of cultures treated with 62.5 mg/L (-)-o-pinene was 20% higher than
that of the untreated cultures after 1-h treatment, while at 125 mgT (-)-o-pinene, the
membrane integrity was decreased by 39% (Fig. 2). Hence, at this higher concentration of 125

mg/L (-)-a-pinene, the consequent distuption of the membranes is likely to have contributed
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272 to its modulation of anfimicrobial resistance. Cultures incubated at 80 °C for 15 min were
273 used as a positive control for disrupted membranes, and these showed 64% decreased
274  membrane infegrity, compared to the untreated control cultures. These differences were
275 calculated based on the kinetics measurements over the last 10 onun of the 1-h assays. and they
276 were statistically significant (p <0.0001). The disruptive impact of (-)-o-pinene on membrane
277 integrify is not surprising, as it is known that monoterpenes can cause alterations in membrane
278 permeability [24].
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Inhibition of antimicrobial efflux by (-)-u-pinene

Again both 62.5 mg/L and 125 mg/L (-)-o-pinene were tested for their impact on intraceliular
EtBr accunmlation in C. jefuni NCTC 11168 and the two mutants (AcmeB and ACTI687).
Compared to the non-treated control, both of these concentrations of (-)-o-pinene increased
the EiBr accumulation; however, 625 mg/L (-)-o-pinene resulted in greater EtBr
accomulation (Fig. 3). As 625 mgL (-)-o-pinene did not have a negafive impact on
membrane infegrity, this was used in the further screening on a larger set of 10 1solates
(Supporting Information S1 Table). This enabled the investigation of only the inhibitory
effects of (-)-o-pinene on anfimicrobial efflux. Here, there was increased EtBr accumulation
in all of these 16 tested strains when 625 mg/L (-)-u-pinene was added (Fig. 4). This (-)-o-
pinene concentration increased the EfBr accummlation sigmificantly more than seen for CCCP
and reserpine in all of these tested strains, which confinms its inhibitory activity against
anfimicrobial efflux. Here it is important to note that (-)-u-pinene was fested at a lower
concenfration (62.5 mg/L) than reserpine (100 mg/T). and at a higher concentration than

CCCP (10 mg/L), to avoid the toxic effects of CCCP.

EXBr accumulation {RFL|
&

EAE7 a0 cwmuilation {RFU}

FEEEEEEEEEL

= - Umireated culfure = = () pmnene 123mgil. = [ }a pinens G253 mgil
= Rédarping 4 s« CCCP =ox- EABS

Fig. 3. Influence of (-)-u-pinene, CCCP and reserpine on ethidium bromide
accumulation. {A) Reference strain C jejuni NCTC 11168, (B) C jegjumi NCTC 11168

AcmeB knock-out mutant, (C) C. jejuni NCTC 11168 AC7 1687 knock-out nutant.
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308  sensitive strains.

309

310 To identify the target efflux system of (-)-o-pinene, EiBr accumulation in the two
311 nomtants in the anfimicrobal efflux genes was investigated. In comparison with the control
312 wild-type C. jegjuni NCTC 11168, the increase in EtBr acoumulation with 62.5 mgT (-)-a-
313 pinene was significantly lower in the AcmeB and AC7I687 nmutants (Fig. 3). although this
314  remained above the EtBr accunmlation in the wild-type. This finding suggests that (-)-a-
315 pinene inhibits both of these antimicrobial efflux systems.
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Transcriptional response to (-)-u-pinene

After a 2-h treatment with 2.5 mg/L (-)-e-pinene, 128 genes of O jgiuni NCTC 11168 were
differentially expressed (with the cut-off set at =2-fold difference; Table 2 and Supporting
Information 53 Table). Of those., 108 were up-regulated, and 20 were down-regulated. The
Clusters of Orthologous Groups functional classification of these differentially expressed
genes revealed that the up-regulated genes were mainly involved in amino-acid fransport and
mefabolism (12 genes), translation (12 genes). inorganic ion transport and metabolism (8
genes), postiranslational medification and chaperones (8 genes), and unknown functions (36
genes, which included ‘poorly characterised’. ‘function unknown’, ‘general function
prediction only’). The down-regulated genes were scattered into 12 of the functional
categories (Table 2). Interestingly, however, the most strongly up-regulated genes (=10-fold)
fell into the groups of posttranslational modification and chaperones, and transcription, which
included the chaperone-encoding genes grpE. dnakl and clpS. and the heat-shock regulator
fircd. In these two functional categories, another two heat-shock-response genes that encode
the chaperones groES and chpd and the transcriptional repressor AspR were also up-regulated,
although to lower levels (2-fold to 4-fold). As well as these heat-shock-response genes, the
anfimicrobial efflux pump genes cmedBC were uvp-regulated by 2.7-fold to 2.2-fold,
respectively. Another, as yet uncharacterised gene that encodes a pufative antimicrobial efflux
protein, Cjl687, was 2.5-fold up-regulated after the treatment with (-)-o-pinene. The omp30
gene that was previously identified as an outer membrane protein and a phosphotyrosine
kinase [25] was 4.9-fold up-regulated here. Several ribosomal genes (rps, rpl) and genes
involved in purine biosynthesis (purdf, apt, purD). glutamate metabolism (murd, metE, meiF,
gind. gltBD). and iron—sulphur homeostasis (chudD, fonB3, fonB2) were expressed at lugher
levels (2.1-fold to 8.1-fold up-regulated) after the treatment with (-)-o-pinene. On the other

hand, aspartate-ammonia lyvase (aspd) was the most strongly down-regulated (4.6-fold)
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metabolic gene, together with the genes that encode succinate dehvdrogenase (sdhd, sdhC),
fumarate hydratase (fisn(C), and anaerobic C4-dicarboxylate antiporter dcud, which were up

to 3.2-fold down-regulated following the treatment with (-)-o-pinene.

Metabolic response to inactivated genes

The hspR, hrcd nmfants and wild-type C. jefumi NCTC 11168 were grown on Biolog
phenotype MicroArrays with different carbon sources and in presence of different osmolytes
and pH. to investigate their roles in adaptation to these stresses. The growth of the mutants
was compared to the growth of the wild-type stramn (Supporting Information 54 Table). The
AispR nmtant grew better on some of the osmolytes. such as 6% NaCl with KCL sodium
sulphate, sodivm formate, sodium lactate, and sodium phosphate, while growth of the frcd
nmitant, on the other hand, was inhibited by these and several of the other osmolytes. The

hred nmutant did not use a wide range of the carbon sources as efficiently as the wild-type.

Discussion

(-}-o-pinene has neghgible anti-Campylobacter activity, with MICs of 1000 mg/L or lugher
against all of the tested strans. Unlike (=)-u-pinene, this (-)-o-pinene enantiomer was also
previously reported to have no inhibitory effects in fungi and with 5. aurens [11]. Although (-
J-o-pinene did not inactivate C. jejuni growth, it showed remarkable modulatory activity of
anfimicrobial resistance when applied in combination with ciprofloxacin. erythromyein,
triclosan and ethidim bromide We observed concentration-dependent activity of (-)-o-

pinene here, and mvestigated the mechanisms of its action at 62.5 mg/L and 125 mg/T.
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Although the modulation of antimicrobial resistance was substantially more pronounced at
125 mg/L (-}-o-pinene, the EtBr accumulation remained at similarly high levels.

These data suggest the involvement of at least two different modes of action. Indeed,
investigation of the membrane integrity revealed increased membrane permeability with 125
mg/L (-)-a-pinene. At this concenfration of (-)-o-pinene, the synergistic effects of mereased
membrane permeability and infracellular accumulation due to the inhibition of antimicrobial
efflux provided the best modulation of antimicrobial resistance.

Previous reports have demonstrated the modulation of antimicrobial resistance and
efflux of the diarylheptanoid and flavonoid constituents of 4. Kafsumadai seeds
Myecobacterium smegmatis at comparable concentrations, although its ferpene compounds
were studied only as a mixfure, with the essential oil at significantly higher concentrations
[13. 14]. Inhibition of antimicrobial effhux was also previously achieved in M smegmaiis and
5. aureus, with paradol-related and gingerol-related compounds isolated from Affamomum
meleguetfa, and with a novel antibacterial natural product that was 1solated from Hypericum
olympicum L. cf. uniflorum, respectively [15, 17].

To determine the anfimicrobial efflux system that (-)-o-pinene targets, we carried out
comparative accumulation assays in the wild-tvpe and with the mutant strains with inactivated
anfimicrobial efflux genes, AcmeB and Acf1687. In the presence of (-)-a-pinene, the decrease
in EtBr accummlation almost to the level of the unfreated culture in AcmeB and ACTISST
suggests that these fwo efflux proteins are the likely the targets of (-)-o-pinene.

To date, (-)-o-pinene is the first plant-derived compound that shown inhibition of
anfimicrobial efflux in Campylobacter to be described and characterized. Cytotoxicity of a-
pinene was previously investigated with the Hela and Cos7 cell lines, where ICsp values of
357.9 mg/L and 3375 mg/L were reported. respectively [26]. As these ICs5y values for a-

pinene are more than 2-fold greater than those used in the present modulation assays, and
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more than 5-fold greater than those used i the present EtBr accunmlation assays. (-)-u-pinene
has the potential to be further mvestigated as a means for the conirol of antibiotic resistant C.
Jjefumi.

To explore the C. jefuni responses to (-)-o-pinene, we analysed the changes in the C
Jeiumi transcriptome before and after the 2-h (-)-o-pinene treatment Here, we observed
increases in the expression of the cmedBC and (jl687 antinucrobial efflux genes that were
identified as potential targets for antimicrobial efflux mhibition which confirms the increased
need for CmeABC and Cj1687 activity after inhibition by (-)-u-pinene. The involvement of (-
J-o-pinene in alterations to membrane permeability, as a complemenfary mechanism of its
action. was also indicated by the increased expression of the outer membrane protein product
of the omp50 gene. This protein was previously shown to modulate phosphorylation of
proteins involved in capsule production [25]. Up-regulation of omip50 appears to be a strategy
for bacterial adaptation, as opmi0 is likely to enhance the production of surface
polysaccharides, and thereby to contribute to decreased membrane permeability and decreased
antimicrobial influx [25].

Similar responses of C. jgjumi were also observed previously after exposure to
erythromycin, which like (-)-o-pinene, is a hydrophobic compound [27]. Furthermore,
treatment of C. jefuni with (-)-o-pinene evoked increased expression of ribosomal and purine
biosynthesis genes, which indicated that there were metabolic changes, and thereby the
associated need for increased profein synthesis. Previous reports have indicated similar
transcriptional changes m C. jgjuni in response to stomach acid, which evoked up-regulation
of purS [28]. The product of the up-regulated glutamate synthetase gene (gltBD) catalyses the
condensation of glutamate, which is involved in osmoadaptation and can be further converted
to aspartate. Then as well as coding for heat-shock proteins, up-regulation of the gitD and

gind genes was previously reported in C. jgjumi in response to salt stress [29]. Aspartate-
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ammonia lyase (aspd), which is the most strongly down-regulated gene associated with
energy metabolism, cleaves carbon—nitrogen bonds and catalvses the conversion of L-
aspartate info fumarate and ammomia. Additionally, down-regulation of succinate
dehydrogenase genes (sdfd, sdk) contributes to inhibition of fumarate biosynthesis,
obstruction of oxidative energy metabolism. and conversion of fumarate to malate by
fumarate hvdratase (fimC). Metabolic changes and an imbalance in Krebs cycle infermediates
were also reflected in the down-regulation of firmC and the anaerobic C4-dicarboxylate
anfiporter gene deud. Up-regulation of iron—sulphur homeostasis genes. such as chudD,
tonB3 and fonB., suggested an increase in the transport of the metal ions and siderophores
that are involved in respiration and DNA synthesis.

The changes in gene expression caused by (-)-o-pinene are strikingly similar to those
that have previously been observed in a mwfant with a defective transcriptional regulator
AispR, which showed lughly up-regulated heat-shock-related genes: grpE, dnakl cilpB and
hircd [30]. Similar responses were also observed after treatment with the natural antimicrobial
compound benzyl isothiocyanate, which promotes protein aggregation [31]. The simple heat-
shock-response model from a study by Holmes et al. (2010) suggested repression of groES
and groEL by hAred. and repression of dnakl chpd and the clpB operon by hspR, which
become derepressed in the event of heat shock. allowing the expression of Arcd [30]. HrcA,
however, needs the assistance of groES and groEL for postiranscriptional modifications that
enable its activity [30].

Characterisation of mufant strains using phenotypic microarrays revealed increased
adaptation of AlispR to increased concentrations of several sodium salts. On the other hand,

the growth of the mutant Ahred was attermated in the presence of a wide variety of osmolytes

and high pH. The Afrcd mutant also did not use a wide range of carbon sources, compared fo
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the wild-type. These data demonstrate that the heat-shock transcripfional regulators are also
important for efficient responses to stresses other than high temperatures.

In conclusion, (-)-o-pinene is here confirmed as an efficient modulator of
anfimucrobial resistance i C jgjumi. with at least two different mechanisms that confribute
synergistically to fhis activity. Lower concentrations of (-)}-o-pinene show pronounced
inhibition of anfimicrobial efflux through the targeting of the main efflux system CmeABC
and another, as vet uncharacterised, efflux protein, Cj1687. The higher concentration of (-)-o-
pinene additionally targeted the membrane, with increased permeability, thereby promoting
the mflux of anfimicrobials. The low anfinucrobial activity that we observed appears to be
denived from the effective bacterial adaptation to (-)-o-pinene treatment provided by the heat-
shock response, and efficient changes in protein synthesis and energy metabolism. Due to the
promising modulation of antimicrobial resistance and its previously reported low cytotoxicity,
(-)-o-pinene has the potential to be further investigated for the control of antimicrobial

resistant in O jefumi.
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Table 1. Antimicrobial activity and modulation of anfimicrobial resistance of (-)-a-pinene for

the different strains of Campylobacier jejumni.

C. jejuni MIC (mgL)
strain AP CIP ERY IC EtBr

AP AP MF AP AP MF AP AP MF AP +AP MF
NCTC 1000 0.063 0.031 2 0.5 0.25 2 8 4 2 1 1 1
11168#
NCTC 1000 0063 =0.002 =32 035 =000 =256 8 =0125 =64 1 =0.008 =128
11168
K49/4 2000 0063 0002 32 025  =0.002 =128 4 0.25 16 2 0016 128
53124 1000 4 2 2 025 0063 4 4 4 1 0.5 0.5 1
37506 2000 4 1 4 0125 <0008 =16 4 =0125 =32 025 <0008 =32
57360 1000 4 =0008 =512 025 =0002 =128 8 <0063 =128 025 <0008 =32
58429 1000 4 =0.031 =128 025 =0125 =2 4 =0125 =32 025 <0063 =4
60089 =2000 8 2 4 0125 0063 2 32 32 1 ] g8 1
1518/08 2000 8  =0.031 =256 0125 =0002 =64 16 <0031 =512 05 <0008 =64
573/03 2000 16 4 4 0125 0063 2 16 <0063 =256 05 <0008 =64
AcmeE 1000 0016 =0.001 =16 0063 =0.002 =32 § =0.063 =128 0.063 =0008 =8
ACjlog7 2000 0065 =0.001 =63 0125 =0002 =64 8§ <0063 =128 05 =0008 =64

MIC, minimal inhibitory concentration; AP,

(-)-a-pinene; CIP, ciprofloxacin; ERY:

erythromycin; TC, triclosan; EtBr, ethidium bromide; -AP. in the absence of (-)-o-pinene;
+AP. with 125 mg/L (-)-e-pinene. MF, modulation factor.
* In this case +AP was applied in concentration 62 5 mg/L.
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Table 2. Functional categonies of the differentially expressed genes in Campyicbacter jejuni.

Cluster: of orthologous groups category Up-regulated Down-regulated Differentially
genes gens expressed genes
Energy production and conversion 2 3 5
Amino acid transport and metabolism 12 1 13
MNucleotde transport and metabolism 5 0 5
Carbohydrate transport and metabolism 1 2 3
Coenzyme transpert and metabolism 4 1 5
Lipid transport and metabolism 2 o 2
Trapslation 12 ] 12
Transcription 3 2 5
Feplication, recombination and repair 5 o 5
Cell wall/ membrane biogenesis 5 2 T
Cell motility 1 ] 1
Posttranslational modification, chaperones 8 3 11
Inorganic ion fransport and metabolism 3 1 9
General function prediction only o 2 11
Function unknown 1 1
Signal transduction mechanisms 1 1
Defense mechanisms 3 1 4
Poorly characterized 26 o 26
Total 108 0 128
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28
51 Table. Bacterial strains and plasmids used in the study.

Bacterial strain/ plazsmid Desiguation Description Reference
Bactenal strains NCTC 11168 Campylobacter jejuni, human 1solate NCTC

ATCC 33560 Campvlobacter jejuni, animal 1solate ATCC

K494 Campylobacter jejuni, meat 1solate 5

58429 Campvlebacter jejuni, meat 1solate 5

53124 Campylebaciter jejuni, meat 150late 5

57360 Campvlebacter jejuni, meat 1solate 5

6008 Campylobacter jejuni, meat 1so0late 5

9581 Campvlobacter jejuni, human 1solate 5

9090 Campylobacter jejuni, human 15olate 5

9711 Campvlobacter jejuni, human 1solate 5

1150/09 Campylobacter jejuni, ammal 150late 5

3T5/06 Campvlobacter jejuni, human 1solate 5

573/03 Campylobacter jejuni, meat 1solate 5

1518/08 Campylobacter jejuni, animal 1solate 5

C2 Campylobacter jejuni, meat 1so0late 5

C33 Campvlebacter jejuni, meat 1solate 5

8l6 Campylobacter jejuni, water 150late 5

BE0/0E Campvlobacter jejuni, animal 1solate 5

11168 AcmaB NCTC 11168 AemeB knock-out mutant 9

11168 ACjI687 NCTC 11168 ACj1657 knock-out mutant Thus study

11168 AhspR NCTC 11168 AhspR knock-out mutant Thus study

11168 Ahred NCTC 11168 Ahred knock-out mutant Thus study

DH3a Escherichia coli, competent strain Promega
Plasmids pGEM™-T Easy Vector  Cloning vector, ampiciline resistance Promega

pGEMACi 1687 ACfI657 cloned into pGEM®-T Easy Vector s study

pGEMMNhspR AhspReloned into pGEME-T Easy Vector ~ [his siudy

pGEMAred Akred cloned inte pGEM®-T Easy Vector This study
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558

29
52 Table. Primers used for mutant construction and qRT-PCE.
Purpoze  Primer code Sequence (3" — 37) Reference
Species  CIF ACTTCTTTATTGCTTGCTGE 9
confimation CIR GCCACAACAAGTAAAGAAGC 2
CCF GTAAAACCAAAGCTTATCGTG 9
CCR TCCAGCAATGTGTGCAATG B
CLF TAGAGAGATAGCAAAAGAGA 9
CLR TACACATAATAATCCCACCC 2
CUF AATTGAAACTCTTGCTATCLC 9
CUR TCATACATTTTACCCGAGCT B
CFF GCAAATATAAATGTAAGUGGAGAG 9
CFR TGCAGCGGCCCCACCTAT 2
235F TATACCGGTAAGGAGTGCTGGAG 9
235R ATCAATTAACCTTCGAGCACCG B
Mutant  hred F1-F ATGCAAGTGGGAGTGGTAGT This stady
construction  hred F1-R CGLGGATCCCGAAGCAGGTATGCAAAGET This study
hred F2-F GAACTGCAGTATGGGGCTTAAGGTGGATE This stady
hred F2-R GCACTTGAACCACTTICACCA This stady
hspR F1-F TGGAGGATTTGGAGGTTITIG This stady
hspR F1-R CGUGGATCCTTGLCTTAAGGTITGTIGGATG This stady
hspR F2-F GAACTGCAGOGGCTAGTAAAGCCGTTIGTT This stady
hspR F2-R AAAAGCAAAATTCCCAATGEL This stady
Cjlg87F1-F TCTTTGGCATCTTITGGCTTIT This stady
Cjlo87F1-R CGUGGATCCTAGCAGGUAGAGCAGATGAA This stady
Cjlo87 F2-F GAACTGCAGAATCGCCTTAGCTITCCTIC This stady
Cjla87F2-R TTATCCCTGGAATTCGTCCA This study
kan F CGUGGATCCCGCTTATCAATATATCTATAGAATGE This study
kan B GAACTGCAGGATAATGCTAAGACAATCACTAAAG This study
qRT-PCR.  dmal-F TGHOGCATCAAGTAGAAALA This stady
dnall-R TCACGCAAATCATCAAGAGE This study
spE-F TGAAAAACATGGAGTGGCTCT This stady
spE-R GCACTTGAACCACTTICACCA This stady
aspd-F TGEGGAATTGGAAATCTCTG This stady
aspd-R CCCTAACAAAGCOGAGGALAA This stady
dewd-F CAACAAGCAGGTGGACTTGA This stady
dewd-F TTGTAAGCAACCACCCACAA This stady
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30
561 53 Table. Differentially expressed genes in (-)-o-pinene treated C. jefuni NCTC 11168.
Gene ID Functional category Fold change
Microarray kT
PCR
o757 hred Putative heat shock regulator 258
Cji309:  clpB ATP-dependent Clp protease ATP-bindmg subumt 18.3
Cif738  dnak Heat-shock protein 14.7 6.11
Ci0758 grpE Heat-shock protein 119 6.95
Cjl1373 Putative ntegral membrane protein 82
Cilo0%c  gind Glutamine synthetase 31
Cjo3a7 Hypothetical protein 8
Cjoens Putative periplasmic protein T8
Cjoora Hypothetical protein 7
Cjisalc Putative periplasmic protein 6.8
Cjlal?  ribD Riboflavin-specific deaminasze'raductase 6.3
Cjo7e0  purl Formyltetrahydrofolate deformylase ]
Cioa3a Hypothetical protein 59
Cj037c Putative eytochrome C 35
Ciogl3  ikD Dihydroxy-acid debvdratase 33
Gy 21 Conserved hypothetical protein 53
Cjld10e Putative membrane protein 5.2
Cj022e Putative nbosomal psendoundine synthase 51
Ciode7  ghB Glutamate synthase (MADPH) large subunit 5
Cjiodse Putative helicase 49
Cili70e emp3i0 50-kDa outer membrane protein precursor 449
Cj321  dxs L-deoxy-D-xylulose-5-phosphate synthase 48
Cilodl  rpeD EMNA polymerase sigma factor (z1gma-70) 48
Cj1229  chpd Putative curved-DNA binding protemn 47
Cjlai2e murd Glutamate racemasa 47
Cjl103  esrd Carbon storage regulator homolog 45
Cjl230  hspR Heat-shock transeriptional regulator 41
Cjlilafe Putative periplaszmic protein 39
Cjo3la Hypothetical protein 37
Cj1250  purD Phosphonbesylamine-glyeme hzasze 37
Cilaa2e Putative membrane protein 34
CiI713 Putative radical SAM domain protein 34
Cjid 5oe Hypothetical protein 32
Cjirla3e Hypotheteal protein 3
Ci2d62e Putative methyl-accepting chemotaxis signal 3
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Cj0840c
CiI303
Cil384c
Cj0108c
Cj6733
Cjli0l
CjI201
Cio008
Cje009
Cje293
0485
Ci005Te
Ci0348
Ci0367e
Ci0772e
Cl082c
Cjl353¢
CiI6I4
Cjeo27
Cjl190
CjI242
Ci03dtc
Cjo494
Cil472c
Cil630
CjI687
C0017c
C0015c
Ci0301c
CjOT00
CjGose
CjI202
CjI231
CjI253
Cjl470¢
Cj1320¢
Cio419
CO667
Cjo727
C0350c

JabH2

metE

gl

surE

emed
thiD
hzdM

chued

apt

cmel

tenB2

dsbl
dba

matF

rpsl
purdd

Conserved hyvpothetical protein

Putative 3-oxoacyl-[acyl-carrier-protein]
Putative peptide ABC-transport system
Helicase-like protein

Putative HAD-superfamily hydrolase
ATP-dependent DA helicase
5-Methvltetrahydropteroylinglutamate--
Conserved hvpothetical protein

Glutamate synthase (NADPH) small subumi
Multifunctional protein SwE homolog
Putative oxidoreductase

Hypothetical protein

Tryptophan synthase beta chan

Periplasmic fusion protein Cmed

Putative NLPA famuly lipoprotein
Phosphomethylpynimidine kinase

Putative type I restnchon enzyme M protem
Haemin uptake svstem outer membrane receptor
Adenme phosphonbesyltransferase

Putative iron/ascorbate-dependent
Hypotheteal protein

Inner membrane efflux transporter CmeB
Putative exporting protem

Putative membrane protein

Putative TonB transport protein

Putative efflux protein

Disulplude bond formation protein
Disulphide bond formation protein
Hypothetical protein

Conserved hvpothetical protein

Putative membrane protem
5.10-Methylenetetrahydrofolate reductase
Putative glutathione-regulated potassium-efflux
Putative 1somerase

305 nbosomal protein 59
Phosphonbesyvlformylglyveinamidine cyelo-ligase
Putative histidine triad (HIT) fanuly protem
Putative 54 domam protein

Putative periplasmic solute-binding protein
Hypothetical protein

31
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32

Cjo0g3 Hypothetical protein 23
Cil200 Putative NLPA famuly lipoprotein 23
Cjl1208 Putative N-acetyltransferase 23
Cjl388 Putative endoribomuclease L-PSP 23
Cildd0c rplM 505 rbosomal protein 113 23
Cjlese  pld Penplasmic protemn pl% 23
Cjl718¢ leuB 3-Isopropvlmalate dehvdrogenase 23
Cjol45 Putative TAT (Twin-Arginine Translocation) 22
Ci03d5e  emeC Outer membrane channel protein CmeC 22
Cjo415 Putative GMC oxidoreductase subumt 22
Citd33  thiC Thiamin biosynthesis protem 22
Cj0753¢  tonB3 TonB transport protein 22
Cjl383c Putative peptide ABC-transport system parmease 22
Cjl707¢  rplC 505 nbosomal protein L3 22
CilT08c rpsJ 308 nbosomal protein S10 22
Cil717e  leuC 3-Isopropvlmalate dehvdratase large subunit 22
Ci0aso Putative membrane protein. Functional 21
Cjod14 Putative oxidoreductase subumt 2.1
Ci0318  hepG Hzp%0 family heat shock protem 21
Cjo568 Hypotheteal protein 21
Cj07 30 Hypothetical protein 21
Cil070  rpsF 305 nbosomal protein 56 21
Cj1072  rpsR 308 nbosomal protein 518 21
Cjll8le sf Elongahon factor TS 21
Cilel7  chulD Putative haemin uptake system peniplasmic 21
Cjl704c  rplB 505 nbosomal protein L2 21
Cjl700e  rplD 505 nbosomal protein L4 21
Ciild6e oxB Thioredoxm reductase 2

Cj205 Putative acetvltransferase 2

Gil071  zsb Single-strand DNA binding protein 2

Cil220  greES 10 kDa chaperonin {cpnld) 2

Cjlass Putative won permease 2

Cil721e Putative outer membrane protein 2

Cjo3a0  glmM Phosphoglucosamine mutase -2
Cibdag Hypothetical protein -2
Cjo3el  Ipd Lipoprotein signal pephdase =21
Cj3a2 Putative mtegral membrans protein =21
Cjl220e Putative two-component sensor (histidine -2.1
Cjl1227c Putative two-component regulator -2l
Cjl2780¢ Putative fibronectn domain-containing =21
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Cylidde
Cill3le
Ci0440¢
Cj0308
Cj0307
Ci0030¢
Cil3a0
Cj1130¢
Cj0437
Cj0430
Ci00as
Cj0338
Cj00a7

JumC
Ene

pebd-chiZ

rell
sdhd
sdhC
dewd

aspA

Fumarate hydratase

UDP-GleNAc/Gle 4-epimerase

Putative transcriptional regulator

Major antigeme peptide PEB-cell binding factor
Fructose-bisphosphate aldolase

Putative Lipoprotem

Putative periplaszmic protein

Fhppase

Sueccinate dehydrogenase flavoprotein subunit
Putative succmate dehydrogenase subumi C
Anzerobic C4-dicarboxylate transporter
Putative eytochrome U351 peroxidase

Aspartate ammonia-lvase

33
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34

564  S4 Table. Influence of deactivation of AspR and frcd on Campyiobacter jejuni use of

565  different carbon sources (Biolog PM1 and PM2) and growth in presence of different

566  osmolytes and pH (Biolog PM% and PM10).

Growth on substrate relative to wild type CINCTC 11168

CINCTC 111168AkspR

CINCTC 111168Akred

Glycerol

Pyruvie acid

1% Nall

6.5% NaCl

6% Nall + creatinine

5% NaCl+ KCL

6% MaCl + glycerol

6% MaCl + octopine

4% Potassium chlonde
2% Sodinm sulphate

3% Sodium sulphate

1*2 Sodinm formate

4% Sodium formate

5% Sodinm formate

1%% Sodium lactate

9% Sodium lactate

100 mM Sedium phosphate pH 7
Glycolic acid
Glyeyl-L-proline
Tyramine

D-Lactic acid methyl ester
3-0-p-Galactopyvranosyl-D-arabinose
pHE

pH 9.5 + cadaverme

L i T e e e e e T T e e e I I e e e

D Tl T R e e e R e e N T T T R e e e e e I S e e e ]

L-Malhe acid
3-0-p-D-Galactopyranosyl-D-arabmose
L-arabinose

Sucemic acd
D-Galactose

L-Aspartic acid
L-Proline

D-Mannose

D-Serme

L-Fucose

D-Ghocorome acid
D-Xylose

Formic acid
L-Glutamie acid
D-Glucese-6-phosphate
D-Galactonie acid-y-lactone
D-Fobose

L-Fhamnose
D-Fructose

Acetic acid

D-Glucose
L-Asparagine
D-Glucosaminie acid
Twreen 40
o-Keto-glutanie acid
o-Keto-butyne acid
a-Methyl-D-galactoside
L-Glutamine
m-Tartane acid
D-Fructose-6-phosphate
Twreen 80

a-Hydroxy butyric acid
Ghyveyl-L-aspartic acid
Citnie acad
D-Threomne

Glycolie acid
Ghyoxylie Aecid
Glyeyl-L-aspartic amd
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Citrie acad

D-Threonine

Ghyeolic acid

Glyoxyhe acid
Glyeyl-L-glutamic acid
Tricarballylic acid

L-Senne

Acetoacetic acad

Monomethyl succinate
D-Psicose

L-Lyxose

Glucuronamide

D-Galacturonic acid

D-Lactic acid methyl ester
L-Pyroglutamic acid

6% MaCl+ MOPS

6% NaCl +EC1

6% MaCl + N-acetyl L-zlutamine
3% Sodium sulphate

4% Sodium sulphate

10% Ethylene glyeol

15% Ethylene glveol

3% Sodium formate

2% Urea

3% Urea

5% Urea

6% Urea

7% Urea

8% Sodium lactate

100 mM Sedium phosphate pH 7
200 mM Sodium benzoate pH 5.2
10 mM Armmonium sulphate pH 8
20 mM Armmonium sulphate pH 8
50 mM Armonium sulphate pH 8
10 mM Sodinm mitrate

20 mM Sodinm mirate

40 mM Sodinm mitrate

60 mM Sodinm mitrate

20 mM Sodinm mirate

100 mM Sodium nitrate

pH 9.5 + L-Glutamine

pH 9.5 + L-Tvrosine

pH 9.5 + L-Norvaline
¥-g-D-Ghuceside
H-B-D-Glucoside
M-o-D-Galactonde
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36

567 1. increased growth of nmtant relative to wild-type C. jgiami NCTC 11168;
568 |, decreased growth of mutant relative to wild type C. jefuni NCTC 11168;
569  Cut-off for significant change in growth: =1 5-fold difference between wild-type and mmtant

570  for p <0.05; only statistically significant changes are included.
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2.2 UNPUBLISHED WORK

2.2.1 Modelling the prevalence of foodborne pathogens in EU countries

2.2.1.1 Introduction

As the prevalence of foodborne diseases is thought to be significantly underestimated, there
is a need to evaluate the effectiveness of the reporting process in order to appreciate the real
burden of disease. The prevalence of infectious intestinal disease is underestimated due to
underreporting and underdiagnoses associated with passive surveillance, incorrect diagnosis
and inefficient communication, as well as with the large number of cases with mild
symptoms that do not seek medical help.

Some (longitudinal) studies have attempted to reconstruct the surveillance pyramid for
foodborne diseases by evaluating a few wvital fractions (rates), which quantify the
underdiagnoses and underreporting of the diseases. These fractions include the probability
for a patient to visit a GP, the probability for a GP to submit a stool, the probability for a
positive result and the probability for a positive result to be reported etc. The probability for
diarrhoea case to seek medical help and for a GP to submit the patient’s stool sample for
microbiological analysis are the most important components contributing to the overall
notification fraction according to the data from previous studies (Haagsma et al., 2012;
Scallan et al., 2011; Hall et al., 2008; Scallan et al., 2006; Michel et al., 2000). Patients
seeking medical help, as well as GP decision making, is influenced by the severity of
symptoms and, in particular the appearance of bloody diarrhoea. Rates from cases with
bloody diarrhoea or otherwise are often analysed separately (Haagsma et al., 2012; Scallan
et al,, 2011; Scallan et al., 2006). Although some studies report similar proportions of
diarrhoea cases seeking medical attention despite the differences in structure and access to
health care system, e.g. in Australia, Canada, Ireland and United States (Scallan et al.,
2005), others reveal significant differences in medical help seeking behaviour among
countries within EU (Haagsma et al., 2012).

2.2.1.2 Modelling the prevalence for foodborne pathogens

Prevalence is normative, characterizing the rate of cases in a population at a specific time
and it is therefore easy to visualize and to compare different values. Prevalence in a
population can be estimated from finite samples. Reported cases of food borne illness occur
according to a binomial process with prevalence taking to role of the binomial probability it
is therefore convenient to represent uncertainty in prevalence by beta distribution. Because
of the systematic relationship between the binomial process and a beta distribution
(conjugacy) existing belief about the prevalence can be systematically updated given data
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from successive finite samples. Bayes’ theorem can be used to express how to change a
prior belief by taking evidence into account. Parameters affecting the prevalence for
reporting of food borne illness by general practitioners (GPs) can be visualized by
construction of a graphical representation. Since different parameters affecting the process
of reporting are involved in cases of hospitalization, these have to be acknowledged with a
separate branch in the graphical model. Because of the differences in symptoms and severity
of the disease caused by different pathogens, as well as the differences in medical and
reporting practice among European Union Member States (EU MSs), some of the
parameters are dependent of the country and others of the pathogen.

2.2.1.3 The MedVetNet model

Haagsma et al. (2012) have built a probabilistic model for prediction of the reporting of
prevalence for seven foodborne pathogens in seven EU MSs, including Denmark, Germany,
Italy, Netherlands, Poland, Sweden, and United Kingdom. They included Campylobacter
spp., Salmonella spp., Yersinia enterocolitica, Shigella spp., Shiga-toxin producing
Escherichia coli O157(STEC), enteropathogenic Escherichia coli (EPEC), and
Cryptosporidium spp. in their model. The Haagsma model acknowledges that general
practitioner (GP) cases occur in a separate branch from hospitalized cases and consists of a
series of country-specific and pathogen-specific parameters. The model also distinguishes
the cases involving bloody diarrhoea from those with non-bloody diarrhea and addresses
them independent of one another. The country-specific parameters used in the model were
obtained from a variety of sources including expert opinions and harmonized longitudinal
surveys of acute gastroenteritis incidence in the community.

The MedVetNet model concerns the probability for reporting of a case of gastroenteritis.
The total probability is constructed from the probability for general practitioner cases (Pgp)
and the probability for hospitalized cases (Py). Each probability is the product of several
parameters

Pop=a*(1-py) c*fjh=a*(l —pn ..(1)
Py=a*pyegji=a* pyo ...(2)
a*=ka+(1-k)b ...(3)

¢ =kc+(1-kd (4

Where o is the probability for a gastroenteritis case to consult a general practitioner and ¢
and e are probabilities for a stool sample to be submitted for the laboratory analysis, j is the
sensitivity of laboratory analysis and i and 4 the probabilities for a positive result to get in
the records.
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The probability that a practitioner refers a case for hospitalization, py, can be related to the
fraction of reports that are associated with a hospital setting (fy) according to

Ju =opu/ (n(l-py) + o pn)) (5

Then the total probability for a case to become a report is

Pror=1/M = (a"on) / (nfir + o(l — fi)) ...(6)

As we can observe from the above described dependency, the multiplier M depends on the
fractional, rather than absolute rate of hospital cases.

Dependencies between the important parameters are summarized by the arrows in Figure 1,
where country-specific parameters are marked by green colour and pathogen-specific
parameters by pink colour. Each arrow in the model means one variable depends on its
parents. The model builds up from the number of cases within a population to the number of
cases that are included in the records — and hence gives the representation for the multiplier.

Figure 1: Probabilistic graphical model for reporting foodborne disease prevalence
Slika 1: Verjetnostni grafi¢éni model za poroCanje prevalence bolezni, povezanih s hrano

We start from a total number of GP cases in the population Npop and partition by taking into
account the parameter &, which stands for the fraction of cases with bloody diarrhoea. In this
case the dependency is multiplication. After this step, the model splits in two branches; one
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describing the behaviour related to bloody diarrhoea cases on the left (Npop B) and the one
describing the non-bloody cases (Npop O) on the right side of the graphical model. The
next step adds in the parameters describing the probability for a diarrhoea case to visit a
general practitioner, which is labelled as a in case of bloody diarrhoea and as b in case of the
non-bloody diarrhoea. Following step is multiplication by parameters ¢ or d, which stands
for probability of submitting a stool sample for analysis for a patient with bloody or non-
bloody diarrhoea, respectively. At this point a new, separate branch acknowledging the
hospital flow, which starts with the population NH, is introduced. The equivalent parameter
for probability of stool submission is introduced to the model as parameter e for the
hospitalized patients. After this point the two branches of GP cases reconnect (add) and the
resulting distribution is multiplied by parameter f, which represents the probability of
analysing for a particular pathogen. The equivalent parameter introduced to the hospital
branch of the model is labelled as g. The next parameter, j, describes the sensitivity of
laboratory analysis for each individual pathogen and is common to both branches of the
model. The terminal parameters 4 and i describe the probability for reporting the positive
laboratory result to the authorities in case of GP consultation or hospitalization, respectively.
The final distributions Npop R and NH R combine to give the total number of reports and
therefore describe the number of cases of foodborne disease that get in the official records.
In turn Npop and NH combined with the total number of reports can be transformed into a
multiplier (M) that quantifies the efficiency of the reporting process. The multiplier can be
used to calculate the prevalence of a particular disease (associated with a particular pathogen
in a MS) based on the number of official reports. In the MedVetNet model each of 37
different scenarios is quantified.

2.2.1.4 The parameter uncertainty

In order to evaluate the uncertainty associated with the multiplier each parameter of the
model includes its own uncertainty (as a distribution) and the multiplications are carried out
throughout the model by using parameter probability density functions, rather than point
values. In that way it is possible to follow the contribution of uncertainty for each new
parameter introduced to the model. The probability density distributions are informative of
any unusual situations occurring in the model, which could not be observed from a simple
median value of parameters.

We have evaluated the role of parameter uncertainty by comparing the multiplier values
(Mueq) that are obtained as point values with information on parameter location alone, and
the median of the multiplier distributions (%50(M)c)) when associated uncertainty is
included by using Monte Carlo simulations (Table 1).

As observed from the ratio between %50(Myc) and My.q, the values obtained from median
parameter values turn out to be very good approximations of multipliers in most cases.
When the parameter uncertainty increases, the median value is no longer useful, as observed
in the case of STEC. The difference between the multiplier distribution and the multiplier
median value in this case is substantially different, which indicates an anomalous situation.
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Table 1: Median multiplier values for prevalence of foodborne disease established from Monte Carlo
simulations and point values obtained from median values of parameters

Preglednica 1: Mediane mnoziteljev prevalence patogenov povezanih s hrano, pridobljene z Monte Carlo
simulacijami in to¢kovne vrednosti median posameznih parametrov

Median Multiplier %50(Myc) Myteq M/ %650(Myic)
UK  Campylobacter 32.15 52.37 1.00
UK  Salmonella 39.71 38.67 0.97
UK  Yersinia 2185.99 2279.13 1.04
UK  Shigella 61.04 59.75 0.98
UK  STEC 1602.41 1504.42 0.94
UK  Cryptosporidium 92.91 94.68 1.02
NL Campylobacter 49 41 49.08 0.99
NL  Salmonella 19.80 18.69 0.94
NL Yersinia 45.74 43.59 0.95
NL  Shigella 52.33 49.96 0.95
NL  STEC 88.97 68.86 0.77
NL  Cryptosporidium 2085.10 2078.35 1.00
DE Campylobacter 9.29 9.32 1.00
DE  Salmonella 6.69 6.52 0.97
DE Yersinia 13.03 12.57 0.97
DE  Shigella 10.56 10.42 0.99
DE STEC 23.02 19.33 0.84
DE EPEC 34.09 31.06 0.91
DE  Cryptosporidium 101.43 92.49 0.91
DK Campylobacter 29.36 29.23 1.00
DK Salmonella 16.63 14.77 0.89
DK Yersinia 20.12 19.48 0.97
DK  Shigella 29.63 27.90 0.94
DK STEC 32.75 23.40 0.71
DK  EPEC 102.71 87.17 0.85
IT Campylobacter 90.66 86.49 0.95
IT Salmonella 16.73 14.66 0.88
PL Campylobacter 29591 247.09 0.84
PL Salmonella 35.01 32.52 0.93
PL Yersinia 227.78 199.87 0.88
PL Shigella 58.03 53.05 0.91
SE Campylobacter 17.14 16.33 0.95
SE Salmonella 10.08 8.96 0.89
SE Yersinia 13.66 12.40 0.91
SE Shigella 18.06 16.08 0.89
SE STEC 13.35 9.85 0.74

%50(Myc) median multiplier values established from Monte Carlo simulations, M., multiplier values
established from median values of model parameters, Mj./%50(Mc) the ratio of multiplier values established
from median values and Monte Carlo simulations
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The analysis of the data shows that the differences arise from a considerably higher
proportion of bloody diarrhea within the population (k) for STEC, in comparison to other
pathogens. Consequently the importance of parameters a and c is increased. Since those are
associated with notably higher uncertainty than parameters » and d, the median value no
longer serves as a good approximation for the multiplier. An example of a well-defined
distribution of the multiplier for Campylobacter in UK and a highly uncertain distribution
for the multiplier for STEC in UK is presented in Figure 2.
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Figure 2: The distribution of prevalence multipliers for Campylobacter and STEC in UK
Slika 2: Porazdelitev mnoziteljev prevalence za Campylobacter in STEC v Velki Britaniji

2.2.1.5 Sensitivity of the model

In order to evaluate the robustness of the model, it is important to identify the parameters
that have the greatest impact on the model output by performing a sensitivity analysis. Since
testing the sensitivity of the parameter distributions is highly complex, we have simplified
the approach by using the model that is based on median values. When operating with
numbers, such as median values, the sensitivity of multiplier (M) is a derivative dM/dp with
respect to parameter value (p), for each individual parameter. A large derivative indicates
strong sensitivity of a model with respect to the tested parameter, meaning that a minor
change in the parameter value will substantially increase the multiplier. When the derivative
is negative, the model output will decline when parameter value is increased.

For easier comparison of the parameter sensitivity values, we have analysed the fractional
rather than absolute increase in multiplier values by using (//M) dM/dp. Furthermore, in
order to easily compare all the parameters on a single scale, we have followed the variation
of fractional changes in M with fractional changes of each individual parameter (p/M)
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dM/dp, which are presented in Table 2. When normalized sensitivity of the parameter is -1 a
10% increase in the parameter value will result in 10% decrease in the multiplier value etc.
Similarly, the sensitivity value -0.5 means that the 10% increase in the parameter value will
result in a 5% decline of the multiplier value.

Table 2: Normalized sensitivity values (/M) p dM/dp for parameters p = a — k of the prevalence model
Preglednica 2: Normalizirane vrednosti obcutljivosti (/M) p dM/dp za parameter p = a — k modela prevalence

a b c d e f g h i j k
UK CAMP -022 -0.78 -0.24 -0.74 -0.03 -0.97 -0.03 -0.97 -0.03 -1.00 -0.15
UK SALM -045 -0.55 -047 -0.51 -0.02 -098 -0.02 -0.98 -0.02 -1.00 -0.30
UK YERS -040 -0.60 -0.44 -0.56 0.00 -1.00 0.00 -1.00 0.00 -1.00 -0.27
UK SHIG -0.31 -0.69 -034 -0.65 -0.01 -099 -0.01 -099 -0.01 -1.00 -0.21
UK STEC -0.89 -0.11 -0.63 -0.07 -0.30 -0.70 -0.30 -0.70 -0.30 -1.00 -0.47
UK CRYP -0.01 -099 -0.01 -0.99 0.00 -1.00 0.00 -1.00 0.00 -1.00 -0.01
NL CAMP -044 -0.56 -0.60 -0.36 -0.05 -0.95 -0.05 -0.95 -0.05 -1.00 -0.85
NL SALM -0.69 -031 -0.74 -0.15 -0.11 -0.89 -0.11 -0.89 -0.11 -1.00 ~-1.17
NL YERS -0.66 -034 -0.79 -0.20 -0.01 -0.99 -0.01 -0.99 -0.01 -1.00 -1.18
NL SHIG -0.56 -0.44 -0.72 -0.26 -0.02 -098 -0.02 -098 -0.02 -1.00 -1.05
NL STEC -096 -0.04 -096 -0.02 -0.02 -098 -0.02 -0.98 -0.02 -1.00 -1.56
NL CRYP -0.02 -098 -0.05 -0.95 0.00 -1.00 0.00 -1.00 0.00 -1.00 -0.06
DE CAMP -024 -0.76 -0.22 -0.72 -0.06 -0.94 -0.06 -0.94 -0.06 -1.00 -0.15
DE SALM -047 -053 -041 -047 -0.12 -0.88 -0.12 -0.88 -0.12 -1.00 -0.29
DE YERS -042 -058 -0.38 -0.53 -0.09 -091 -0.09 -091 -0.09 -1.00 -0.26
DE SHIG -0.33 -0.67 -031 -0.62 -0.07 -093 -0.07 -093 -0.07 -1.00 -0.21
DE STEC -0.89 -0.11 -0.74 -0.09 -0.17 -0.83 -0.17 -0.83 -0.17 -1.00 -0.53
DE EPEC -033 -0.67 -0.30 -0.61 -0.09 -0.91 -0.09 -091 -0.09 -1.00 -0.21
DE CRYP -0.01 -099 -0.01 -0.96 -0.04 -0.96 -0.04 -0.96 -0.04 -1.00 -0.01
DK CAMP -049 -0.51 -024 -0.73 -0.03 -0.97 -0.03 -0.97 -0.03 -1.00 -0.48
DK SALM -0.73 -027 -046 -049 -0.05 -0.95 -0.05 -0.95 -0.05 -1.00 -0.75
DK YERS -0.70 -030 -043 -0.54 -0.02 -0.98 -0.02 -0.98 -0.02 -1.00 -0.71
DK SHIG -0.61 -0.39 -034 -0.63 -0.03 -097 -0.03 -097 -0.03 -1.00 -0.61
DK STEC -096 -0.04 -0.88 -0.10 -0.02 -0.98 -0.02 -0.98 -0.02 -1.00 -1.09
DK EPEC -0.61 -039 -0.34 -0.63 -0.02 -0.98 -0.02 -0.98 -0.02 -1.00 -0.61
IT CAMP -022 -0.78 -0.90 -0.09 -0.02 -0.98 -0.02 -0.98 -0.02 -1.00 -0.94
IT SALM -045 -055 -0.84 -0.03 -0.13 -0.87 -0.13 -0.87 -0.13 -1.00 -0.95
PL CAMP -032 -0.68 -0.02 -0.88 -0.09 -091 -0.09 -091 -0.09 -1.00 -0.02
PL SALM -057 -043 -0.06 -0.77 -0.17 -0.83 -0.17 -0.83 -0.17 -1.00 0.08
PL YERS -0.53 -047 -0.06 -0.87 -0.08 -0.92 -0.08 -0.92 -0.08 -1.00 0.08
PL SHIG -043 -0.57 -0.04 -082 -0.15 -085 -0.15 -0.85 -0.15 -1.00 0.00
PL STEC -093 -0.07 0.00 0.00 -1.00 0.00 -1.00 0.00 -1.00 -1.00 -0.52
PL EPEC -043 -0.57 -0.03 -0.72 -0.25 -0.75 -0.25 -0.75 -0.25 -1.00 -0.03
SE CAMP -0.61 -0.39 -0.14 -0.81 -0.05 -095 -0.05 -095 -0.05 -1.00 -0.50
SE SALM -0.82 -0.18 -030 -0.64 -0.06 -094 -0.06 -094 -0.06 -1.00 -0.64
SE YERS -0.79 -0.21 -0.27 -0.68 -0.05 -095 -0.05 -095 -0.05 -1.00 -0.62
SE SHIG -0.72  -0.28 -0.20 -0.75 -0.04 -096 -0.04 -096 -0.04 -1.00 -0.58
SE STEC -098 -0.02 -0.63 -0.14 -023 -0.77 -023 -0.77 -0.23 -1.00 -0.70

UK United Kindgdom, NL Netherlands, DE Germany, DK Denmark, IT Italy, PL Poland, SE Sweden, NR
number of reported cases, NH number of hospitalized cases
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As observed from the values from Table 2, the most sensitive parameter is the one for the
laboratory analysis for each individual pathogen (j), followed by f and 4 - the probabilities
for analysing a pathogen and reporting the positive result, respectively. The model is also
highly sensitive for changes in probability for a non-bloody case of diarrhoea to visit a GP
(b) and probability for submitting a stool sample for analysis for a patient with non-bloody
diarrhoea (d). Table 2 also shows that, for STEC, the parameters a and c, are sources of
sensitivity corresponding with the higher rate for bloody diarrhoea (see above). Table 2 also
indicates some national differences; for Germany and the UK the multiplier is significantly
more sensitive to parameters b and d (corresponding with non-bloody diarrhoea) but for The
Netherlands, Denmark and Sweden the results are equally sensitive to parameters a and c.

2.2.1.6 Additional models for country-specific parameters

The data needed to define the key parameters contributing to the estimation of the real
prevalence (i.e. a community case rate) is usually collected in the healthcare system by
evaluating special cohort studies, such as the longitudinal study of infectious intestinal
disease in the UK (Wheeler et al., 1999; Tam et al., 2011) or Sensor in Netherlands (Wit et
al., 2001). The cohort studies as these are broad undertakings over a long period of time that
result in large quantities of collected data, however they are laborious and expensive and
only wealthy countries can afford to carry out studies with this type of design. For this
reason the data needed for modelling the community prevalence of foodborne pathogens in
less wealthy European Union Member States (EU MSs) is sparse to non-existing.

In order to implement the Haagsma model in other EU MSs, we have searched for the
required data without success (by direct approach to food safety authorities in some cases).
Since the data is not available, we have explored the possibility to use the published data
from countries within the MedVetNet model to predict the country-specific model
parameters for EU MSs which cannot afford comparable studies. In practice we aimed to
predict the reporting efficiency, and hence the community prevalence, for Campylobacter
spp. in Slovenia. To do this, we modelled the crucial country-specific parameters a, b, ¢, d
and e using linear regression based on the existing data for seven foodborne pathogens in
seven EU countries. Only common statistical data freely available for EU countries through
Eurostat (Table 3) was used to construct a model for the parameter uncertainty distributions.

The model parameter for the probability of a case of bloody diarrhea to visit a GP (a) was
fitted to data on average traveling distance to a GP and the number of GPs per 100,000
people in the country. The medical help seeking behavior in case of experiencing a severe
form of gastroenteritis with blood in the stool was associated with the availability of the
medical help, which is related to the number of general practitioners per member of the
population and to the accessibility of the healthcare.

Probability for a non-bloody case to visit a GP (b) was modelled using the data on total
population in the country and the fraction of middle aged people (age 25 to 64), which was
believed to influence the medical seeking behaviour in case of gastroenteritis of low
severity.
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Table 3: Statistical data extracted from Eurostat (2014) that was used for linear regression fitting of the
additional models for prediction of prevalence of foodborne diseases

Preglednica 3: Statisti¢ni podatki, izvleceni iz Eurostata (2014) in uporabljeni za prileganje dodatnih modelov
za napoved prevalence bolezni, povezanih s hrano z linearno regresijo

D/GP  GPs  Pop  fMA (%) GNIpC *RL {Sl;: PuF (%) CT:E; PrF (%)

PL 42 462 38564000 586 20450 16 286 716 1423 284
SE 86 631 9591000 512 42350 21 356 78 3870 22

DK 112 609 5612000 522 42330 14 35 843 4564 157
UK 22 799 64231000 528 36970 8 342 969 3322 3.1

IT 23 951 59626000 557 32350 20 343 570 3130 429
NL 14 125 16798000 541 43770 30 338 707 5122 293
DE 17 1554 82141000 552 40170 16 339 775 4371 225
SI 44 51 2062000 589 26040 9 305 808 2551 19

PL Poland, SE Sweden, DK Denmark, UK United Kingdom, IT Italy, NL Netherlands, DE Germany, D/GP
distance to GP, GPs number of GPs/100,000, Pop population, fMA fraction of middle aged people, GNI pC
Gross national income per capita, RL number of regional laboratories, fCE fraction of children and elderly,
PuF public funding of healthcare system, THE/capita total health expenditure per capita, PrF private funding of
healthcare system. *Data obtained from the national public health institutes web pages.

The parameter ¢, which describes the probability for a stool sample, from a case with bloody
diarrhoea, to be submitted for laboratory analysis by a GP, was modelled using data on
gross national income (GNI) per capita and the number of regional labs. The wealth of the
country was believed to affect a GP's decision making when considering sending the bloody
stool sample for analysis. The availability and geographical remoteness and capacities of
public health laboratories were also believed to play an important role in assessing the value
of this parameter.

The probability for a GP to submit a sample, from a non-bloody case, for laboratory
analysis (d) was modelled based on the data for the fraction of children (0-14 year old) and
elderly (>65 year old), which represent the most vulnerable groups, and the share of public
funding of the healthcare system.

The probability for a stool sample of a hospitalized patient being submitted (e) was
modelled using data on total health expenditure per capita and on the share of private
funding in the healthcare system. Most of the evidence indicates that the value of the
multiplier is quite insensitive to the cases that are treated in hospital (see the final column in
table 2).

The parameters were modelled using the following expression:

z=(ax/0x) + (By0y) - (a<x>/dx) + (<y>/0y)) +y (7



Kova¢ J. Antimicrobial and modulatory activity of selected phytochemicals ... antibiotic resistance in Campylobacter jejuni.
Doctoral dissertation. Ljubljana, University of Ljubljana, Biotechnical Faculty, 2015 88

where z is the median value of the parameter being estimated, x and y are the variables listed
in the Table 2, and o, £ and y are fitting coefficients established by least squares fitting to the
existing data from seven EU MSs published by Haagsma et al., 2012 (Table 3). The fitting
procedure was completed using the SOLVER add in for Microsoft Excel. Model fits are
presented in Figure 3a-e.
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Figure 3: Additional models for parameters a (probability for a case of bloody diarrhoea to visit general
practitioner), b (probability for a case of non-bloody diarrhoea to visit general practitioner), ¢ (probability for
submitting a stool for a case of bloody diarrhoea), d (probability for submitting a stool for a case of non-bloody
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diarrhoea) and e (probability for submitting a stool for hospitalized case). The probabilities from Haagsma
model were fitted to common population and healthcare statistic data using linear regression. The error bars
indicate the maximal uncertainty associated with the Haagsma model values.

Slika 3: Dodatni modeli parametrov a (verjetnost obiska zdravnika v primeru krvave diareje), b (verjetnost
obiska zdravnika v primeru nekrvave diareje), ¢ (verjetnost odvzema vzorca v primeru krvave diareje), d
(verjetnost odvzema vzorca v primeru nekrvave diareje) in e (verjetnost odvzema vzorca pri hospitaliziranem
primeru). Verjetnosti iz modela Haagsma so bile prilegane na splosno dostopne prebivalstvene in javno-
zdravstvene podatke z uporabo linearne regresije. Napaka prikazuje maksimalno negotovost povezano z
vrednostmi v modelu Haagsma.

The values in the chart represent the each individual parameter’s values for seven EU
countries — Poland, Sweden, Denmark, United Kingdom, Italy, Netherlands, and Germany -
presented as numbers 1-7 on the x axis, respectively. The lines connecting the values serve
only for visualization.

Based on the median values of parameters a — e obtained using the above described
additional models (built from data for 7 EU MSs), we have calculated the beta distribution
parameters «; and a, for each of the additional models that correspond with Slovenia in
order to attribute the associated uncertainty using Monte Carlo simulations. For each model
parameter the beta distribution exponents were calculated according to the following
equations

ar=w'/&) (- -+-(8)
a2 = (o1 (1) / wor (u (1- 1)/ & -+-(9)

where a; and a; are parameters defining the beta distribution, p is median and ¢ is standard
deviation (Table 3). The standard deviations used in the calculations were maximal standard
deviations for each of the parameters from the Haagsma study.

Table 4: Parameters of additional models for prediction of prevalence of foodborne diseases
Preglednica 4: Parametri dodatnih modelov za napoved realne prevalence bolezni povezanih s hrano

a b c d e
o 0.2602 0.0532 0.0573 0.0836 0.5842
B 0.1688 0.0468 0.1504 0.0546 0.1485
Y 0.4843 0.2043 0.4329 0.1886 0.7457
M 0.3038 0.2248 0.1458 0.1047 0.5842
al 2.86 13.54 1.07 2 8.4
02 6.54 150.11 6.29 17.13 5.98

a, B, yare fitting coefficients , a — e are parameters of the prevalence model, M is median value (for Slovenia),
oy and o, are parameters defining beta distributions of additional models (for Slovenia)
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Monte Carlo simulations of modelled parameters were used to estimate beliefs about
prevalence of Campylobacter in Slovenia, but these could be obtained for prediction of any
of the seven foodborne pathogens in any of the EU MSs.
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4: The probability distribution of prevalence multiplier for Campylobacter spp. cases in Slovenia.
Slika 4: Verjetnostna porazdelitev mnoziteljev prevalence za primere Campylobacter spp. v Sloveniji.

The obtained median multiplier for Campylobacter GP cases in Slovenia when
acknowledging modelled parameters a — e was 181.3. As observed from the figures 4, there
is a high uncertainty attached to the estimation.

A more complete analysis might use models fitted to only part of the MedVetNet data and
use the remainder as a validation but it is clear from this analysis that there may be
opportunities to establish beliefs, concerning community prevalence of infectious intestinal
disease, without performing expensive community wide studies.
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2.2.2 Clonal expansion of quinolone resistance among clinical Campylobacter isolates
from Oxfordshire, United Kingdom

2.2.2.1 Introduction

Campylobacter spp. as the most prevalent bacterial cause of foodborne gastroenteritis
represents a serious public health burden in UK, as well as in other EU countries, with C.
Jjejuni being responsible for a vast majority of the cases (EFSA, 2014a). The disease itself is
usually self-limiting, but the need for antibiotic treatment arises in more severe cases.
Currently, macrolide and quinolone antibiotics are recognized as the drugs of choice for
clinical treatment of campylobacteriosis. While the resistance to macrolides is successfully
controlled, the prevalence of quinolone resistance was reported to rapidly increase over the
last decade (Cody et al., 2010b; EFSA, 2014b). Although the use of quinolones as growth
promoters of food production animals in EU was banned in 2006, they are still allowed to be
used as therapeutics in poultry, which is recognized as the main source of human
Campylobacter infections (Wilson et al., 2008; Mullner et al.., 2009; Sheppard et al., 2009;
WHO, 2011). Since the quinolone resistant C. jejuni mutants have better colonization fitness
in chicken host, compared to the quinolone susceptible strains (Luo et al., 2005), the
inappropriate use of quinolones in veterinary medicine can result in rapid selection of
resistant isolates in animal reservoir (van Boven et al., 2003). The introduction of quinolone
antibiotic to the farm environment would expect to substantially decrease the genetic
variability of Campylobacter population within the farm by selecting for only the handful of
the fittest resistant genotypes. Transmission of those from animals to humans through the
food production chain is thereafter essentially unavoidable and leads to decreased efficacy
of quinolones in human clinical treatment.

There are several different mechanisms contributing to the quinolone resistant phenotype in
Campylobacter. The most widely recognized is the mutation Thr86lle in the quinolone
resistance determining region (QRDR) of the DNA gyrase subunit A gene (gyrA), although
several other resistance-conferring mutations on positions 70, 85, 86, and 104 within this
region have been reported to date (Wieczorek and Osek, 2013). The mutations in the gyr4
gene were observed to occur at frequency as high as 10, however the rate was shown to
reach 100-fold reduction in mutants lacking the mfd gene (Han et al., 2008). Apart from
point mutations, resistance is conferred also through antibiotic efflux provided by the
activity of Campylobacter principal efflux pump CmeABC (Jeon and Zhang, 2009).

Recently, several reports have demonstrated the -clustering of quinolone resistant
Campylobacter isolates within certain lineages (Kittl et al., 2013; Wimalarathna in sod.,
2013), indicating the local clonal expansion of quinolone resistant isolates based on the
MLST typing. Moreover, the genetic relatedness of QRDR among those clustering within
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the specific clonal complex provided further evidence for clonal nature of the quinolone
resistance spreading (Kovac et al., 2014). The sequencing of QRDR region was found to be
also a useful genotyping approach informative of the isolate’s ecological niche. When used
together with MLST, it increased the discriminatory power and improved the source
attribution (Ragimbeau et al., 2014).

In present study we exploited the existing whole-genome sequence data of 1727
Campylobacter spp. isolated from humans in Oxfordshire, UK from June 2011 to June 2013
to characterize the quinolone resistance spreading using the typing and phylogenetic data.
We have investigated the prevalence of genotypic quinolone resistance, as determined based
on the presence of previously reported resistance conferring mutations within the QRDR
region. The inferred genotypic resistance information was used to assign the resistance
phenotype to gyrA alleles deposited in the PubMLST database and thereby predict the
quinolone resistance phenotype of investigated isolates. The comparative analyses based on
the variability within the gyrA4, mfd and cmeB genes were carried out and clonal expansion
of resistant genotypes was investigated by analysing the clustering of gyr4 types among the
established core genome phylogenies within the individually analysed groups of isolates.

2.2.2.2 Materials and methods
Isolates and whole genome sequence data

The publicly available whole-genome sequence data for Campylobacter jejuni and
Campylobacter coli strains isolated from human stool samples submitted to the
microbiology laboratory of John Radcliffe Hospital in Oxford between June 2011 and June
2013 were included in the study. The data was produced by the research groups from
Department of Zoology from University of Oxford (Maiden group) and John Radcliffe
Hospital, and was deposited to the online database PubMLST
(http://pubmlst.org/campylobacter; Jolley and Maiden, 2010).

Variability of gyrA gene and genotypic quinolone resistance

The variability of gyrase subunit A gene (gyrd) among the investigated isolates was
evaluated by extracting the arbitrary integer identifier of CAMP0950 (gyrd) locus
automatically assigned to each isolate deposited in the PubMLST database. To the date of
analysis (2nd October 2014), there were 554 unique gyrA allele variants defined in the
Campylobacter locus/sequence definition database pubMLST (Jolley and Maiden, 2010).

Literature search was carried out to identify 9 mutations on 5 positions (A70T, D85Y, T86I,
T86K, T86A, T86V, DION, DI0Y and P104S) in quinolone resistance determining region
of the gyr4 gene, which were previously associated with phenotypic resistance to quinolone
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antibiotics (Wieczorek and Osek, 2013). Resistant or susceptible phenotypes were assigned
to the 554 unique gyr4 allele types defined in Campylobacter locus/sequence definition
database based on the presence of any single or a combination of listed mutations within the
QRDR. The defined resistant gyr4 genotypes were used to predict the phenotypic resistance
of the investigated isolates.

Comparative analysis of quinolone resistance associations

The distribution of resistant and susceptible gyr4 alleles among investigated group of
isolates was analysed, and the associations of specific mfd and cmeB alleles with genotypic
resistance was explored. Furthermore, the association of quinolone resistance with specific
clonal complexes (CCs) and sequence types (STs) within the highly resistant clonal
complexes were evaluated.

Genome Comparator analyses

In order to investigate the clonal expansion of the quinolone resistance among isolates from
highly resistant clonal complexes, we have inferred their phylogenetic relationships based
on the core genome using the Genome Comparator module of the BIGSdb (Jolley and
Maiden, 2010). The pairwise allelic differences were computed for a core genome defined as
all the shared loci within the analysed group of isolates. The established distance matrices
were visualized in SplitsTree version 4.12.8 (Huson and Bryant, 2006) by employing the
Neighbor-net algorithm (Bryant in Moulton, 2004), which accounts for the recombination
and horizontal gene transfer and does not assume the tree-like hierarchy. This makes it more
appropriate for visualisation of frequently ambiguous phylogenetic relationships among
highly recombinant species.

The gyrA alleles were mapped over the phylogenetic trees comprising the isolates from each
individual analysed clonal complex, in order to identify the clustering of specific resistance-
associated gyrA alleles indicative of clonal expansion of the resistance.

Statistical analyses

Association of quinolone resistance with specific MLST clonal complexes and sequence
types, as well as with gyrd, mfd, and cmeB allele types was evaluated using Pearson’s chi-
square or Fischer’s exact, when appropriate, in StatalC 10 (StataCorpLP, Texas). The cut-
off for statistical significance was set at p<0.5.

2.2.2.3 Results and Discussion

Isolates
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In total 1727 Campylobacter jejuni and Campylobacter coli strains isolated from human
stool samples submitted to the microbiology laboratory of John Radcliffe Hospital in Oxford
between June 2011 and June 2013 were included in the study. The Oxfordshire area
comprises the population of approximately 630,000 and is a representative sample (1%) for
the entire United Kingdom.

The 880 of strains were isolated in year 1 (June 2011 to June 2012) and 847 in year 2 (June
2012 to June 2013). The whole genome sequencing was performed and resistance to
ciprofloxacin determined for each of the isolates. Ten isolates from year 1 and 6 isolates
from year 2 were excluded from the analysis due to the incomplete data (missing MLST ST,
MLST ST and/or any of the investigated alleles), resulting in a final set of 1711 isolates
being analysed.

Variability of gyr4 and genotypic quinolone resistance

In total 328 unique gyrA variants were identified in 1711 isolates included in the analysis,
176 in year 1 and 152 in year 2, indicating a slightly higher diversity among isolates from
year 1.

Genotypic quinolone resistance was determined based on the presence of any single or a
combination of different quinolone resistance determining mutations within the QRDR, as
identified in the literature search. The mutation T861 was identified as the principal mutation
responsible for high levels or quinolone resistance, while eight other mutations (A70T,
D85Y, R86K, T86A, T86V, DION, DI90Y and P104S) were previously reported to be
associated with quinolone resistance, as well. In this study we have identified another
mutation, P104T, which was previously not reported elsewhere. This particular mutation
was found in two isolates of C. jejuni with MLST sequence type 50, and in both cases co-
existed with the predominant resistance conferring mutation T86I, which disabled us to
evaluate its sole contribution to the resistant phenotype.
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Figure 5: The gyrA4 allele distribution among Campylobacter jejuni and Campylobacter coli human isolates
from John Radcliffe Hospital catchment area, Oxfordshire, Oxford, between June 2011 and June 2013.

Slika 5: Porazdelitev alelov gyr4 med humanimi izolati Campylobacter jejuni in Campylobacter coli iz
bolnisnice John Radcliff v Oxfordshiru v Oxfordu med junijem 2011 in junijem 2013.

First and second column of each allele represents the number of isolates carrying this allele
in year 1 and 2, respectively. Grey columns represent quinolone susceptible genotypes,
black columns quinolone resistant genotypes. Only the gyrd alleles with 10 or more
representative isolates per year are presented.

In order to assign the resistant genotype to the analysed isolates, we first defined it for 554
existing gyrA allele types in the Campylobacter locus/sequence definition database at
pubMLST.org. The 253 of those were determined as resistant and 301 as susceptible. As
presented in the Figure 1, the most prevalent gyr4 alleles associated with resistance were 20,
57 and 5, while others were present in fewer than 15 isolates per year.
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Figure 6: SplitsTree phylogenetic network build using Neighbor-net algorithm based on the unique gyr4 allele
sequences identified in human isolates from John Radcliffe Hospital catchment area, Oxfordshire, Oxford,
between June 2011 and June 2013.

Slika 6: Filogenetska mreza zgrajena 2013 v programu SplitsTree z algoritmom Neighbor-net na podlagi
unikatnih alelnih variant gena gyr4 med humanimi izolati iz bolni$nice John Radcliff v Oxfordshiru v Oxfordu
med junijem 2011 in junijem.

The phylogenetic network demonstrates the clear discrimination between the Campylobacter
jejuni and Campylobacter coli isolates based on the gyrd4 sequence variability, with the
exception of the hybrid allele type 363 marked with red.

The Neighbor-net analyses of unique gyr4 sequences in SplitsTree demonstrated the clear
split between the two analysed species, C. jejuni and C. coli, with exception of one C. coli
strain (ID 25067, ST 827) that carried the hybrid gyrA4 allele 363 associated with quinolone
resistance (Figure 2). The hybrid allele appears to be the result of recombination between C.
coli allele 66 and C. jejuni allele 5, both associated with resistance and frequently found
among analysed isolates (Figure 1).
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Based on the presence of resistant gyr4 variants among the 1711 analysed isolates, we
determined 37.9% (N=330) of isolates from year 1 and 38.6% (N=325) isolates from year 2
as resistant to quinolones. The prevailing mutation in resistant isolates was T86I, and was
absent from only two resistant isolates in year 1 and three resistant isolates from year 2. In
all cases it was substituted by the mutation T86A. The coexistence of two resistance-
conferring mutations was observed in 6 isolates from year 1 and in a single isolate from year
2. The obtained results clearly confirm the mutation T86I as the major quinolone resistance-
conferring mutation in Campylobacter.

MLST and clonal complexes

The MLST profiles for 1711 isolates were generated from WGS data, identifying 206 and
171 STs in years 1 and 2, respectively. These were assigned to 32 clonal complexes in year
1 and 31 clonal complexes in year 2. In year one 49/870 (5.6%) of the isolates were
unassigned to any of the existing clonal complexes and in year two 40/841 (4.8%) were left
unassigned.

Comparative analysis of quinolone resistance associations

The prevalence of resistant isolates, as determined based on the gyr4 allele types, was
investigated among clonal complexes. The clonal complexes ST-464 and ST-354 had the
highest proportions of quinolone resistant isolates and the correlation with resistance was
statistically significant (p<0.001) in both years (Figure 3). In year 1 51/54 (94.4%) isolates
from CC ST-464 were resistant to quinolones, while in year 2 the proportion decreased
(66/75, 88%), however the total prevalence of the clonal complex increased by 39%. The
rise in prevalence was observed also for clonal complex ST-354, of which 24 cases were
recorded in year 1 and 30 cases in year 2. The prevalence of resistance in this clonal
complex was 20/24 (83.3%) and 29/30 (96.7%) in year 1 and 2, respectively. The most
common clonal complex, ST-21, was also observed to have high proportions of quinolone
resistant isolates, however the correlation was not confirmed as statistically significant. Due
to the possibility of a specific ST contributing to the high resistance rate within the clonal
complex ST-21, we have further investigated the distribution of resistant isolates within the
STs of this complex. Indeed the analysis confirmed the significance (p<0.05) of quinolone
resistance with ST 50, where 38/57 (66.7%) and 31/60 (51.7%) of isolates were resistant in
year 1 and 2, respectively. Breaking down the resistant clonal complexes ST-464 and ST-
354 revealed in both years fully resistant ST 5136 within clonal complex ST-464, giving the
strong indication of clonal expansion of quinolone resistance with this ST. Furthermore, the
ST 354 from clonal complex ST-354 had 16/17 (94%) resistant isolates in year 1 and was
fully resistant in year 2.
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Figure 7: The distribution of quinolone resistant Campylobacter jejuni and Campylobacter coli human isolates
from John Radcliffe Hospital catchment area, Oxfordshire, Oxford, between June 2011 and June 2013 among
major clonal complexes. The asterisk indicates the statistically significant correlation of quinolone resistance
with particular clonal complex in both years. Only clonal complexes with 10 or more representative isolates
per year are presented.

Slika 7: Porazdelitev proti kinolonom odpornih humanih izolatov iz bolnis$nice John Radcliffe v Oxfordshiru v
Oxfordu med junijem 2011 in junijem 2013 v glavne klonske komplekse. Zvezdica nakazuje statisticno
znacilno povezavo med kinolonsko odpornostjo in klonskim kompleksom v obeh letih. Na sliki so prikazani
samo klonski kompleksi z 10 ali ve¢ predstavniki.

Clonal expansion was further examined by building the phylogenetic networks based on the
core genome of isolates from clonal complex ST-464 (N=129), ST 354 (N=54) and ST-
21(N=391) and investigating the distribution of gyr4 alleles among the established
phylogenetic clusters. As observed from the Figure 4, there were clear indications of clonal
expansion of quinolone resistant isolates within the clonal complexes ST-464 (A) and ST-
354 (B), while clonal structure of resistant isolates within clonal complex ST-21 (C) was
less conspicuous.
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Figure 8: The distribution of gyr4 alleles over the phylogenetic clusters established from core genomes of
isolates from A) clonal complex ST-464, B) clonal complex ST-354 and C) clonal complex ST-21.The blue
colour represents quinolone susceptible genotypes and the red colour represents the quinolone resistant
genotypes.

Slika 8: Porazdelitev alelnih variant gena gyrd4 med filogenetskimi skupinami, pridobljenimi na podlagi
primerjave jedrnih genomov izolatov iz A) klonskega kompleksa ST-464, B) klonskega kompleksa ST-354, C)
klonskega kompleksa ST-21. Modra barva predstavlja na kinolone obc¢utljive isolate, rdeca proti kinolonom
odporne isolate.

The quinolone resistant isolates assigned to clonal complex ST-464 clearly clustered in three
clonal groups, all of them possessing the gyr4 allele type 57 (p<0.001). The gyrA allelic
structure was uniform in MLST sequence type 5136, unambiguously indicating the clonal
development of this group of resistant isolates, while higher level of variability was found in
ST 464. There, gyrA 57 was found in only 14/42 (33.3%) of the isolates, and the resistant
isolates from ST 464 carrying the gyrA4 allele 57 formed 2 clusters, indicating the lower level
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of clonality. The development of a single major group of resistant isolates in clonal complex
ST-354 was associated with gyr4 allele variant 20 (p<<0.001) (Figure 4B).

As demonstrated by the consistent clustering of the resistant isolates with ST 354 and gyr4
20 within a single phylogenetic group, the high quinolone resistance rate in this clonal
complex was acquired by clonal growing of the resistant population. In contrast to ST-464
and ST-354, the phylogenetic structure of clonal complex ST-21 was substantially more
diverse (Figure 4C). The resistance in ST-21 was associated with two gyr4 variants — gyr4 5
60/165 (36.4%) and gyrd 20 85/165 (52.5%) (p<0.01). The first variant appeared mostly
among isolates of MLST ST 21, while the second was found among MLST ST 19, ST 2135,
and ST 50. The ST 50 was the only one of those with statistically significant correlation with
quinolone resistance. As presented on the Figure 4C, some level of clonal clustering was
observed for resistant isolates from clonal complex ST-21, which carried gyr4 variant 20,
however based on the presented evidence the nature of the resistance spreading within the
ST-21 remains disputable.

Due to the previous reports of mfd gene contributing to the development of quinolone
resistant mutations in Campylobacter (Han et al., 2008) we have investigated the link
between specific mfd allele variants and quinolone resistance within our set of isolates.
There were 182 unique mfd alleles identified in year 1 and 157 in year 2. The mfd alleles
with 10 or more quinolone resistant representatives in each year, and with statistically
significant association with quinolone resistance, were 1, 106, 39, 19, 31, and 111 (Figure
5).

Of those, the mfd allele 1 was associated with quinolone susceptibility in year 1, while mfd
alleles 106, 39, 19, 31 and 111 were associated with quinolone resistance in both years
(p<0.01). In each of those, the predominant proportion of resistant isolates carried a single
resistance-associated gyr4 variant. This was gyr4 57 in case of mfd 106, gyrA 20 in case of
mfd 39, 19, and 111, and gyr4 59 in case of mfd 31 (Figure 4). The combination of mfd 19
and gyrd4 20 was typical for quinolone resistant isolates from CC ST 354, while the
combination of mfd 39/111 and gyr4 20 was mostly found in quinolone resistant isolates
from ST 50 (p<0.0001). The analysis of representative sequences of mfd alleles 1, 19, 39,
106, and 11 revealed 39 variable nucleotides over the total length of 1892 bp. As expected,
the nucleotide sequences of mfd alleles 39 and 111 (both typical for ST 50) were the most
similar to each other, while the mfd 106 (common in STs 464 and 5136) was the most
distinct from all others.
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Figure 9: Distribution of gyrA4 alleles within the mfd alleles among Campylobacter jejuni and Campylobacter
coli human isolates from John Radcliffe Hospital catchment area, Oxfordshire, Oxford, between June 2011 and
June 2013, and their correlation with quinolone resistance.The mfd alleles with statistically significant
correlation with quinolone resistance in both years are marked with asterisk. Resistant gyrAd alleles are
presented with red colour. Only the mfd alleles with 10 or more quinolone resistant representative isolates are
presented.

Slika 9: Porazdelitev alelnih variant gena gyr4 znotraj posameznih alelov gena mfd med humanimi izolati
Campylobacter jejuni in Campylobacter coli iz bolnisnice John Radcliffe (junij 2011 - junij 2013). Aleli mfd s
statisticno znacilno povezavo s kinolonsko odpornostjo v obeh letih so oznaceni z zvezdico. Alelne variante
gyrd, ki so znacilne za proti kinolonom odporne seve, so oznacene z rdeco bravo. Na sliki so predstavljeni
samo aleli mfd, ki so zastopani z 10 ali ve¢ izolati.

Besides the resistance-conferring mutations in QRDR of gyrd gene, active efflux was
reported to importantly contribute to the phenotypic resistance. We have analysed the
variability and the distribution of the inner membrane transporter gene cmeB present in our
set of isolates and the correlation of specific allele variants with quinolone resistance. The
proportion of resistant and susceptible isolates within the seven cmeB alleles that had 10 or
more resistant representative isolates are presented in Figure 6.
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Figure 10: Distribution of cmeB alleles among Campylobacter jejuni and Campylobacter coli human isolates
from John Radcliffe Hospital catchment area, Oxfordshire, Oxford, between June 2011 and June 2013, and
their correlation with quinolone resistance. The white colour represents quinolone susceptible isolates and
black colour quinolone resistant isolates. The cmeB alleles with statistically significant correlation with
quinolone resistance or susceptibility in both years are marked with asterisk. Only the cmeB alleles with 10 or
more quinolone resistant representative isolates are presented.

Slika 10: Porazdelitev alelnih variant gena cmeB med humanimi izolati Campylobacter jejuni in
Campylobacter coli iz bolnisnice John Radcliffe v Oxfordshiru v Oxfordu (junij 2011 - junij 2013) in njihova
povezava s kinolonsko odpornostjo. Bela barva oznacuje isolate odporne proti kinolonom in ¢rna barva isolate
odporne proti kinolonom. Alelne variante gena cmeB, ki so statisticno znacilno povezane s kinolonsko
odpornostjo ali obcutljivostjo so oznacene z zvezdico. Na sliki so predstavljeni samo aleli cmeB, ki so
zastopani z 10 ali vec izolati.

Of those, 1, 113, 135, and 53 were significantly linked with quinolone resistance (p<0.001).
On the other hand, allele 604, along with 94, 51, 5, 14, 24, and 35 was associated with
quinolone susceptibility in both years (p<0.05). Comparison of variable nucleotides within
the two groups of cmeB alleles reviled no obvious variable hot spots within the gene, as the
variability was observed all over the sequence length. The Neighbor-net phylogeny analysis
demonstrated that cmeB 35 and 135 cluster in a separate group, and that alleles 1, 14, and 94
form an individual subgroup, suggesting that the resistant genotypes 135 and 1 were
developed from susceptible allele types 35 and 14, and 94, respectively (data not shown).
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3 GENERAL DISCUSSION AND CONCLUSIONS

3.1 GENERAL DISCUSSION

3.1.1 Underreporting of Campylobacter prevalence

Campylobacteriosis is a leading zoonotic food-borne disease in Europe and around the
world. Its yearly incidence in 2012 in Europe and Slovenia was 55.49 and 45.4/100.000,
respectively (EFSA, 2014a; IVZ, 2012). These numbers are still thought to be strongly
underreported, since most campylobacteriosis cases remain unrecognized by the surveillance
system due to the mild self-limiting symptoms or undetermined cases of gastroenteritis. In
Slovenia, as well as in other European countries, there is a trend of increasing
campylobacteriosis incidence (EFSA, 2014a; IVZ, 2012).

In order to evaluate the burden of the disease caused by Campylobacter spp. their true
incidence needs to be estimated. This is thought to be much higher than reported due to
under-diagnosis and underreporting. The under-diagnosis occurs because many cases who
do not seek medical help are not acknowledged by the healthcare system, while the
underreporting is a consequence of incorrect diagnosis, classification, notification or
dissemination to surveillance authorities. All this depends on the pathogen and each
individual country, since they have different availability of healthcare use, laboratory
practice and surveillance system.

To estimate the true prevalence of campylobacteriosis in Slovenia, we have modelled the
EU country-specific and Campylobacter-country-specific parameters which can be used in
the prevalence estimation of seven food-borne pathogens in any of the EU Member
countries. Parameters were modelled based on published data for seven EU Member
countries (Haagsma et al., 2012) using common statistical data available through Eurostat.

We have identified the probability for a case of non-bloody diarrhoea to visit a GP to be the
most sensitive parameter of the model predicting the real prevalence of campylobacteriosis.
This was demonstrated with substantial changes in final multiplier occurring as a
consequence of minor changes in this parameter. As finally observed, when calculating the
multiplier of campylobacteriosis in Slovenia, the parameter d had strong influence on the
uncertainty of the final multiplier, which was estimated to be 181.3. These results
demonstrate that the cases of mild diarrhoea are the ones that contribute the most to the
underreporting of food borne diseases. The underreporting due to this contributor is
especially pronounced in the case of the diseases that evoke only mild diarrhoeal symptoms,
such as campylobacteriosis.

3.1.2 Transmission of C. jejuni from environment, along the food production chain, to
humans
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Campylobacter 1s colonizing the gut of many production animals, in which it rarely causes
disease symptoms. The meat of these animals is therefore often contaminated during the
slaughtering and serves as a vehicle of transmittance of this pathogen via food chain. It
naturally cycles from environmental waters, feedstuff, animals and food to humans (Silva et
al., 2011) and is known for its fast adaptation ability and genomic instability (Jayaraman,
2011; Héanninen and Hannula, 2007; Wassenaar et al., 1998). When different reservoirs
harbour strains with specific genotypes, it is therefore possible to determine the source of the
infection using PFGE, MLST and/or fla typing (Sahin et al., 2012; Magnusson et al., 2010;
Sheppard et al., 2009). Nevertheless, MLST has become the method of choice for
Campylobacter genotyping. In combination with sequencing of the short variable region
within the flagella-encoding flaB gene it allows further strain differentiation within the same
MLST sequence types (ST) (Wirz et al., 2010).

We have determined antibiotic resistance profiles, as well as MLST and flaA-SVR types for
53 C. jejuni 1solated in Slovenia from human, animal, raw and cured chicken meat and water
samples. Twenty-nine different sequence types, arranged in eleven clonal complexes (CCs),
three new allele types and five new sequence types were identified, indicating the relatively
high diversity among a small group of strains. Twenty-three out of 29 STs appeared only
once, which further confirms high genetic diversity. Sequence types belonging to clonal
complexes ST-21 and ST-45 were previously confirmed to be predominant in European
region and typical for poultry (Gripp et al., 2011; Wirz et al., 2010; Korczak et al., 2009)
and were highly represented among isolates from poultry meat and faeces (63% and 75%)
also in our study. All five isolates with the newly identified #k# allele type originated from
the same region in Slovenia and were isolated from raw and cured chicken meat and human
faeces, indicating chicken as the most probable source of human infection. The comparative
analysis revealed some correlation between specific genotypes and their main sources of
isolation. Majority of the human isolates (70%) were distributed into CC ST-21 and CC ST-
353 and most of the meat isolates (63%) in CC ST-21 and CC ST-45, while animal isolates
were mostly (67%) assigned to CC ST-21 and CC ST-354 (Kovac et al., 2014a).

Parallel to MLST typing, fla4 typing was carried out, which was with 23 different genotypes
found to be less discriminatory than MLST. The higher discriminatory power was also
confirmed with higher Simpson’s diversity index for MLST (0.942), compared to fla4-SVR
(0.928). The combination of both typing methods increased the discriminatory power to
0.967. The most common flaA alleles were 36 (n=9/17%), 278 (n=8/15%) and 256
(n=7/13%). All flaA allele types 256 and 36 were distributed in to CC ST-21, while most of
the strains with allele type 278 were assigned to CC ST-353 as well as to CC ST-21 and CC
ST-48. Cluster analysis of flaA SVR sequences revealed six major clusters at similarity level
of 95%. Statistical analysis confirmed flaA allele type 36 (n=8/89%) as typical for animal
isolates and type 278 as typical for meat isolates (n=5/63%) (Kovac et al., 2014a).

The water isolates were genetically the most diverse group and two out of five could not be
assigned to any existing clonal complex (Kovac et al., 2014a). With distinct sequence types
they present an interesting group with little in common with isolates originating from biotic
sources like humans, animals and meat.
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3.1.3 Prevalence and epidemiological characteristics of Campylobacter antibiotic
resistance

The prevalence of antibiotic resistance among campylobacters is constantly increasing
(EFSA, 2014b). As we have seen in the previous work, the contribution of environment to
the resistance prevalence is neglegable (Kovac et al., 2014). On the other hand, the highest
incidence of resistance is recorded among the livestock isolates (EFSA, 2014b; Kovac et al.,
2014). This 1s somewhat expected, due to the extensive use of antibiotics in the veterinary
medicine (EMA, 2011a; EMA, 2011b). The problem is, that the resistance, together with the
pathogen is transmitting along the food chain and, finally, compromising the effective
treatment of human campylobacteriosis.

The most problematic antibiotic from the resistance point of view is ciprofloxacin from the
class of quinolones. This family of antibiotics is used in veterinary as well as human
medicine. In order to elucidate the epidemiology of the quinolone resistance of C. jejuni, we
have investigated how the antibiotic spreads among isolates from different sources from
environment, livestock and human (Kovac¢ et al.,, 2014a). We have included 52 strains
isolated in Slovenia in the study, where we employed the MLST to determine the clonal
structure of this group of isolates. Furthermore, we have determined their phenotypical
antibiotic resistance against seven antibiotics (gentamicin, streptomycin, ciprofloxacin,
tetracycline, erythromycin, nalidixic acid and chloramphenicol). We have recorded that the
highest prevalence of resistance to both of the quinolone antibiotics, ciprofloxacin and
nalidixic acid, confirming the development of cross-resistance among the antibiotics of the
same class. The incidence of resistance to quinolones was the highest in isolates belonging
to the MLST clonal complex 21, which was an indication of the clonal spreading of this type
of resistance. The resistance of Campylobacter spp. to quinolone antibiotics is known to be
provided by the point mutation within the quinolone resistance determining region (QRDR)
of the gyr4 gene (lovine, 2013). Besides this, it was proven that the strains with this point
mutation are more fit to survive and colonize the host, compared to the quinolone sensitive
strains, even in the absence of the antibiotic selective pressure (Hyytidinen et al., 2013; Luo
et al., 2005). This striking finding has further strengthened our belief about the clonal spread
of quinolone antibiotic resistance. We have approached this investigation using the QRDR
typing of the phenotypically ciprofloxacin resistant strains. The comparative analysis has
revealed that all the quinolone resistant strains from clonal complex 21 were assigned to the
separate cluster based on the similarity within the gyr4 gene. This was the final proof of the
quinolone resistance clonality, which rejected the alternative hypothesis about the frequent
individual mutation acquirement (Kovac et al., 2014a).

Recently several other high-quality research works studying the similar topic were published
and they all observed resistance to quinolones to be related to several clonal complexes,
however, none of them provided the molecular evidence in form of genetic similarity in
quinolone resistance determining region (Kittl et al., 2013; Wimalarathna et al., 2013; Stone
etal., 2013; Wirz et al., 2010)

Due to the fact that the group of analysed strains in our study was relatively small and
considered to be local from the total EU aspect, analysis on expanded, international set of
strains needed to be carried out in order to confirm that the observed trend is not only local.
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For this reason we have exploited the publicly available Campylobacter jejuni and
Campylobacter coli whole genome sequences deposited in PubMLST database for the
analysis of the quinolone resistance spreading among human clinical isolates from
Oxfordshire, UK. The 1711 isolates included in the final analysis were collected between
June 2011 and June 2013. Firstly, the gyrA gene of the analysed isolates was curated and the
arbitrary allele number was assigned to each locus variant. The genotypic resistance was
then assigned to each unique gyrA variant based on the presence of the resistance-conferring
mutations within the QRDR. We have found that the quinolone resistance was the highest
within the ST 50 of clonal complex ST-21 (66.7% in year 1 and 51.7% in year 2), within the
CC ST-354 (83.3% in year 1 and 96.7% in year 2) and CC ST-464 (94.4%in year 1 and 88%
in year 2). In order to explore the nature of the resistance expansion, we have build the core-
genome phylogenies of isolates from clonal complexes ST-21, ST-354, and ST-464 and
investigated the clustering of gyrA variants within the inferred phylogenetic networks. The
distribution of gyrA allele variant 20, which was the main allele type associated with
resistance in clonal complex ST-21, was observed in different clusters within the clonal
complex, suggesting that it is not expanding clonally. On the other hand, the same gyr4
variant clearly clustered within a major resistant group of isolates within the CC ST-354.
Similarly, we observed the clustering of the isolates carrying the quinolone resistant gyr4
allele 57 within a single group of CC ST-464, clearly indicating the clonal expansion of
quinolone resistance with these two clonal complexes.

The increase in the rate of the resistance-conferring mutations within the gyr4 gene was
previously associated with the presence of the mfd (mutation frequency decline) gene (Han
et al., 2008), which has lead us to investigate how the variability within the mfd might
influence the quinolone resistance. We found that the alleles 106, 39, 19, 31 and 111 were
associated with quinolone resistance, and that certain gyr4 variants are significantly
associated with certain mfd variants, suggesting that these two genes are not evolved
independently. Similarly, also certain variants (1, 113, 135, and 53) of inner membrane
transporter gene cmeB were strongly associated with quinolone resistance, indicating that
these variants will result in the efflux pumps with higher activity.

The results of resistance spreading analysis of isolates from two different geographical areas
both demonstrate the clonal expansion of the quinolone resistance among Campylobacter.
Since the clonal spreading was observed with different clonal complexes, which are
associated with more than one gyrA4 variant, the further research needs to be done in order to
identify the key factors enabling the rapid spread of those resistant clones.

3.1.4 Anti-Campylobacter, resistance modulatory and efflux inhibitory activity of A.
katsumadai seeds formulations

We have demonstrated in a previous study, that antibiotic resistance of C. jejuni clearly
represents an alarming issue, especially, because it is the most prevalent foodborne bacterial
cause of gastroenteritis in EU (EFSA, 2014a; Kovac et al., 2014a). For this reason, it is
important to invest in the research of novel antimicrobials, also from plants, which represent
an incredibly diverse source of bioactive chemicals. In our two studies we have investigated
the anti-Campylobacter and resistance modulatory potential of Alpinia katsumadai seeds in
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form of extracts, essential oil and post-distillation residue extract, which is usually disposed
and represents an ecological burden (Kovac et al., 2014b). Plant formulations were tested
against antibiotic resistant and antibiotic susceptible strains of C. jejuni and C. coli
(Klanc¢nik et al., 2012a; Kovac et al., 2014b). Additionally, their resistance modulatory and
efflux inhibitory activity was investigated.

We have found that ethanol extract of A. katsumadai seeds has a moderate antimicrobial
activity (125 — 2051 mg/L) and at the same time the best antimicrobial activity, compared to
the post-distillation residue extract and the essential oil. The inhibitory effect of the latter
was the weakest. There was no difference in antimicrobial potential of extracts prepared
using ethanol, methanol, dichloromethane and hexane on the reference C. jejuni strain. Also,
C. coli strains were more resistant to ethanol extract than C. jejuni strains (Klan¢nik et al.,
2012a; Kovac et al., 2014b). This suggests that the seeds contain antimicrobial compounds
of a wide polarity range.

All three plant formulations (extract, essential oil and the residue extract) were then further
investigated for their resistance modulatory activity in quarter (0.25 MIC) or half (0.5 MIC)
of their minimal inhibitory concentration in combination with two antibiotics (ciprofloxacin,
erythromycin), disinfectant triclosan and common efflux pump substrate ethidium bromide
(EtBr). The ethanol extract in a concentration of 0.25 MIC was confirmed as a
Campylobacter resistance modulator in the first study, where modulation factors (MFs) of
up to 64 were confirmed, but the activity was strain-specific (Klan¢nik et al., 2012a). When
testing the post-distillation extract and essential oil as modulators at 0.5 MIC on C. jejuni,
we found that the mean MF was 34 and 78, respectively, considering combinations with all
antimicrobials. Overall the best resistance modulatory effects were observed in case of
essential oil (Kova¢ et al., 2014b). For this reason we have further tested it in an EtBr
accumulation assay, which is a good indicator of efflux inhibitory activity. Essential oil was
able to significantly increase the accumulation of ethidium bromide in the reference C.
Jjejuni strain. The accumulation achieved with 4. katsumadai essential oil was even better
than that with reference efflux pump inhibitor verapamil (Kovac¢ et al., 2014b). To our
knowledge, this is the first study of efflux inhibitory activity of plant extracts in C. jejuni.
The demonstrated activity was exceptionally good, but the concentrations used (500 mg/L)
were most likely too high to rationale its applicative use. Therefore we proceeded with
screening of the resistance modulatory activity of the main chemical constituents of A.
katsumadai seed essential oil.

3.1.5 Anti-Campylobacter, resistance modulatory and efflux inhibitory activity of (-)-
o-pinene

Alpha-pinene was confirmed as one of the chemical constituents of A. katsumadai seed
essential oil, where it represented 2.18% of total essential oil content (Siki¢ Pogadar et al.,
2015, unpublished work). It was one of the candidate compounds that were likely
responsible for antimicrobial and resistance modulatory activity of A. katsumadai seed
essential oil presented in our previous studies (Klanc¢nik et al., 2012a; Kovac et al., 2014b).
It was further tested alone. Because (-)-a-pinene showed better results in preliminary
experiments, this enantiomer was tested in further experiments to evaluate its antimicrobial,
resistance modulatory and efflux inhibitory activity.
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High MICs confirmed insignificant antimicrobial activity of (-)-a-pinene, but it had a high
resistance modulatory potential. (-)-a-pinene was tested as a resistance modulator in
concentrations 62.5 mg/LL and 125 mg/L and it decreased the MICs of the tested
antimicrobials by up to 2-fold in lower concentration and from 32 to over 256-fold in higher
concentration, which was similar to observed for the essential oil. We have observed when
evaluating the impact of (-)-a-pinene on the C. jejuni membrane integrity, the higher
concentration was able to increase the membrane permeability, which was probably the
cause of the better resistance modulatory effect.

Both concentrations of (-)-a-pinene were tested in EtBr accumulation assay to evaluate their
efflux inhibitory potential and were equally good in increasing the intracellular EtBr
accumulation, therefore all further tests were carried out using the lower concentration,
which did not impair the membrane integrity, in order to assess the sole efflux inhibitory
impact. It was later found that the same level of activity is remained also when the
concentration of the compound is decreased to 8 mg/L. Since we were especially interested
in the target of our tested compound, we have tested it also on the mutants with disrupted
open reading frames (ORFs) of the Campylobacter spp. main efflux system CmeABC and
the yet uncharacterized efflux protein Cj1687. In both cases the increase in the EtBr
accumulation was significantly lower compared to the wild type, which confirmed these two
efflux systems as the targets of (-)-a-pinen. We have therefore confirmed (-)-a-pinene as an
efflux inhibitor in C. jejuni with potential to be used in medicine, especially because
cytotoxicity of a-pinene was already investigated on HeLa and Cos7 cell lines, where 1Csg
concentrations of 357.9 and 337.5 mg/L were determined (Herrmann and Wink, 2011).
These are 2 to 5-fold higher than those used in our study.

In a recent study, similarly active Mycobacterium smegmatis potential efflux pump
inhibitors from A. katsumadai seed extracts were identified (Grdoblacher et al., 2012a). The
activity of those was expressed at concentrations 32 to 64 mg/L and was equal or more
pronounced than that of CCCP, but lower than that of verapamil. The active compounds
were identified as (5R)-trans-1,7-diphenyl-5-hydroxyhept-6-en-3-one, (3S,5S)-trans-1,7-
diphenylhept-1-ene-3,5-diol and the flavanone pinocembrin (dihydrochrysin). Several
putative inhibitors of M. smegmatis efflux pump were confirmed also in extracts of
Aframomum melegueta (Groblacher et al., 2012b). These were active in concentrations 16 to
64 mg/L. Another novel natural product isolated from Hypericum olympicum L. cf.
uniflorum was recently confirmed to have efflux inhibitory activity also in Staphylococcus
aureus (Shiu et al., 2013). However, these have not identified the inhibited efflux systems. (-
)-a-pinene is the first confirmed Campylobacter spp. efflux pump inhibitor from plant
sources.

3.1.6 Adaptation of Campylobacter jejuni to treatment with (-)-a-pinene

The bacterial response to stress caused by sub-inhibitory concentrations of phytochemicals
is not yet well researched and the bacterial adaptation mechanisms are not fully understood.
In our study we have investigated the C. jejuni response to treatment with sub-inhibitory
concentration of efflux pump inhibitor (-)-a-pinen, in order to elucidate its mechanism of
action and adaptation mechanism.
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After 2-hour treatment of the reference strain with 62.5 mg/L of (-)-a-pinene, 129 genes
were differently expressed, with cut-off set at >2-fold difference. Of those, 109 were up-
regulated and 20 down-regulated. The most strongly up-regulated (over 10-fold) were
chaperone encoding genes grpE, dnak, clpB and the heat-shock regulator 4rcA. Another two
heat shock response genes encoding chaperonin groES, cbpA and transcriptional repressor
hspR were also up-regulated, but at lower levels (2 - 4-fold). Besides heat shock-response
genes, also efflux pump genes cmeABC were 2.7 to 2.2-fold up-regulated, respectively.
Another putative efflux protein gene Cjl/687, which has not yet been characterized in C.
jejuni was 2.5-fold up-regulated. These results were the first indication of (-)-o-pinene
targeting these efflux systems and has lead us to look deeper into it.

The expressional changes caused by treatment with (-)-a-pinene were strikingly similar to
those previously observed in a mutant with defected transcriptional regulator AspR, i.e.
highly up-regulated heat shock related genes grpE, dnak, clpB and hrcA (Holmes et al.,
2010). The simple heat shock response model from the same study suggests repression of
groES and groEL by hrcA and repression of dnakK, cbpA and clpB operon by hspR, which
become de-repressed in the event of heat shock and consequently /rcA is up-regulated.
According to our results the same transcriptional avalanche seems to occur after treatment
with (-)-a-pinene, suggesting that heat shock response plays an important role in bacterial
defence and adaptation to this chemical stress. Similar response was observed also after
treatment of C. jejuni with natural antimicrobial compound benzyl isothiocyanate (Dufour et
al., 2013).

When the growth of mutants with disrupted ORFs hAspR, hrcA and the wild type were
examined in presence and absence of (-)-a-pinene, the wild type was able to grow best at
given conditions, followed by hrcA, and hspR, respectively. The same or reduced growth of
AhspR at normal growth temperatures was previously observed, while growth at high
temperatures was increased (Holmes et al., 2010; Szintzi et al., 2005). Furthermore, the
exposure to higher concentration of (-)-a-pinene had more pronounced negative effect on
bacterial growth, compared to the wild type. The trend of decreasing growth in presence of
(-)-o-pinene was observed in both, AhrcA and AhspR, indicating that these heat shock
transcriptional repressors play an important role in adaptive response to treatment with (-)-o-
pinene.

Furthermore, mutants in genes AspR, hrcA and wild type C. jejuni NCTC 11168 were grown
on Biolog phenotype MicroArrays with different carbon sources and in presence of different
osmolytes and pH, in order to elucidate their role in adaptation to this type of stresses.
Growth of mutants was compared to the growth of wild type strain. The AhspR was growing
better on some of the osmolytes, like 6% NaCl with KCl, sodium sulfate, sodium formate,
sodium lactate and sodium phosphate, while growth of 4rc4 mutant, on the other hand, was
inhibited by these and several other osmolytes. The 4rcA was also not able to utilize a wide
range of carbon sources as efficiently as the wild type. Besides AispR showing increased
ability to adapt to high concentrations of selected osmolytes, it was also previously
confirmed to tolerate heat shock better than wild type, while the opposite was observed for
AhrcA (Holmes et al., 2010). A former study of Cameron et al. (2012) showed that several
heat shock related genes are up-regulated after osmotic shock and demonstrated that pre-
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treatment of C. jejuni with osmolytes will provide protection against oxidative stress, but not
to heat shock stress.

We concluded that the heat shock related genes importantly contribute to C. jejuni
adaptation to several different stresses, like osmotic and chemical stress, including stress of
(-)-a-pinene treatment. However, the mechanism itself is not yet fully understood, especially

due to complex posttranslational regulation of heat shock transcriptional repressors HspR
and HrcA.
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3.2  CONCLUSIONS

In our study we have approached the problematic of campylobacteriosis and antibiotic
resistance in C. jejuni in a holistic way, investigating the underreporting of the disease, the
prevalence and spreading of the antibiotic resistance in the pathogen, as well as finding new
solutions to solving the increasing antibiotic resistance problematic by identifying novel
antimicrobial, resistance and efflux modulatory natural products. Furthermore the targets of
their action and adaptation response of bacteria were investigated to give a clearer picture of
their mode of action.

We have employed mathematical modelling using the Bayesian approach and linear
regression to model the parameters influencing the underreporting and underdiagnosis
(Haagsma et al.,, 2012). The underdiagnosis is the main reason for prevalence
underestimation and the most significant contributions to the underdiagnosis arise, due to the
low probability of a patient experiencing diarrhoea to visit a GP. The estimations based on
our model show that for every case of reported campylobacteriosis in Slovenia there are 181
unreported cases. Most of the underreporting occurs due to the underdiagnosis of non-
bloody diarrhoeal cases.

We have confirmed the reports of high ciprofloxacin resistance, especially among poultry
meat and faeces isolates. The resistance is more commonly observed in isolates with
genotypes belonging to MLST clonal complex 21. Additionally, we have employed the gyr4
QRDR typing and confirmed the clonal spreading of ciprofloxacin resistant strains based on
the MLST clonality and genetic similarity of QRDR (Kovac et al., 2014a). Clonal expansion
of quinolone resistance was additionally confirmed among the larger number of C. jejuni
and C. coli strains from Oxfordshire, UK, based on their whole genome sequences. There
however, the clonal complexes ST-354 and ST-464 were the ones with the highest
proportions of quinolone resistant clones.

We investigated the antimicrobial, resistance modulatory and efflux inhibitory potential of a
Zingiberaceae, Alpinia katsumadai, used in traditional Chinese medicine. Its extracts from
seeds, post-distillation residue extract, and essential oil had moderate to weak antimicrobial
activity and essential oil was found to have high resistance modulatory and efflux inhibitory
potential in C. jejuni (Klan¢nik et al, 2012a; Kovac et al, 2014b). Furthermore, the pure
terpene compound a-pinene was found as one of the constituents of this essential oil and one
of its enantiomers, (-)-a-pinene, was confirmed as a strong modulator of C. jejuni resistance
against ciprofloxacin, erythromycin, triclosan and ethidium bromide. It has an efflux
inhibitory activity that is significantly better than that of the reference efflux inhibitors
CCCP and reserpine. The efflux systems CmeABC and Cj1687 were identified as the main
targets of its efflux inhibitory activity.

C. jejuni responded to treatment with (-)-a-pinene using the same regulatory set of genes as
in heat shock response. This mechanism of adaptation was found also in response to other
types of stresses, like osmotic stress and seems to be a type of general stress response system
that protects bacteria from protein coagulation and thereby preventing the fatal
consequences.
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4 SUMMARY

4.1 SUMMARY

Campylobacteriosis is the most prevalent bacterial foodborne disease in EU and its
incidence is thought to be significantly underreported, due to the self-limiting nature of the
disease, which sometimes is expressed with only mild symptoms (EFSA, 2014a). Even so,
the disease poses a tremendous economical and healthcare burden; therefore there have been
many attempts of the estimation of its real prevalence. Over the time, many approaches to
accomplishing that have been presented, but the most frequently used is the evaluating vital
fractions that influence the underdiagnosis and underreporting of the disease. The
prevalence is underestimated due to underreporting and under-diagnosis associated with
passive surveillance, incorrect diagnosis and inefficient communication with authorities, as
well as with the unregistered cases with mild symptoms that do not seek medical help
(Haagsma et al., 2012).

All the factors, which we believe are influencing the reporting prevalence, can be
systematically updated given the data from successive finite samples using the Bayes’
theorem, which rationally changes a subjective belief by taking evidence into account. In
order to build a Bayesian probabilistic graphical model, it is necessary to define the model
parameters affecting the prevalence reporting, which are then systematically incorporated in
the model. Because different parameters affecting the process of reporting are involved in
cases of hospitalization, these are incorporated in a separate branch of the model. Also the
differences in symptoms and severity of the disease caused by different pathogens, as well
as the differences in medical and reporting practice among EU countries are considered, as
well as the fact that some of the parameters depend on the country and others depend on the
pathogen (Scallan et al., 2006; Scallan et al., 2011; Haagsma et al., 2012).

In our study parameters were modelled using linear regression based on existing data for
seven foodborne pathogens in seven EU countries. Only common statistical data available
for EU countries was used to model the parameter uncertainty distributions. The Monte
Carlo simulations of modelled parameters were used to estimate foodborne pathogen
prevalence in additional EU countries. According to the model, the prevalence of
campylobacteriosis in Slovenia needs to be corrected for the multiplier 181.

Furthermore, the sensitivity of the model was investigated and the analysis revealed that in
the EU countries the crucial factor, contributing the most to the underreporting is the
probability of visiting the GP when experiencing the non-bloody diarrhoea. This can be
explained with the fact, that the disease is of self-limiting nature and the patients, who
experience only mild symptoms do not tend to seek medical help.

Since the real prevalence of the disease is significantly higher than reported, it is important
to understand how the pathogen spreads to human, in order to limit the disease rate.
Nowadays the poultry meat is identified as the main source of sporadic campylobacteriosis
infections, although most of the outbreaks are caused by consumption of contaminated water
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or milk. Campylobacter spp. are bacteria that naturally cycles from environment to livestock
and finally via meat to human, but the role of the environmental isolates in this chain is not
fully understood.

In our study we have investigated the transmittance of Campylobacter jejuni from
environment along the food production chain to humans by employing the multi locus
sequence typing (MLST) and flad as the molecular tracing tools. MLST is a convenient
typing method which enables to detect the long-term evolutionary genetic changes by
examining the sequence variation of multiple loci of conserved housekeeping genes. It is
portable, unambiguous and the results can be deposited in the international publicly
available PubMLST database. FlaA typing was included to additionally increase the
discriminatory power. Using MLST we have investigated the clonal structure of the selected
C. jejuni population, comprising isolates from environmental waters, farm animals, poultry
meat and human clinical cases. Forty-eight C. jejuni isolates out of total of 52 were assigned
to ten pre-defined CCs and 28 STs by MLST. Clonal complexes 21 and 45 predominated
and sequence types (ST) 50 and 104 were the most frequent sequence types. Twenty-three
STs appeared only once, indicating high genetic diversity within a relatively small group of
strain (Kovac et al., 2014a).

The distribution of isolates in the MST analysis indicates some correlation between specific
genotypes and their main source of isolation. The majority of human isolates (71%) were
distributed in CC 21 and CC 353 and most of the meat isolates (67%) in CC 21 and CC 45,
while animal isolates were mostly (67%) assigned to CC 21 and CC 354. Sequence types
belonging to clonal complexes 21 and 45 were previously shown to be predominant in
Europe and typical for poultry. In our case, 12 of 19 isolates assigned to CC 21 and six of
eight assigned to the CC 45 were isolated from poultry meat or facces. Water isolates were
genetically the most diverse group and two out of five could not be assigned to any existing
clonal complex. Their distinct sequence types present an interesting group with little in
common with isolates from human and animal sources (Kovac et al., 2014a).

Besides understanding the pathogen’s epidemiological characteristics, it is of great
importance to elucidate also the trends of its antibiotic resistance spreading. Employing the
molecular tools has allowed the correlation of specific genotypes with specific antimicrobial
resistance profiles and shown that resistance to quinolones and macrolides are mostly
associated with point mutations in gyr4 and 23S rRNA, respectively, acting together with
efflux mechanisms. The RND type efflux pumps of some Gram negative bacteria are able to
extrude different types of antibiotics and can also be induced by their substrates (Mohamoud
et al., 2007). This indicates that environmental selective pressures play an important role in
acquiring nonspecific, via active efflux, or specific, via point mutation, resistance against
antimicrobial drugs. Specific STs have already been associated with quinolone resistance in
strains with point mutations, but it is not yet known whether this is because these genotypes
are more prone to the mutations conferring resistance or because they are clonal (Wirz et al,
2010; Kittl et al., 2013; Wimalarathna et al., 2013). In our study we have determined the
antibiotic resistance, MLST and analysed the genetic similarity of ciprofloxacin resistant
strains based on the quinolone resistance determining region (QRDR) within the gyrase gene
gyrA in order to elucidate the characteristics of quinolone resistance expansion in C. jejuni
(Kovac et al., 2014a).
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Antibiotic resistance in C. jejuni is becoming a significant issue, not only in Slovenia, but
also in other European countries with the most problematic being resistance against
quinolones, which are the second group of drugs of choice for campylobacteriosis treatment.
In Slovenia quinolones are widely used for the nonspecific treatment of bacterial
gastroenteritis as well as for enterococcal and E. coli infections in poultry flocks. The
prevalence of ciprofloxacin resistant animal Campylobacter isolates in Europe is reported to
range from 37% to 84%, depending on the country which is consistent with our study where
72% of animal and 44% of meat isolates were ciprofloxacin resistant and this increased to
80% for human isolates. Almost all (94%) of ciprofloxacin resistant strains from our study
were cross-resistant to nalidixic acid (EFSA, 2014; IVZ, 2014).

Analysis of antibiotic resistance and MLST genotypes revealed that all but one of the 19
strains of C. jejuni belonging to the predominant MLST clonal complex (CC) 21 were
quinolone resistant. In order to determine whether the association of quinolone resistance
with CC 21 was due to individual mutational events or an increased ability to spread
clonally, we investigated the most common ciprofloxacin resistance conferring mutation
Thr-86-to-Ile and analysed the QRDR by sequence typing. The results show that all
phenotypically ciprofloxacin resistant isolates, with the exception of strain 180/08, have the
mutation ACA to ATA in the 86™ codon. Six additional silent mutations in the QRDR, were
identified, which clearly indicate the high degree of genetic relatedness of ciprofloxacin
resistant isolates from CC 21, which together with one strain from CC 658 and two strains
with unassigned CCs form a separate group, when compared to ciprofloxacin resistant
strains from all other clonal complexes. As quinolone resistance is quickly developed under
antibiotic selective pressure and can persist long after cessation of treatment, we conclude
that the high incidence of such strains within CC 21 found in our study is not due to high
genetic plasticity of this particular clonal complex, but rather due to acquired efficiency of
clonal spreading (Kovac et al., 2014a).

The clonal expansion of quinolone resistance was further investigated by analysis of the
whole genome sequences of 1711 C. jejuni and C. coli clinical strains isolated in
Oxfordshire, UK, between June 2011 and June 2013. The prevalence of quinolone resistance
was determined by assigning the resistance to isolates with resistance-conferring mutations
in the gyr4 gene. It was found that the quinolone resistance was the highest within the ST 50
of clonal complex ST-21 (66.7% in year 1 and 51.7% in year 2), within the CC ST-354
(83.3% 1in year 1 and 96.7% in year 2) and CC ST-464 (94.4%in year 1 and 88% in year 2).
In order to explore the nature of the resistance expansion, we have built the core-genome
phylogenies of isolates from clonal complexes ST-21, ST-354, and ST-464 and investigated
the clustering of gyrA variants within the inferred phylogenetic networks. The distribution of
gyrA allele variant 20, which was the main allele type associated with resistance in clonal
complex ST-21, was observed in different clusters within the clonal complex, suggesting
that it is not expanding clonally. On the other hand, the same gyr4 variant clearly clustered
within a major resistant group of isolates within the CC ST-354. Similarly, we observed the
clustering of the isolates carrying the quinolone resistant gyrA4 allele 57 within a single
group of CC ST-464, clearly indicating the clonal expansion of quinolone resistance with
these two clonal complexes.
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The increase in the rate of the resistance-conferring mutations within the gyr4 gene was
previously associated with the presence of the mfd (mutation frequency decline) gene (Han
et al., 2008), which has lead us to investigate how the variability within the mfd might
influence the quinolone resistance. We found that the alleles 106, 39, 19, 31 and 111 were
associated with quinolone resistance, and that certain gyr4 variants are significantly
associated with certain mfd variants, suggesting that these two genes are not evolved
independently. Similarly, also certain variants (1, 113, 135, and 53) of inner membrane
transporter gene cmeB were strongly associated with quinolone resistance, indicating that
these variants will result in the efflux pumps with higher activity.

The results of resistance spreading analysis of isolates from two different geographical areas
both demonstrate the clonal expansion of the quinolone resistance among Campylobacter.
Since the clonal spreading was observed with different clonal complexes, which are
associated with more than one gyrA4 variant, the further research needs to be done in order to
identify the key factors enabling the rapid spread of those resistant clones.

Increasing antibiotic resistance clearly presents a serious problem, since clinically used
antibiotics are becoming less or completely inefficient in campylobacteriosis treatment.
Search for alternative antimicrobials derived from plants seems to be a viable solution for
mitigation of resistance. Plant extracts rich in phenolic compounds (phenolic extracts), and
essential oils have long been shown to possess antimicrobial activity and were frequently
studied and reviewed (Cowan, 1999; Burt, 2004; Klan¢nik et al., 2012c; Negi, 2012). They
are especially interesting as they are generally recognized as safe and have potential to be
used as preservatives in food products. Alpinia katsumadai Hayata (Zingiberaceae) is widely
used in traditional Chinese medicine as an anti-emetic remedy and to increase the appetite,
but also in animal feed, to facilitate rapid growth of domestic animals. In our study we have
focused on investigating bioactivity of the 4. katsumadai extracts, essential oil and also the
extract from the post-distillation material, which remains as a waste product after essential
oil production. Such residual materials are often disposed of and may present an
environmental problem. Their high phenolic content and the potential to provide an
economically feasible source of natural antioxidants and antimicrobials is unused.

Initially 4. katsumadai seeds, extracted with different solvents were tested for antimicrobial
activity against the reference C. jejuni strain and there was no difference in the antimicrobial
activity (MIC=512 mg/L). Further, ethanol extract, essential oil and the post-distillation
extract of A. katsumadai seeds were tested for their antimicrobial activity against several C.
jejuni and/or C. coli isolates. Among each bacterial species tested, antibiotic sensitive and
resistant strains, including multidrug resistant ones, were included. Statistically significant
differences between the antimicrobial activities of different plant formulations were
observed. According to the average MICs of each formulation, A. katsumadai ethanol
extract from seeds was the most efficient antimicrobial plant formulation, with MICs
ranging from 125 to 2051 mg/L, followed by its post-distillation extract. We could not
confirm any difference between antimicrobial activities of tested plant formulations against
antibiotic sensitive or resistant strains; they were active also against multidrug resistant
strains. As observed from our results, the antimicrobial activity of tested plant formulations
is species- and strain-specific. According to the MICs, which are consistently higher than
100 mg/L, we can conclude, that they have weak to moderate antimicrobial activity in
Campylobacter (Klan¢nik et al, 2012a; Kovac et al., 2014b).
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In addition to searching for new antimicrobially active plant formulations, the antibiotic
resistance combating strategies are focused also on resistance modulators. These are not
necessarily antimicrobially active, but can decrease the resistance of pathogens when
administered together with other antimicrobials. The microbial sensitization by resistance
modulators is mostly due to efflux inhibition, increased membrane permeability, and
increased porin production or change in porin profile (Bolla et al., 2011).

Beside direct antimicrobial activity, we tested and confirmed also remarkable resistance-
modulatory activity of A. katsumadai extract, essential oil and post-distillation extract in C.
jejuni. A. katsumadai seed ethanol extract was confirmed for the first time to modulate
antibiotic resistance in Campylobacter in our first study, where it was demonstrated to
decrease the MICs of tested antimicrobials ciprofloxacin, erythromycin, ethidium bromide,
bile salts, sodium deoxycholate, rosemary extract and epigalocatechin gallate for up to 16-
fold. In the second study we comparatively investigated the resistance-modulatory potential
of additional 4. katsumadai essential oil and post-distillation extract. They were tested as
modulators in concentrations half of their MIC on each individual strain of C. jejuni and in
combination with antimicrobials ciprofloxacin, erythromycin, triclosan, bile salts and
ethidium bromide. When testing the post-distillation extract and essential oil as modulators,
we found that the mean MF value was 34 and 78, respectively, considering combinations
with all antimicrobials. The essential oil was therefore confirmed as the best modulator. The
comparative analysis of modulatory activity of A. katsumadai formulations in
Campylobacter confirmed them as equally efficient in combination with different
antimicrobials, including bile salts (mean MF >55). This is important since the intestinal
tract with the presence of bile salts is a natural environment and reservoir of Campylobacter,
so resistance to bile salts is essential for Campylobacter survival and virulence potential
(Klanc¢nik et al., 2012a; Kovac et al., 2014b).

There are several possible mechanisms of increasing susceptibility of bacteria to antibiotics
and other antimicrobials. The most promising are focusing on increasing the antibiotic influx
by destabilizing LPS in Gram negative bacteria and increasing the membrane permeability
and blocking the efflux using efflux pump inhibitors (Bolla et al., 2011). In order to
elucidate the mechanism of modulatory activity of 4. katsumadai essential oil in C. jejuni,
we have evaluated its potential to increase the accumulation of the common efflux pump
substrate ethidium bromide, which is an indicator of the efflux inhibition. The extract and
post-distillation extract were excluded from the experiments because of the high auto
fluorescence. We have compared the levels of EtBr accumulation in cultures treated with 0.5
and 0.25 MIC of essential oil, relative to untreated culture, to evaluate whether it can
potentiate the intracellular EtBr accumulation. Known efflux pump inhibitor verapamil was
included in the study as a positive reference (Kovac et al., 2014b).

The results showed significant increase in EtBr accumulation in presence of 4. katsumadai
essential oil. The accumulation of EtBr was for 1.7-fold better in presence of 0.5 MIC of 4.
katsumadai essential oil than in the presence of positive control, verapamil. The mean
accumulation values in presence of 0.25 MIC of essential oil were almost the same as in
presence of 0.5 MIC, only the time needed to reach the maximum accumulation was
different. The gradual decrease in EtBr accumulation after reaching the plateau might be due
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to the facilitation of EtBr influx by essential oil and insufficient capacity to block the efflux
(Kovac et al., 2014b).

Because of the efficient resistance modulatory and efflux inhibitory activity of the A.
katsumadai essential oil, we have aimed to identify the compounds responsible for this
activity. We have analysed the chemical composition of the essential oil and identified 95%
of the compounds present. The compounds present in amounts over 1% were (in descending
order) 2Z,6E-farnesol, 1,8-cineole, o-humulene, cymene, ao-phellandrene, carotol,
caryophyllene, daucene, a-pinene, 6-cadinene, 2-butanone, 3-phenyl or 2-butanone, 4-
phenyl, a-terpineol and B-pinene. Our pre-screening has lead us to analyse more in depth the
compound a-pinene, which was present in the essential oil in the amount of 2.2%. Due to
the better activity in the initial tests, we have used the (-)-a-pinene in further investigations.

The MICs of (-)-a-pinene were 1000 mg/L or higher in all tested strains of C. jejuni,
including those tested in resistance modulation assay. High MICs confirmed insignificant
antimicrobial activity of (-)-a-pinene. As a potential resistance modulator (-)-a-pinene was
tested in concentrations 62.5 mg/LL and 125 mg/L in combination with antibiotics
ciprofloxacin and erythromycin, disinfectant triclosan and efflux pump substrate EtBr on a
reference strain C. jejuni NCTC 11168. In concentration 62.5 mg/L it decreased the MICs of
these antimicrobials by up to 2-fold and in concentration 125 mg/L from 32 to over 256-
fold. Similarly, strong modulatory activity was observed also for seed essential oil.

Before the EtBr accumulation assessment, both concentrations of (-)-a-pinene used in the
resistance modulatory assay were tested for their influence on the C. jejuni membrane
integrity in order to refute the influence on increased membrane permeability as the main
mechanism of resistance modulation. The membrane integrity of culture treated with 62.5
mg/L was even by 20% higher relative to untreated culture after 1 h treatment, while higher
concentration of 125 mg/L decreased the membrane integrity by 39%.

Both concentrations of (-)-a-pinene were tested for their ability to increase the intracellular
EtBr accumulation in reference C. jejuni strain. The use of lower concentration of 62.5 mg/L
resulted in higher EtBr accumulation. At the same time this concentration did not have
negative impact on membrane integrity and was therefore used in further screening of a
larger set of isolates. This enabled us to investigate solely its efflux inhibitory effects. We
observed relative increase in EtBr accumulation when (-)-a-pinene was added in all 16
tested strains. The (-)-a-pinene was able to increase EtBr accumulation significantly better
compared to CCCP and reserpine in all tested strains, confirming its remarkable efflux
inhibitory activity. It maintained the same level of activity also in concentration 8§ mg/L.
This suggests that it could be the compound responsible for efflux inhibition in A.
katsumadai seed essential oil, although the share of (-)-a-pinene in the a-pinene present in
the essential o1l was not determined. However, the contribution of other constituents to the
overall efflux inhibitory activity of the essential oil cannot be excluded.

To determine the target efflux system of (-)-a-pinene, we have compared the EtBr
accumulation in wild type and in mutants with interrupted open reading frames of efflux
pump genes AcmeB and ACj168. The accumulation of EtBr in the mutants was significantly
lower, indicating the absence of (-)-a-pinene target in these two mutants. From these results
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we conclude, that efflux systems CmeABC and Cj1687 are the targets of (-)-a-Pinene efflux
inhibitory activity.

In order to decipher the bacterial adaptive response to treatment with sub-inhibitory
concentrations of (-)-a-pinene used in the EtBr accumulation assay, we have carried out the
whole genome expressional analysis using microarray technology and qPCR. After 2-hour
treatment with 62.5 mg/L of (-)-a-pinene, 129 genes of C. jejuni NCTC 11168 were
differently expressed, with cut-off set at >2-fold difference. Of those, 109 were up-regulated
and 20 down-regulated. The most strongly up-regulated (over 10-fold) were chaperone
encoding genes grpE, dnak, clpB and the heat-shock regulator srcA. Another two heat
shock response genes encoding chaperonin groES, cbpA and transcriptional repressor AspR
were also up-regulated, but at lower levels (2- 4-fold). Besides heat shock-response genes,
also efflux pump genes cmeABC were 2.7 to 2.2-fold up-regulated, respectively. Another
putative efflux protein gene Cj/687, which has not yet been characterized in C. jejuni was
2.5-fold up-regulated.

The expressional changes caused by treatment with (-)-a-pinene were strikingly similar to
those previously observed in a mutant with defected transcriptional regulator AspR. That is
highly upregulated heat shock related genes grpE, dnak, clpB and hrcA. The simple heat
shock response model from the same study suggests repression of groES and groEL by hrcA
and repression of dnak, cbhpA and clpB operon by AspR, which become derepressed in the
event of heat shock and consequently hrcA is upregulated. According to our results the same
transcriptional avalanche seems to occur after treatment with (-)-a-pinene, suggesting that
heat shock response plays an important role in bacterial defense and adaptation to this
chemical stress. Similar response was observed in another study also after treatment of C.
Jjejuni with natural antimicrobial compound benzyl isothiocyanate.

To confirm the role of these genes in the adaptive response, we have constructed the mutants
in genes AspR and hrcA and use them in the phenotypical tests. The growth of mutants with
disrupted ORFs hspR, hrcA and the wild type NCTC 11168 was examined in presence and
absence of (-)-a-pinene. The wild type NCTC 11168 was able to grow best at given
conditions, followed by hrcA, and hspR, respectively. Furthermore, the exposure to higher
concentration of (-)-a-pinene had more pronounced negative effect on bacterial growth,
compared to the untreated cultures. The trend of decreasing growth in presence of (-)-a-
pinene was observed in both, Ahrc4A and AhspR, indicating that these heat shock
transcriptional repressors play and important role in adaptive response to treatment with (-)-
a-pinene.

Furthermore, mutants in genes AspR, hrcA and wild type C. jejuni NCTC 11168 were grown
on Biolog phenotype MicroArrays with different carbon sources and in presence of different
osmolytes and pH, in order to elucidate their role in adaptation to this type of stresses.
Growth of mutants was compared to the growth of wild type strain. The AspR mutant was
growing better on some of the osmolytes, like 6% NaCl with KCI, sodium sulphate, sodium
formate, sodium lactate and sodium phosphate, while growth of hrcA mutant, on the other
hand, was inhibited by these and several other osmolytes. The Arc4 was also not able to
utilize a wide range of carbon sources as efficiently as the wild type.
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Based on these results we conclude that heat shock related genes importantly contribute to
C. jejuni adaptation to several different stresses, like osmotic and chemical stress, including
stress of (-)-a-pinene treatment. However, the mechanism itself is not yet fully understood,
especially due to complex posttranslational regulation of heat shock transcriptional
repressors HspR and HrcA.
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4.2  POVZETEK

Kampilobakterioza je v drzavah Evropske Unije najpogostejSa bolezen povzroCena z
okuzbami s hrano (EFSA, 2014a). Ker se bolezen pogosto kazZe le z blagimi simptomi in se
pozdravi tudi brez zdravljenja, se predvideva, da je dejanska prevalenca bolezni znatno visja
od porocane. Ker kampilobakterioza predstavlja veliko ekonomsko in javnozdravstveno
breme, je ocena realne prevalence bolezni cilj Stevilnih raziskav. Skozi ¢as so bili
predstavljeni razlicni pristopi k sistematicnemu ocenjevanju stopnje podcenjenosti
poroCanja, vendar se je najbolj uveljavil naCin ocenjevanja klju¢nih dejavnikov, ki
prispevajo k podcenjevanju diagnoz in porocanja kampilobakterioz. Prevalenca bolezni je
podcenjena zaradi nezadostnega poroCanja in diagnosticiranja, ki je posledica pasivnega
nadzora, nepravilnih diagnoz in neucinkovitega komuniciranja z oblastmi, kot tudi zaradi
neregistriranih primerov z blagimi simptomi, ki se ne odlo¢ijo za posvetovanje z
zdravnikom (Haagsma in sod., 2012).

Vse dejavnike, za katere verjamemo, da vplivajo na nezadostno poro¢anje prevalence, lahko
sistemati¢no uposStevamo pri oceni realne prevalence s pomocjo Bayesovega teorema, ki
racionalno preoblikuje subjektivna prepri¢anja s tem, da upoSteva dokaze v obliki podatkov,
pridobljenih iz zaporednih kon¢nih vzorcev. Prvi korak k postavitvi Bayezijskega grafi¢nega
verjetnostnega modela je definicija parametrov modela, za katere verjamemo, da vplivajo na
nezadostno poroc¢anje prevalence. Ti parametri so nato sistemati¢no vgrajeni v model. Ker
na poroCanje prevalence hospitaliziranih primerov vplivajo drugacni parametri, kot na
poroCanje primerov, ki obiS¢ejo samo osebnega zdravnika, so hospitalizirani primeri v
model vkljuc€eni kot locena veja. Naslednja razlika, ki jo je potrebno upostevati pri grajenju
modela, so razlike v simptomih in resnosti bolezni v primeru razli¢nih patogenov, kot tudi
razlike v medicinskih in poro¢evalnih navadah med posameznimi drzavami Evropske Unije.
Tako so nekateri parametri odvisni od patogena, ki povzroc¢a bolezen, spet drugi od drzave
(Scallan in sod., 2006; Scallan in sod., 2011; Haagsma in sod., 2012).

V nasi Studiji smo parametre modelirali s pomocjo linearne regresije na podlagi obstojecih
podatkov za sedem patogenov, povezanih s hrano v sedmih drzavah Evropske Unije. Pri
modeliranju parametrov smo uporabili samo splosne statisticne podatke, dostopne na
Eurostatu. S pomoc¢jo Monte Carlo simulacij smo upoStevajo¢ strukturo Bayezijskega
modela ocenili prevalence patogenov v dodatnih drzavah EU. NaSa ocena kaZze na znatno
podcenjenost prevalence kampilobakterioz v Sloveniji, in sicer za faktor 181.

Poleg ocene stopnje nezadostnega poroCanja smo analizirali tudi obcutljivost modela.
Analize so pokazale, da je verjetnost bolnika za obisk zdravnika dejavnik, ki klju¢no
prispeva k nezadostnemu poro¢anju. Se posebaj majhna je verjetnost za obisk zdravnika pri
bolnikih z nekrvavo diarejo. To pojasni dejstvo, da je kampilobakterioza bolezen, ki se
pogosto odraza v blagih simptomih in je samoomejujoca. Zaradi tega se veliko bolnikov ne
odlo¢i za iskanje medicinske pomoc¢i in njihovi primeri ostanejo spregledani s strain oblasti.

Ker je realna prevalenca znatno vi§ja od poroCane, je za njeno omejitev 0z. zniZzanje nujno
potrebno razumevanje Sirjenja patogena do cCloveka. Dandanes je perutninsko meso
identificirano kot glavni vir sporadi¢nih okuzb z bakterijami Campylobacter spp., Ceprav je
vecina izbruhov povzro€enih zaradi uZivanja kontaminirane vode ali mleka. Campylobacter
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spp. so bakterije, ki naravno krozijo iz okolja do proizvodnih zivali in kon¢no preko mesa do
ljudi. Kljub temu ostaja vloga okoljskih sevov v tej verigi prenosa slabo pojasnjena.

V nasem delu smo raziskovali Sirjenje bakterij Campylobacter jejuni iz okoljskih virov
preko zivilsko predelovalne verige do ljudi. Pri tem smo uporabili multilokusno sekvencno
tipizacijo (MLST) in tipizacijo na podlagi gena flad kot molekularni sledilni orodji. MLST
je priro¢na tipizacijska metoda, ki omogoca detekcijo dolgoro¢nih evolucijskih genetskih
sprememb. Osredotoca se na analizo sekvencnih variacij v sedmih ohranjenih hiSnih genih.
Metoda je prenosljiva, nedvoumna in enostavna. Rezultati so zaradi tega primerljivi med
laboratoriji, poleg tega pa se lahko uvozijo v javno dostopno podatkovno bazo PubMLST.
Tipizacija na podlagi flad je bila vklju€ena z namenom poviSanja diskriminatorne moci. S
pomoc¢jo metode MLST smo preucevali klonsko strukturo izbrane populacije C. jejuni, v
katero smo vkljucili seve 1z okoljskih voda, farmskih Zivali, piS€ancjega mesa in humanih
klini¢nih primerov. Oseminstiridest isolatov C. jejuni od skupno dvainpetdesetih je bilo z
metodo MLST razporejenih v deset klonskih kompleksov (CC) in 28 sekvenénih tipov (ST).
Prevladovala sta klonska kompleksa 21 in 45 in sekvencna tipa 50 in 104. Triindvajset
sekvenc¢nih tipov se je pojavilo zgolj enkrat, kar nakazuje na izjemno visoko genetsko
diverziteto znotraj relativno majhne skupine sevov (Kovac in sod., 2014a).

Porazdelitev izolatov s pomocjo drevesa minimalnega razpona nakazuje na korelacijo
specificnih genotipov in njihovega vira izolacije. Vecina humanih izolatov (71 %) je bila
razporejena v CC 21 in CC 353, medtem ko je vecina mesnih izolatov bila znacilna za CC
21 (67 %) in CC 45. SedeminSestdeset odstotkov zivalskih izolatov je imelo genotipe,
znacCilne za CC 21 in CC 354. Sekvencni tipi, ki pripadajo CC 21 in 45 so bili ze v
preteklosti prevladujoc¢i v Evropi in so tipi¢ni za perutnino. V naSem primeru je bilo 12 od
19 izolatov razvrS€enih v CC 21 in Sest od osmih razvr§¢enih v CC 45, iz perutninskega
mesa ali fecesa. Vodni 1zolati so se genetsko najbolj raziskovali od izolatov iz ostalih virov.
Dva od petih izolatov nista bila dodeljena nobenemu klonskemu kompleksu. Njihovi razli¢ni
sekvencni tipi predstavljajo zanimivo skupino, ki ima malo skupnega z izolati iz Zivali in
ljudi (Kovac in sod., 2014a).

Klonsko S$irjenje kinolonske odpornosti smo naprej preucevali z analizo sekvenc celotnih
genomov 1711 humanih klini¢nih izolatov C. jejuni in C. coli, zbranih v OxfordSiru v
obdobju med junijem 2011 in junijem 2013. Prevalenca kinolonske odpornosti je bila
dolo¢ena na podlagi odpornost-zagotavljajo¢ih mutacij v genu gyrd. Odpornost proti
kinolonom je bila najvi§ja v v klonskem kompleksu ST-464 (94,4 % in 88 % odpornih v
prvem in drugem letu), v klonskem kompleksu ST-354 (83,3 % in 96,7 % odpornih v prvem
in drugem letu), ter v sekven¢nem tipu ST 50 1z klonskega kompleksa ST-21 (66,7 % in 51,7
% odpornih v prvem in drugem letu). Z namenom preuciti naravo Sirjenja kinolonske
odpornosti smo na podlagi genomskih sekvenc zgradili filogenetske mreze izolatov iz
klonskih kompleksov ST-21, ST-354 in ST-464 in preucili skupinjenje alelnih razli¢ic gena
gyrA znotraj posameznih filogenetskih mrez. Porazdelitev alelne razlic¢ice 20, ki je bila
povezana z odpornostjo v sekvencnem tipu 50 klonskega kompleksa ST-21, ni potrdila
klonskega izvora. Nasprotno se je pa enaka razliica gena gyrA v klonskem kompleksu ST-
354 jasno porazdelila znotraj glavne skupine odpornih izolatov. Podobno je bilo opazeno
tudi za alelno razli¢ico 57 v klonskem kompleksu ST-464, kar jasno nakazuje na klonski
nacin $irjenja kinolonske odpornosti v teh dveh klonskih kompleksih.
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Narascanje stopnje nastajanja spontanih mutacij v genu gyr4, ki zagotavljajo odpornost proti
kinolonom je povezana s prisotnostjo gena mfd (Han in sod., 2008), zato smo preucili kako
je variabilnost v genu mfd povezana z odpornostjo proti kinolonom. Ugotovili smo, da so
alelni tipi 106, 39, 31 in 111 povezani z odpornostjo in da so doloc¢ene razli¢ice gena gyrA
znatno povezane z doloCenimi razli¢icami gena mfd, kar nakazuje na to, da se gena nista
razvijala neodvisno eden od drugega. Podobno smo opazili, da so dolo¢ene razli¢ice (1, 113,
135 in 53) gena za notranji transmembranski transporter CmeB mocno povezane s
kinolonsko odpornostjo, kar nakazuje na to, da se te razliice izrazijo v proteinih z vecjo
ucinkovitostjo iz€rpavanja kinolonskih antibiotikov.

Poleg razumevanja patogenovih epidemioloSkih znacilnosti je pomembno tudi poznavanje
trendov Sirjenja antibiotske odpornosti med bakterijami C. jejuni. S pomoc¢jo molekularnih
orodij lahko raziskujemo povezave med specificnimi genotipi in odpornostnimi profili in
dokazemo, da je odpornost proti kinolonom in makrolidom povezana s toCkovnimi
mutacijami v genith gyr4 in 23S rRNA. Odpornost lahko dodatno okrepi tudi ojacana
aktivnost bakterijskih efluksnih sistemov.

Efluksne c¢rpalke tipa RND so v nekaterih Gram negativnih bakterijah sposobne izlo¢anja
razliénih tipov antibiotikov. Njihova aktivnost je lahko inducirana z njthovimi lastnimi
substrati, kar nakazuje na to, da igra selektivni pritisk pomembno vlogo pri pridobitvi
nespecifi¢ne ali specificne odpornosti proti poritmikrobnim zdravilom (Mahamoud in sod.,
2007). Doloceni sekvenéni tipi so ze bili povezani z odpornostjo proti kinolonom v sevih z
omenjenimi tockovnimi mutacijami, vendar do danes Se ni bilo pojasnjeno, ali pride do tega
zato, ker so ti genotipi bolj nagnjeni k nastanku individualnih mutacij ali gre za klonsko
Sirjenje sevov s pridobljenimi mutacijami, ki zagotavljajo odpornost (Wirz in sod., 2010;
Kittl in sod., 2013; Wimalarathna in sod., 2013). V nasem delu smo dolocili antibiotsko
odpornost, MLST genotipe in analizirali genetsko sorodnost sevov, odpornih proti
ciprofloksacinu, na podlagi regije za zagotavljanje odpornosti proti kinolonom (QRDR)
znotraj gena gyrA. Namen analize je bil pojasnitev znacilnosti Sirjenja odpornosti bakterij C.
Jjejuni proti antibiotikom iz skupine kinolonov (Kovac in sod., 2014a).

Odpornost bakterij C. jejuni proti antibiotikom postaja problemati¢no ne le v Sloveniji,
temve¢ tudi v ostalih drzavah Evropske Unije. Izmed trenutno uporabljanih klini¢nih
antibiotikov, je nevarno visoka odpornost proti kinolonom. Ta skupina antibiotikov je, poleg
makrolidov, prva izbira za zdravljenje kampilobakterioz, zato je njihova ucinkovitost
velikega pomena. V Sloveniji se kinoloni uporabljajo za zdravljenje nespecifi¢nih
gastroenteritisov bakterijskega izvora, kot tudi za zdravljenje enterokoknih in okuzb z E.
coli pri perutnini. Prevalenca odpornosti proti ciprofloksacinu je med zivalskimi izolati v EU
od 37 % do 84 % (EFSA, 2014b), kar je v skladu z nasimi opazanji, saj smo med 35
mesnimi izolati zabelezili 77 % odpornih proti ciprofloksacinu. Skoraj vsi (94 %) proti
ciprofloksacinu odporni sevi iz naSe Studije so bili navzkrizno odporni tudi proti
nalidiksinski kislini (EFSA, 2014b; IVZ, 2014).

Analiza antibiotske odpornosti in MLST genotipov je razkrila, da so vsi, razen enega izmed
19 sevov C. jejuni, ki pripadajo klonskemu kompleksu 21, odporni proti kinolonom. V
nasem delu smo Zeleli ugotoviti ali povezava med CC 21 in odpornostjo proti
ciprofloksacinu obstaja zaradi visoke stopnje individualno nastalih to€¢kovnih mutacij v genu
gyrA, ali zaradi pove€ane sposobnosti klonskega Sirjenja odpornih sevov. Tega smo se lotili
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s preucevanjem najbolj znacilne mutacije Thr-86-Ile in nukleotidnega zaporedja regije
QRDR znotraj gena gyrA. Rezultati so pokazali, da so imeli vsi sevi, odporni proti
ciprofloksacinu, z izjemo enega, mutacijo ACA v ATA v 86. kodonu. Dodatno so imeli Sest
tihith mutacij v regiji QRDR, kar jasno nakazuje na visoko stopnjo genetske sorodnosti
sevov iz CC 21, odpornih proti ciprofloksacinu. Ker se kinolonska odpornosti hitro razvije
pod selektivnim antibiotskim pritiskom in lahko Se dolgo vztraja tudi v okolju brez
selektivnega pritiska, sklepamo, da je visoka pojavnost takih sevov znotraj klonskega
kompleksa 21 posledica pridobljene povecane ucinkovitosti klonskega Sirjenja, in ne zaradi
visoke genetske plastiCnosti omenjenega klonskega kompleksa (Kovac in sod., 2014a).

Narascajoca odpornost proti antibiotikom nedvomno predstavlja resen problem, saj klini¢no
uporabljani antibiotiki postajajo manj ali celo popolnoma neucinkoviti pri zdravljenju
kampilobakterioz. Iskanje alternativnih protimikrobnih sredstev iz rastlinskih virov tako
predstavlja dobro reSitev za premostitev bakterijske odpornosti. Rastlinski izvlecki, bogati s
fenolnimi spojinami, in etericna olja so ze dolgo znana po tem, da imajo protimikrobne
lastnosti in so iz tega razloga pogosti preuc¢evani (Cowan, 1999; Burt, 2004; Klan¢nik in
sod., 2012c; Negi, 2012). Posebej zanimivi so zato, ker so splo$no priznani kot varni in
imajo potencial za uporabo v vlogi konzervansov v hrani. Alpinia katsumadai Hayata
(Zingiberaceae) je sploSno uporabljana rastlina v tradicionalni kitajski medicini, in sicer kot
sredstvo proti Zelodénim teZavam in slabosti, kot tudi za dvig apetita. Uporablja se tudi kot
krma za izboljSanje rasti domacih Zivali. V naSem delu smo se osredotocili na preucevanje
bioaktivnosti izvleCka semen A. katsumadai, kot tudi eteri¢nega olja in izvleCka odpadnega
materiala po destialciji etericnega olja. Tovrstni odpadni materiali so pogosto zavrzeni in
predstavljajo okoljski problem. Njihova visoka vsebnost fenolnih spojin in potencial za
izrabo, kot ekonomiCen vir naravnih oksidantov in protimikrobnih spojin, pa ostaja
neizkori$cen (Klan¢nik in sod., 2012a; Kovac in sod., 2014b).

Sprva smo izvleCke semen A. katsumadai, pripravljene z razlicnimi topili, testirali za
protimikrobno aktivnost na referencnem sevu C. jejuni. Ugotovili smo, da topilo ni
pomembno vplivalo na protimikrobni potencial izvlecka, saj je bila pri vseh dolocena
minimalna inhibitorna koncentracija 512 mg/l. Sledilo je testiranje etanolnega izvlecka
semena, etericnega olja in etanolnega izvlecka odpadnega materiala na Stevil¢nejSi skupini
izolatov C. jejuni in C. coli. Med sevi vsake vrste so bili vklju€eni tako obcutljivi kot proti
antibiotikom odporni sevi. Opazene so bile statisticno znacilne razlike v protimikrobni
ucinkovitosti testiranih rastlinskih pripravkov. Glede na minimalne inhibitorne koncentracije
(MIK) je bil etanolni izvlecek protimikrobno najucinkovitejsi z MIK-1i med 125 in 2051
mg/l, nakar je sledil izvle€ek odpadnega materiala. Pri protimikrobni ucinkovitosti
rastlinskih pripravkov nismo ugotovili razlik v u¢inkovitosti delovanja na proti antibiotikom
obcutljive in odporne seve. Ucinkoviti so bili tudi na mnogokratno odpornih sevih.
Ugotovili smo, da je protimikrobna ucinkovitost vrstno in sevno specifi¢na. Glede na MIK-
e, ki so bili dosledno vi§ji od 100 mg/L, sklepamo, da imajo zmerno do Sibko protimikrobno
ucinkovitost na bakterijah Campylobacter (Klan¢nik in sod., 2012a; Kovac in sod., 2014b).

Poleg iskanja novih protimikrobnih rastlinskih pripravkov se strategije boja proti odpornosti
osredotocajo tudi na modulatorje odpornosti. Le-ti niso nujno protimikrobno ucinkoviti,
vendar lahko znizajo odpornost patogenih bakterij, ko se dodajajo skupaj z obstojecimi
protimikrobnimi sredstvi in na ta nacin povecajo oziroma obnovijo njihovo u¢inkovitost. Do
povecanja obcutljivosti protimikrobnih sredstev pride v tem primeru vecinoma zaradi
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inhibicije efluksa, poveCane prepustnosti membrane, poveCane sinteze proteinov ali
spremembe porinskega profila (Bolla in sod., 2011).

V naSem delu smo tako poleg protimikrobne ucinkovitosti ugotavljali in potrdili tudi
odpornostno mudulatorni potencial rastlinskih pripravkov iz semen A. katsumadai na
bakterijah C. jejuni. Etanolni izvlecek je bil potrjen kot modulator odpornosti v C. jejuni in
C. coli v nasi prvi Studiji, kjer smo dokazali, da v subinhibitorni koncentraciji poveca
ucinkovitost ciprofloksacina, eritromicina, etidijevega bromida, zol¢nih soli, rozmarinovega
izvlecka in epigalokatehin galata za do 16-krat. V drugem delu smo primerjalno preucevali
odpornostno modulatorno u¢inkovitost eteri¢nega olja in izvlecka odpadnega materiala. Kot
modulatorja sta bila rastlinska pripravka testirana v polovicni minimalni inhibitorni
koncentraciji vsakega posameznega seva, in sicer v kombinaciji z antibiotikoma
ciprofloksacinom, eritromicinom, razkuZilom triklosan, Zzol¢nimi solmi ter sploSnim
substratom efluksnih crpalk etidijevim bromidom. Eteri¢no olje je v povprecju povecalo
ucinkovitost testiranith protimikrobnih sredstev za 78-krat, medtem ko je odpadni material
povecal prtimikrobno ucinkovitost testiranih spojin za 34-krat. Etericno oje je bilo potrjeno
kot najucinkovitej$i modulator odpornosti pri bakterijah C. jejuni. Vsi posamezni testirani
rastlinski pripravki so bili enako ucinkoviti v kombinaciji z vsemi testiranimi
protimikrobnimi sredstvi, vklju¢no z Zol¢nimi solmi. Slednje je pomembno, ker so Zolcne
soli naravno prisotne v gastrointestinalnem traktu, ki sluzi kot rezervoar bakterij
Campylobacter. Odpornost proti zol¢nim solem je torej nujna za prezivetje in infektivnost
bakterij v tem okolju (Klan¢nik in sod., 2012a; Kovac in sod, 2014b).

Obstaja ve¢ razli¢nih strategij za povecanje obcutljivosti bakterij na antibiotike in ostala
protimikrobna sredstva. Najbolj obetajoce se osredotocajo na pove€anje vnosa antibiotikov v
celico z destabilizacijo lipopolisaharidenga sloja Gram negativnih bakterij in povecanje
membranske prepustnosti ter blokiranje efluksa z uporabo efluksnih inhibitorjev (Bolla in
sod., 2011). Da bi ugotovili kakSen je mehanizem odpornostno modulatornega delovanja
eteri¢nega olja iz semen 4. katsumadai na baktetrijah C. jejuni, smo ocenili njegov potencial
za povecanje znotrajcelicne akumulacije etidijevega bromida. Pove€anje akumulacije tega
sploSnega substrata efluksnih cCrpalk je namre¢ dober indikator za efluks inhibitorno
ucinkovitost. Etanolni izvlecek in izvlecek odpadnega materiala sta bila iz tehni¢nih
rezlogov izklju€ena iz analiz zaradi lastne avtofluorescence, ki je onemogocala meritve. V
nasem delu smo primerjali stopnje akumulacije etidijevega bromida v kulturah, tretiranih s
subinhibitorno koncentracijo eteri¢nega olja (0,25 ali 0,5 MIK) in netretiranih kulturah, da bi
ocenili ali eteri¢no olje lahko potencira znotrajcelicno akumulacijo etidijevega bromida. Kot
pozitivno referenco smo vkljucili znan efluksni inhibitor verapamil (Kovac in sod., 2014b).

Rezultati so pokazali znatno povecano akumulacijo etidijevega bromida v prisotnosti
etericnega olja semen A. katsumadai. Akumulacija etidijevega bromida je bila celo za 1,7-
krat boljSa v prisotnosti 0,5 MIK etericnega olja, v primerjavi z verapamilom, kot pozitivno
referenco. Povpre¢na akumulacija v prisotnosti 0,25 MIK eteri¢nega olja je bila skoraj
enaka, kot v prisotnosti 0,5 MIK olja, le ¢as, potreben za dosego maksimalne akumulacije je
bil nekoliko daljSi. Postopno upadanje akumulacije etidijevega bromida po tem, ko je
dosegel plato, se je najverjetneje zgodilo zaradi olajSanega vstopa etidijevega bromida
zaradi vpliva olja na membrano, ali zaradi nezadostne kapacitete olja za blokado efluksa
(Kovac in sod., 2014b).
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Zaradi u€inkovite odpornostno modulatorne in efluks inhibitorne ucinkovitosti etericnega
olja semen A. katsumadai smo zeleli identificirati tar¢no spojino, odgovorno za to aktivnost.
Analizirali smo kemijsko sestavo eteri¢nega olja in identificirali 95 % prisotnih spojin. Med
spojinami, ki so bila zastopane v koncentraciji, vi§ji od 1 %, so bile farnezol, 1-8-cineol, a-
humulen, cimen, a-felandern, 2-butanon, 4-fenil, a-terpineol in B-pinen. Zacetni presejalni
test nas je vodil do podrobnejSe analize ucinkovitosti spojine a-pinen, ki je bila v olju
zastopana v koncentraciji 2,2 %. Zaradi boljSe aktivnosti v zacetnih testih smo nadalnje
raziskave izvedli z enantiomero (-)-a-pinene.

Minimalna inhibitorna koncentracija (-)-o-pinena je bila 1000 mg/l ali vi§ja pri vseh
testiranih sevih C. jejuni, vkljutno s tistimi, vkljuenimi v teste modulatorne aktivnosti.
Potrjeni visoki MIK-i kaZejo nesignifikantno protimikrobno ucinkovitost (-)-a-pinena. Kot
potencialni modulator odpornosti je bil (-)-a-pinen testiran v koncentracijah 62,5 mg/l in
125 mg/l v kombinaciji z antibiotikoma ciprofloksacinom in eritromicinom, razkuzilom
triclosan in substratom efluksnih ¢rpalk etidijevim bromidom na referen¢nem sevu C. jejuni
NCTC 11168. V nizji testirani koncentraciji je povecal ucinkovitost testiranih
protimikrobnih sredstev za do dvakrat, v vi§ji koncentraciji pa od 32 do cez 256-krat.
Podobno moc¢na ucinkovitost je bila opazena tudi pri etericnem olju.

Pred oceno vpliva (-)-a-pinena na akumulacijo etidijevega bromida smo preverili vpliv obeh
koncentracij spojine na integriteto membrane na referencnem sevu C. jejuni. S tem smo
zeleli ovre¢i vpliv na prepustnost membrane kot glavni mehanizem modulatornega
delovanja (-)-a-pinena. Membranska integriteta kulture, tretirane z 62,5 mg/I je bila po eni
uri celo za 20 % visja od netretirane kulture, medtem ko je visja koncentracija (125 mg/l)
znizala membransko integriteto za 39 %.

Obe koncentraciji (-)-a-pinena sta bili testirani za sposobnost povecanja intracelularne
akumulacije etidijevega bromida v referen¢nem sevu C. jejuni. Uporaba nizje koncentracije
je rezultirala v vi§ji akumulaciji in obenem ni imela negativnega vpliva na membransko
integriteto, zato smo jo uporabili v testih na ve¢jem Stevilu sevov. To nam je omogocilo
preucevanje samega efluks inhibitornega ucinka. Opazili smo relativno poviSanje
akumulacije etidijevega bromida v prisotnosti (-)-a-pinena pri vseh Sestnajstih testiranih
sevih. (-)-a-pinene je bi sposoben povecanja akumulacije etidijevega bromida znatno bolje
kot referenc¢na inhibitorja CCCP in reserpine v vseh testiranih sevih, kar potrjuje njegovo
izjemno dobro efluks inhibitorno u¢inkovitost. Spojina je obdrzala enak nivo aktivnosti tudi
v koncentraciji do 8 mg/l, kar nakazuje na to, da je najverjetneje bil glavna spojina
etericnega olja A. katsumadai, ki je inhibirala efluks, vendar tega zaradi nepoznavanja
enantiomerne sestave a-pinena v etericnem olju ne moremo potrditi.

Z namenom dolocitve tarénega efluksnega sistema spojine (-)-a-pinene, smo akumulacijo
etidijevega bromida testirali na divjem sevu in mutantah s prekinjenim bralnim okvirom
efluksnih genov cmeB in Cjl1687. Akumulacija etidijevega bromida je bila v mutantah
znatno nizja v primerjavi z divim sevom, kar nakazuje na odsotnost tar¢e (-)-a-pinena v
omenjenih mutantah. Iz teh rezultatov sklepamo, da sta efluksni ¢rpalki CmeABC in Cj1687
glavni tar¢i efluks inhibitornega delovanja (-)-a-pinena.

Da bi razvozlali bakterijski adaptacijski odziv na tretiranje s subinhibitorno koncentracijo
(-)-a-pinena, ki smo jo uporabili v testih akumulacije etidijevega bromida, smo izvedli
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analizo izrazanja genov na nivoju celotnega genoma referencnega seva C. jejuni. Pri tem
smo uporabili tehologijo DNA mikromrez in kvantitativnega PCR v realnem c¢asu. Po 2-
urnem tretiranju bacterij C. jejuni z 62,5 mg/l (-)-a-pinena, je bilo 129 genov razli¢no
izrazanih, v primerjavi z netretirano kulturo. Pri tem smo upoStevali kot statisticno znacilne
spremembe v izrazanju samo tiste, ki so presegle dvakratno spremembo. Od teh je bilo 109
pozitivno raguliranih in 20 negativno reguliranih. Najmoc¢neje pozitivno regulirani (ve¢ kot
10-krat) so bili geni, ki kodirajo Saperone (grpE, dnak, clpB) in regulator odziva na toplotni
Sok, hrcA. Dodatna dva pozitivo regulirana gena (2 do 4-krat), vkljuena v odziv na toplotni
Sok, sta bila gena, ki kodirata Saperonine groES in cbpA ter transkripcijski represor AspR.
Poleg genov, vkljuenih v odziv na toplotni Sok, so bili pozitivno regulirani tudi geni
efluksnih ¢rpalk cmeABC, in sicer za 2,7 do 2,2-krat.

Spremembe v izraZzanju genov, ki jih je povzro€il (-)-a-pinen, so bile izjemno podobne
tistim, ki so jih predhodno opazili v mutanti z okvarjenim transkripcijskim regulatorjem
hspR. To so mocno povecano izrazanje genov grpE, dnak, clpB in hrcA. Enostaven model
odziva na toplotni Sok predlaga represijo groES in groEL s strani regulatorja hrcA in
represijo operona dnak, cbpA in clpB s strani represorja hAspR, ki v primeru toplotnega Soka
postane de-reprimiran. To poslediéno povzro€i pozitivno regulacijo transkripcijskega
regulatorja hrcA. Glede na naSe rezultate se pri tretiranju C. jejuni z (-)-0-pinenom sprozi
podobna kaskada dogodkov, kar kaze na to, da igra mehanizem odziva na toplotni Sok
pomembno vlogo v bakterijski adaptaciji na ta kemicni stres. Podoben odziv so opazili tudi
v drugi Studiji, in sicer po tretiranju C. jejuni z naravnim protimikrobnim sredstvom benzil
izotiocianatom.

Da bi potrdili vlogo teh genov v adaptacijskem odzivu C. jejuni, smo pripravili mutanti v
genih AspR in hrcA in jih uporabili v fenotipskih testih. Rast mutant s prekinjenimi bralnimi
okvirji genov AspR in hrcA ter divjega tipa C. jejuni NCTC 11168 je bila nato testirana v
prisotnosti in odsotnosti (-)-a-pinena. Divji sev NCTC 11168 je rastel najboljSe v danih
pogojih, nakar je sledil 4rcA ter nazadnje AspR. Rast v prisotnosti (-)-a-pinena je bila slabsa
kot v odsotnosti (-)-a-pinena pri vseh treh sevih. Ker je bil trend padajoce rasti opazen v
obeh mutantah, tako AhspR, kot tudi AhrcA, sklepamo, da imata oba transkripcijska
regulatorja pomembno vlogo v adaptacijskem odzivu na tretiranje z (-)-a-pinenom.

Mutanti AhspR in AhrcA in divji tip C. jejuni NCTC 11168 so bili dodatno fenotipsko
okarakterizirani s pomocjo fenotipskih mikromreZ Biolog. Preverjali smo njithovo
sposobnost rasti na razli¢nih virih ogljika ter v prisotnosti razli¢nih osmolitov in pH. S tem
smo Zeleli pojasniti vlogo okvarjenih genov v adaptaciji na tovrstne strese. Rast mutant smo
primerjali z rastjo divjega tipa. Mutanta AZspR je rastla bolje na nekaterth osmolitih, kot so
na primer 6 % NaCl s KCIl, natrijev sulfat, natrijev format, natrijev laktat in natrijev fosfat,
medtem ko je bila rast mutante na teh substratih AhrcA znatno inhibirana. Se ve¢, mutanta
AhrcA ni bila sposobna izrabljati cele vrste virov ogljika tako u¢inkovito kot divji tip.

Na podlagi teh rezultatov sklepamo, da igra odziv na toplotni Sok pomembno vlogo v
adaptaciji C. jejuni na razlicne strese, kot so osmotski stres in kemicni stres, vklju¢no s
stresom tretiranja z efluksnim inhibitorjem (-)-o-pinenom, vendar natancen mehanizem
odziva Se ni popolnoma pojasnjen. Ena izmed ovir na poti k popolnemu razumevanju
adaptacijskega odziva so tudi kompleksne posttranslacijske regulacije transkripcijskih
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represorjev HspR in HrcA, ki jih ni mogoce pojasniti z eksperimenti na transkripcijskem
nivoju.



Kova¢ J. Antimicrobial and modulatory activity of selected phytochemicals ... antibiotic resistance in Campylobacter jejuni.
Doctoral dissertation. Ljubljana, University of Ljubljana, Biotechnical Faculty, 2015 128

5 REFERENCES

Abid M., Wimalarathna H., Mills J., Saldana L., Pang W., Richardson J.F., Maiden M.C.,
McCarthy N.D. 2013. Duck liver-associated outbreak of campylobacteriosis among
humans, United Kingdom, 2011. Emerging Infectious Disease, 19, 8: 1310-1313

Akiba M., Lin J., Barton Y.W., Zhang Q. 2006. Interaction of CmeABC and CmeDEF in
conferring antimicrobial resistance and maintaining cell viability in Campylobacter
jejuni. Journal of Antimicrobial Chemotherapy, 57, 1: 52-60

Bokkenheuser V.D., Richardson N.J., Bryner J.H., Roux D.J., Schutte A.B., Koornhof H.J.,
Freiman I., Hartman E. 1979. Detection of enteric campylobacteriosis in children.
Journal of Clinical Microbiology, 9, 2: 227-232

Bolla J.M., Alibert-Franco S., Handzlik J., Chevalier J., Mahamoud A., Boyer G., Kiec-
Kononowicz K., Pages J.M. 2011. Strategies for bypassing the membrane barrier in
multidrug resistant Gram-negative bacteria. FEBS Letters, 585, 11: 1682-1690

Bryant D., Moulton V. 2004. Neighbor-net: an agglomerative method for the construction of
phylogenetic networks. Molecular Biology and Evolution, 21, 2: 255-265

Burt S. 2004. Essential oils: their antibacterial properties and potential applications in foods-
-a review. International Journal of Food Microbiology, 94, 3: 223-253

Butzler J.P., Dekeyser P., Detrain M., Dehaen F. 1973. Related vibrio in stools. Journal of
Pediatrics, 82, 3: 493-495

Cameron A., Frirdich E., Huynh S., Parker C.T., Gaynor E.C. 2012. Hyperosmotic stress
response of Campylobacter jejuni. Journal of Bacteriology, 194, 22: 6116-6130

CDC. 2013. Antibiotic resistance threats in the United States, 2013. Atlanta, CDC-Centers
for Disease Control and Prevention: 114 p.

http://www.cdc.gov/drugresistance/threat-report-2013/pdf/ar-threats-2013-508.pdf
(30.7.2014)

Cody A.J., Colles F.M., Sheppard S.K., Maiden M.C. 2010a. Where does Campylobacter
come from? A molecular odyssey. Advances in Experimental Mededicine and
Biology, 659: 47-56

Cody AlJ., Clarke L., Bowler I.C., Dingle K.E. 2010b. Ciprofloxacin-resistant
campylobacteriosis in the UK. Lancet, 376, 9757: 1987-1987

Cody A.J., McCarthy N.D., Jansen van Rensburg M., Isinkaye T., Bentley S.D., Parkhill J.,
Dingle K.E., Bowler I.C., Jolley K.A., Maiden M.C. 2013. Real-time genomic
epidemiological evaluation of human Campylobacter isolates by use of whole-genome
multilocus sequence typing. Journal of Clinical Microbiology, 51, 8: 2526-2534

Cowan M.M. 1999. Plant products as antimicrobial agents. Clinical Microbiology Reviews,
12, 4: 564-582

Da Silva A.C., Lopes P.M., de Azevedo M.M., Costa D.C., Alviano C.S., Alviano D.S.
2012. Biological activities of alpha-pinene and beta-pinene enantiomers. Molecules,
17, 6: 6305-6316




Kova¢ J. Antimicrobial and modulatory activity of selected phytochemicals ... antibiotic resistance in Campylobacter jejuni.
Doctoral dissertation. Ljubljana, University of Ljubljana, Biotechnical Faculty, 2015 129

De Wit M.A.S., Koopmans M.P.G., Kortbeek L. M., Sensor, Wannet W. J. B., Vinjé J., van
Leusden F., Bartelds A. I. M., van Duynhoven Y. T. H. P. 2001. Sensor, a population-
based cohort study on gastroenteritis in the Netherlands: Incidence and etiology.
American Journal of Epidemiology, 154, 7: 666-674

Dingle K.E., Colles F.M., Wareing D.R., Ure R., Fox A.J., Bolton F.E., Bootsma H.J.,
Willems R.J., Urwin R., Maiden M.C. 2001. Multilocus sequence typing system for
Campylobacter jejuni. Journal of Clinical Microbiology, 39, 1: 14-23

Dufour V., Stahl M., Rosenfeld E., Stintzi A., Baysse C. 2013. Insights into the mode of
action of benzyl isothiocyanate on Campylobacter jejuni. Applied and Environmental
Microbiology, 79, 22: 6958-6968

EFSA. 2014a. The European Union summary report on antimicrobial resistance in zoonotic
and indicator bacteria from humans, animals and food in 2012. EFSA Journal, 12, 3:
3590, doi:10.2903/j.efsa.2014.3590: 336 p.

EFSA. 2014b. The European Union summary report on trends and sources of zoonoses,
zoonotic agents and food-borne outbreaks in 2012. EFSA Journal, 12, 2: 3547,
doi:10.2903/j.efsa.2014.3547: 312 p.

ECDC/EMA. 2009. ECDC/EMEA joint technical report. The bacterial challenge: time to
react. Stockholm, ECDC/EMA- European Center for Disease Prevention and
Control/European Medicines Agency, doi 10.2900/2518: 42 p.
http://www.ecdc.europa.eu/en/publications/Publications/0909 TER The Bacterial C
hallenge Time to React.pdf (30.7.2014)

EMA. 2011a. Committee for medicinal products for veterinary use. Reflection paper onthe
use of fluoroquinolonesin food producing animals - Precautions for use in the SPC
regarding prudent use guidance. London, EMA-European Medicines Agency: 2 p.
http://www.ema.europa.eu/docs/en_GB/document_library/Other/2009/10/WC5000051
73.pdf (30.7.2014)

EMA. 2011b. Reflection paper on the use of macrolides, lincosamides and streptogramins
(MLS) in food-producing animals in the European Union: development of resistance
and impact on human and animal health. London, European Medicines Agency-EMA:
42 p.
http://www.ema.europa.eu/docs/en_GB/document _library/Scientific_guideline/2011/1
1/WC500118230.pdf (30.7.2014)

EUROSTAT. 2014. Data / Browse statistics by theme / Population and social statistics.
Brussels, EUROSTAT-European Statistics: database.
http://ec.europa.cu/eurostat (17.12.2014)

Gaasbeek E.J., Wagenaar J.A., Guilhabert M.R., van Putten J.P., Parker C.T., van der Wal
F.J. 2010. Nucleases encoded by the integrated elements CJIE2 and CJIE4 inhibit
natural transformation of Campylobacter jejuni. Journal of Bacteriology, 192, 4: 936-
941

Gripp E., Hlahla D., Didelot X., Kops F., Maurischat S., Tedin K., Alter T., Ellerbroek
L., Schreiber K., Schomburg D., Janssen T., Bartholoméus P., Hofreuter D.,Woltemate
S., Uhr M., Brenneke B., Griining P., Gerlach G., Wieler L., Suerbaum S., Josenhans




Kova¢ J. Antimicrobial and modulatory activity of selected phytochemicals ... antibiotic resistance in Campylobacter jejuni.
Doctoral dissertation. Ljubljana, University of Ljubljana, Biotechnical Faculty, 2015 130

C. 2011. Closely related Campylobacter jejuni strains from different sources reveal a
generalist rather than a specialist lifestyle. BMC Genomics, 12: 584, doi:
10.1186/1471-2164-12-584: 21 p.

Groblacher B., Kunert O., Bucar F. 2012a. Compounds of Alpinia katsumadai as potential
efflux inhibitors in Mycobacterium smegmatis. Bioorganic & Medicinal Chemistry,
20, 8: 2701-2706

Groblacher B., Maier V., Kunert O., Bucar F. 2012b. Putative mycobacterial efflux
inhibitors from the seeds of Aframomum melegueta. Journal of Natural Products, 75,
7: 1393-1399

Haagsma J.A., Geenen P.L., Ethelberg S., Fetsch A., Hansdotter F., Jansen A., Korsgaard
H., O'Brien S.J., Scavia G., Spitznagel H., Stefanoff P., Tam C.C., Havelaar A.H.
2013. Community incidence of pathogen-specific gastroenteritis: reconstructing the
surveillance pyramid for seven pathogens in seven European Union member states.
Epidemiology & Infection, 141, 8: 1625-1639

Hall G., Yohannes K., Raupach J., Becker N., Kirk M. 2008. Estimating community
incidence of Salmonella, Campylobacter, and Shiga toxin-producing Escherichia coli
infections, Australia. Emerging Infectious Disease, 14, 10: 1601-1609

Han J., Sahin O., Barton Y.W., Zhang Q. 2008. Key role of Mfd in the development of
fluoroquinolone resistance in Campylobacter jejuni. PLoS Pathogens, 4, 6: ¢1000083,
doi:10.1371/journal.ppat.1000083: 12 p.

Hanninen M.L., Hannula M. 2007. Spontaneous mutation frequency and emergence of
ciprofloxacin resistance in Campylobacter jejuni and Campylobacter coli. Journal of
Antimicrobial Chemotherapy, 60, 6: 1251-1257

Herrmann F., Wink M. 2011. Synergistic interactions of saponins and monoterpenes in
HelLa cells, Cos7 cells and in erythrocytes. Phytomedicine, 18: 1191-1196

Holmes C.W., Penn C.W., Lund P.A. 2010. The hrcA and hspR regulons of Campylobacter
Jjejuni. Microbiology, 156: 158-166

Huson D.H., Bryant D. 2006. Application of phylogenetic networks in evolutionary studies.
Molecular Biology and Evolution, 23, 2: 254-267

Hyytiainen H., Juntunen P., Scott T., Kytomaki L., Venho R., Laiho A., Junttila S.,
Gyenesei A., Revez J., Hanninen M.L. 2013. Effect of ciprofloxacin exposure on
DNA repair mechanisms in Campylobacter jejuni. Microbiology, 159: 2513-2523

IVZ. 2013. Epidemiolosko spremljanje nalezljivih bolezni v Sloveniji v letu 2012.
Ljubljana, IVZ-Institut za varovanje zdravja Republike Slovenije: 107 p.
http://www.ivz.si/gradiva_nalezljive bolezni?pi=5& 5 Filename=attName.png& 5
Mediald=7727& 5 AutoResize=false&pl=105-5.3. (30.7.2014)

Iovine N.M. 2013. Resistance mechanisms in Campylobacter jejuni. Virulence, 4, 3: 230-
240

Jayaraman R. 2011. Hypermutation and stress adaptation in bacteria. Journal of Genetics,
90, 2: 383-391



Kova¢ J. Antimicrobial and modulatory activity of selected phytochemicals ... antibiotic resistance in Campylobacter jejuni.
Doctoral dissertation. Ljubljana, University of Ljubljana, Biotechnical Faculty, 2015 131

Jeon B., Wang Y., Hao H., Barton Y.W., Zhang Q. 2011. Contribution of CmeG to
antibiotic and oxidative stress resistance in Campylobacter jejuni. Journal of
Antimicrobial Chemotherapy, 66, 1: 79-85

Jeon B., Zhang Q. 2009. Sensitization of Campylobacter jejuni to fluoroquinolone and
macrolide antibiotics by antisense inhibition of the CmeABC multidrug efflux
transporter. Journal of Antimicrobial Chemotherapy, 63, 5: 946-948

Jolley K.A., Maiden M.C. 2010. BIGSdb: Scalable analysis of bacterial genome variation at
the population level. BMC Bioinformatics, 11: 595, doi:10.1186/1471-2105-11-595:
11 p.

Jolley K.A., Bliss C.M., Bennett J.S., Bratcher H.B., Brehony C., Colles F.M.,
Wimalarathna H., Harrison O.B., Sheppard S.K., Cody A.J., Maiden M.C. 2012.
Ribosomal multilocus sequence typing: universal characterization of bacteria from
domain to strain. Microbiology, 158: 1005-1015

Kassem, II, Chandrashekhar K., Rajashekara G. 2013. Of energy and survival incognito: a
relationship between viable but non-culturable cells formation and inorganic
polyphosphate and formate metabolism in Campylobacter jejuni. Frontiers in
Microbiology, 4: 183, doi: 10.3389/fmicb.2013.00183: 8 p.

Kittl S., Heckel G., Korczak B.M., Kuhnert P. 2013. Source attribution of human
Campylobacter i1solates by MLST and fla-typing and association of genotypes with
quinolone resistance. PLoS One, 8, 11: €81796, doi:10.1371/journal.pone.0081796: 8
p.

Klanénik A., Groblacher B., Kovac J., Bucar F., Mozina S.S. 2012a. Anti-Campylobacter
and resistance-modifying activity of Alpinia katsumadai seed extracts. Journal of
Applied Microbiology, 113, 5: 1249-1262

Klanénik A., Mozina S.S., Zhang Q. 2012b. Anti-Campylobacter activities and resistance
mechanisms of natural phenolic compounds in Campylobacter. PLoS One, 7, 12:
€51800, doi:10.1371/journal.pone.0051800: 10 p.

Korczak B.M., Zurfluh M., Emler S., Kuhn-Oertli J., Kuhnert P. 2009. Multiplex strategy
for multilocus sequence typing, fla typing, and genetic determination of antimicrobial
resistance of Campylobacter jejuni and Campylobacter coli isolates collected in
Switzerland. Journal of Clinical Microbiology, 47, 7: 1996-2007

Kova¢ J., Cadez N., Lusicky M., Nielsen E.M., Ocepek M., Raspor P., Smole Mozina S.
2014a. The evidence for clonal spreading of quinolone resistance with a particular
clonal complex of Campylobacter jejuni. Epidemiology & Infection: 2595-2603

Kovac J., Gavari¢ N., Bucar F., Smole Mozina S. 2014b. Antimicrobial and resistance
modulatory activity of Alpinia katsumadai seed extract, essential oil and post-
distillation extract. Food Technology and Biotechnology, 52: 248-254

Kurin¢i¢ M., Botteldoorn N., Herman L., Smole Mozina S. 2007. Mechanisms of
erythromycin resistance of Campylobacter spp. isolated from food, animals and
humans. International Journal of Food Microbiology, 120, 1-2: 186-190



Kova¢ J. Antimicrobial and modulatory activity of selected phytochemicals ... antibiotic resistance in Campylobacter jejuni.
Doctoral dissertation. Ljubljana, University of Ljubljana, Biotechnical Faculty, 2015 132

Kurin¢i¢ M., Klan¢nik A., Smole Mozina S. 2012. Epigallocatechin gallate as a modulator
of Campylobacter resistance to macrolide antibiotics. International Journal of
Antimicrobial Agents, 40, 5: 467-471

Kwan P.S., Xavier C., Santovenia M., Pruckler J., Stroika S., Joyce K., Gardner T., Fields
P.I., McLaughlin J., Tauxe R.V., Fitzgerald C. 2014. Multi-Locus Sequence Typing
confirms wild birds as the source of a Campylobacter outbreak associated with the
consumption of raw peas. Applied and Environmental Microbiology,
doi:10.1128/AEM.00537-14: 22 p. (in press)

Li W., Atkinson G.C., Thakor N.S., Allas U., Lu C.C., Chan K.Y., Tenson T., Schulten K.,
Wilson K.S., Hauryliuk V., Frank J. 2013. Mechanism of tetracycline resistance by
ribosomal protection protein Tet(O). Nature Communications, 4: 1477,
doi:10.1038/ncomms2470: 8 p.

Lin J., Michel L.O., Zhang Q. 2002. CmeABC functions as a multidrug efflux system in
Campylobacter jejuni. Antimicrobial Agents and Chemotherapy, 46, 7: 2124-2131

Luangtongkum T., Shen Z., Seng V.W., Sahin O., Jeon B., Liu P., Zhang Q. 2012. Impaired
fitness and transmission of macrolide-resistant Campylobacter jejuni in its natural
host. Antimicrobial Agents and Chemotherapy, 56, 3: 1300-1308

Luo N., Pereira S., Sahin O., Lin J., Huang S., Michel L., Zhang Q. 2005. Enhanced in vivo
fitness of fluoroquinolone-resistant Campylobacter jejuni in the absence of antibiotic
selection pressure. Proceedings of the National Academy of Sciences United States of
America, 102, 3: 541-546

Magnusson S.H., Guethmundsdottir S., Reynisson E., Runarsson A.R., Harethardottir H.,
Gunnarson E., Georgsson F., Reiersen J., Marteinsson V.T. 2011. Comparison of
Campylobacter jejuni isolates from human, food, veterinary and environmental
sources in Iceland using PFGE, MLST and fla-SVR sequencing. Journal of Applied
Microbiology, 111, 4: 971-981

Mahamoud A., Chevalier J., Alibert-Franco S., Kern W.V., Pages J.M. 2007. Antibiotic
efflux pumps in Gram-negative bacteria: the inhibitor response strategy. Journal of
Antimicrobial Chemotherapy, 59, 6: 1223-1229

Michel P., Wilson J.B., Martin S.W., Clarke R.C., McEwen S.A., Gyles C.L. 2000.
Estimation of the under-reporting rate for the surveillance of Escherichia coli
O157:H7 cases in Ontario, Canada. Epidemiology & Infection, 125, 1: 35-45

Moure A., Franco D., Sineiro J., Dominguez H., Nunez M.J., Lema J.M. 2000. Evaluation of
extracts from Gevuina avellana hulls as antioxidants. Journal of Agricultural and Food
Chemistry, 48, 9: 3890-3897

Mullner P., Spencer S.E., Wilson D.J., Jones G., Noble A.D., Midwinter A.C., Collins-
Emerson J.M., Carter P., Hathaway S., French N.P. 2009. Assigning the source of
human campylobacteriosis in New Zealand: a comparative genetic and
epidemiological approach. Infection, Genetics and Evolution, 9, 6: 1311-1319

Negi P.S. 2012. Plant extracts for the control of bacterial growth: efficacy, stability and
safety issues for food application. International Journal of Food Microbiology, 156, 1:
7-17



Kova¢ J. Antimicrobial and modulatory activity of selected phytochemicals ... antibiotic resistance in Campylobacter jejuni.
Doctoral dissertation. Ljubljana, University of Ljubljana, Biotechnical Faculty, 2015 133

Perez-Boto D., Herrera-Leon S., Garcia-Pena F.J., Abad-Moreno J.C., Echeita M.A. 2014.
Molecular mechanisms of quinolone, macrolide, and tetracycline resistance among
Campylobacter isolates from initial stages of broiler production. Avian Pathology, 43,
2:176-182

Ragimbeau C., Colin S., Devaux A., Decruyenaere F., Cauchie H.M., Losch S., Penny C.,
Mossong J. 2014. Investigating the host specificity of Campylobacter jejuni and
Campylobacter coli by sequencing gyrase subunit A. BMC Microbiology, 14:
205, doi:10.1186/s12866-014-0205-7: 12 p.

Rasul A., Millimouno F.M., Ali Eltayb W., Ali M., Li J., Li X. 2013. Pinocembrin: a novel
natural compound with versatile pharmacological and biological activities. BioMed
Research International, 2013: 379850, doi: 10.1155/2013/379850: 9 p.

Roux F., Sproston E., Rotariu O., Macrae M., Sheppard S.K., Bessell P., Smith-Palmer A.,
Cowden J., Maiden M.C., Forbes K.J., Strachan N.J. 2013. Elucidating the aetiology
of human Campylobacter coli infections. PLoS One, 8, 5: 64504,
10.1371/journal.pone.0064504: 7 p.

Sahin O., Fitzgerald C., Stroika S., Zhao S., Sippy R.J., Kwan P., Plummer P.J., Han J.,
Yaeger M.J., Zhang Q. 2012. Molecular evidence for zoonotic transmission of an
emergent, highly pathogenic Campylobacter jejuni clone in the United States. Journal
of Clinical Microbiology, 50, 3: 680-687

Savoia D. 2012. Plant-derived antimicrobial compounds: alternatives to antibiotics. Future
Microbiology, 7, 8, doi: 10.2217/fmb.12.68: 11 p.

Scallan E., Hoekstra R.M., Angulo F.J., Tauxe R.V., Widdowson M.A., Roy S.L., Jones
J.L., Griffin P.M. 2011. Foodborne illness acquired in the United States-major
pathogens. Emerging Infectious Diseases, 17, 1: 7-17

Scallan E., Jones T.F., Cronquist A., Thomas S., Frenzen P., Hoefer D., Medus C., Angulo
F.J. 2006. Factors associated with seeking medical care and submitting a stool sample
in estimating the burden of foodborne illness. Foodborne Pathogens and Disease, 3, 4:
432-438

Scallan E., Majowicz S.E., Hall G., Banerjee A., Bowman C.L., Daly L., Jones T., Kirk
M.D., Fitzgerald M., Angulo F.J. 2005. Prevalence of diarrhoea in the community in
Australia, Canada, Ireland, and the United States. International Journal of
Epidemiology, 34, 2: 454-456

Sheppard S.K., Dallas J.F., Strachan N.J., MacRae M., McCarthy N.D., Wilson D.J.,
Gormley F.J., Falush D., Ogden 1.D., Maiden M.C., Forbes K.J. 2009. Campylobacter
genotyping to determine the source of human infection. Clinical Infectious Diseases,
48, 8: 1072-1078

Shiu W.K., Malkinson J.P., Rahman M.M., Curry J., Stapleton P., Gunaratnam M., Neidle
S., Mushtaq S., Warner M., Livermore D.M., Evangelopoulos D., Basavannacharya
C., Bhakta S., Schindler B.D., Seo S.M., Coleman D., Kaatz G.W., Gibbons S. 2013.
A new plant-derived antibacterial is an inhibitor of efflux pumps in Staphylococcus
aureus. International Journal of Antimicrobial Agents, 42, 6: 513-518



Kova¢ J. Antimicrobial and modulatory activity of selected phytochemicals ... antibiotic resistance in Campylobacter jejuni.
Doctoral dissertation. Ljubljana, University of Ljubljana, Biotechnical Faculty, 2015 134

Shulman S.T., Friedmann H.C., Sims R.H. 2007. Theodor Escherich: the first pediatric
infectious diseases physician? Clinical Infectious Diseases, 45, 8: 1025-1029

Sieniawska E., Baj T., Los R., Skalicka-Wozniak K., Malm A., Glowniak K. 2013. Phenolic
acids content, antioxidant and antimicrobial activity of Ligusticum mutellina L.
Natural Products Research, 27, 12: 1108-1110

Stabler R.A., Larsson J.T., Al-Jaberi S., Nielsen E.M.,Kay E. Tam C.C., Higgins
C.D., Rodrigues L.C., Richardson J.F., O'Brien S.J., Wren B.W. Characterization of
water and wildlife strains as a subgroup of Campylobacter jejuni using DNA
microarrays. Environmental Microbiology, 15: 2371-2383

Silva J., Leite D., Fernandes M., Mena C., Gibbs PA., Teixeira P. 2011. Campylobacter spp.
as a foodborne pathogen: a review. Frontiers in Microbiology, 2: 200, doi:
10.3389/fmicb.2011.00200: 12 p.

Smole Mozina S., Kurin¢i¢ M., Klan¢nik A., Mavri A. 2011. Campylobacter and its multi-
resistance in the food chain. Trends in Food Science and Technology, 22: 91-98

Shulman S.T., Friedmann H.C., Sims R.H. 2007. Theodor Escherich: The first pediatric
infectious diseases physician? Clinical Infectious Diseases, 45: 1025-1029

Stavri M., Piddock L.J., Gibbons S. 2007. Bacterial efflux pump inhibitors from natural
sources. Journal of Antimicrobial Chemotherapy, 59, 6: 1247-1260

Stintzi A., Marlow D., Palyada K., Naikare H., Panciera R., Whitworth L., Clarke C. 2005.
Use of genome-wide expression profiling and mutagenesis to study the intestinal
lifestyle of Campylobacter jejuni. Infection and Immunity, 73, 3: 1797-1810

Stone D., Davis M., Baker K., Besser T., Roopnarine R., Sharma R. 2013. MLST genotypes
and antibiotic resistance of Campylobacter spp. isolated from poultry in Grenada.
BioMed Research International, 2013: 794643, doi: 10.1155/2013/794643: 10 p.

Sikié Pogacar M., Klan¢nik A., Kovac J., Bucar F., Langerholc T., Smole Mozina S. 2015
Alpinia katsumadai extracts inhibit adhesion and invasion of Campylobacter jejuni in
animal and human foetal small intestine cell lines. (unpublished work)

Tam C.C., Rodrigues L.C., Viviani L., Dodds J.P., Evans M.R., Hunter P.R., Gray J.J.,
Letley L.H., Rait G., Tompkins D.S., O'Brien S.J., [ID2 Study Executive Committee.
2012. Longitudinal study of infectious intestinal disease in the UK (IID2 study):
incidence in the community and presenting to general practice. Gut, 61: 69-77

Tegos G.P., Haynes M., Strouse J.J., Khan M.M., Bologa C.G., Oprea T.I., Sklar L.A. 2011.
Microbial efflux pump inhibition: tactics and strategies. Current Pharmaceutical
Design, 17, 13: 1291-1302

Thu N.T., Hale T., Nga V.T., Tuyen P.N., Quang T.T., Daniellee F.R., Lawrence P., Phung
N.K. 2013. Six new phenolic glycosides and a new ceramide from the flowers of
Wedelia biflora and their cytotoxicity against some cancer cell lines. Natural Products
Communications, 8, 3: 367-372

Tompkins D.S., Hudson M.J., Roderick P.J. on behalf of the Infectious Intestinal Disease,
Study Executive. 1999. Study of infectious intestinal disease in England: rates in the
community, presenting to general practice, and reported to national surveillance. BMJ,
318: 1046-1050



Kova¢ J. Antimicrobial and modulatory activity of selected phytochemicals ... antibiotic resistance in Campylobacter jejuni.
Doctoral dissertation. Ljubljana, University of Ljubljana, Biotechnical Faculty, 2015 135

Van Boven M., Veldman K.T., de Jong M.C., Mevius D.J. 2003. Rapid selection of
quinolone resistance in Campylobacter jejuni but not in Escherichia coli in
individually housed broilers. Journal of Antimicrobial Chemotherapy, 52, 4: 719-723

Vandamme, P. 2000. Taxonomy of the family Campylobacteraceae. In Campylobacter.
Nachamkin I., Blaser M. J. (eds.). Washington DC, ASM: 3-26

Vegge C.S., Brondsted L., Ligowska-Marzeta M., Ingmer H. 2012. Natural transformation
of Campylobacter jejuni occurs beyond limits of growth. PLoS One, 7, 9: e45467,
doi:10.1371/journal.pone.0045467, 10 p.

Wang W., Li N., Luo M., Zu Y., Efferth T. 2012. Antibacterial activity and anticancer
activity of Rosmarinus officinalis L. essential oil compared to that of its main
components. Molecules, 17, 3: 2704-2713

Wassenaar T.M., Geilhausen B., Newell D.G. 1998. Evidence of genomic instability in
Campylobacter jejuni 1isolated from poultry. Applied and Environmental
Microbiology, 64, 5: 1816-1821

WHO. 2011. Tackling antibiotic resistance from a food safety perspective in Europe.
Copenhagen, WHO-World Health Organization: 88 p.
http://www.euro.who.int/ _data/assets/pdf file/0005/136454/€94889.pdf?ua=1
(16.12.2014)

Wieczorek K., Osek J. 2013. Antimicrobial resistance mechanisms among Campylobacter.
BioMed Research International, 2013: 340605, doi: 10.1155/2013/340605: 12 p.
Wilson D.J., Gabriel E., Leatherbarrow A.J., Cheesbrough J., Gee S., Bolton E., Fox A.,
Fearnhead P., Hart C.A., Diggle P.J. 2008. Tracing the source of campylobacteriosis.

PLoS Genetics, 4, 9: €1000203, doi: 10.1371/journal.pgen.1000203: 9 p.

Wimalarathna H.M., Richardson J.F., Lawson A.J., Elson R., Meldrum R., Little C.L.,
Maiden M.C., McCarthy N.D., Sheppard S.K. 2013. Widespread acquisition of
antimicrobial resistance among Campylobacter isolates from UK retail poultry and
evidence for clonal expansion of resistant lineages. BMC Microbiology, 13:160,
doi:10.1186/1471-2180-13-160, 9 p.

Wirz S.E., Overesch G., Kuhnert P., Korczak B.M. 2010. Genotype and antibiotic resistance
analyses of Campylobacter isolates from ceca and carcasses of slaughtered broiler
flocks. Applied and Environmental Microbiology, 76, 19: 6377-6386

Xia Q., Muraoka W.T., Shen Z., Sahin O., Wang H., Wu Z., Liu P., Zhang Q. 2013.
Adaptive mechanisms of Campylobacter jejuni to erythromycin treatment. BMC
Microbiology, 13:133, doi:10.1186/1471-2180-13-133: 16 p.




ACKNOWLEDGEMENTS

This work would not be possible without constant support of my advisor prof. dr. Sonja
Smole Mozina - I am tremendously thankful for all the opportunities and her trust in me.

Special thanks to my parents and my sister who always stood by my side.

Thanks for guidance and support to my co-advisor prof. dr. Franz Bucar, and prof. Peter
Raspor.

Thanks to dr. Neza CadeZ and dr. Jure Zupan for support and many fruitful scientific
discussions.

Thanks to —

prof. dr. Qijing Zhang,

dr. Zuowei Wu

dr. Gary Barker,

prof. dr. Martin Maiden,

dr. Alison Cody

for guidance during my research visits.

Thanks to Dragica Markovi¢ for constant assistance in bureaucratic matters.

Thanks to Lina Burkan Makivi¢ for technical revision of the thesis and formatting
corrections.

Thanks to all of my co-workers for fun breaks, interesting discussions and words of
encouragement.

Thanks to my friends for being supportive and understanding.



ANNEXES

ANNEX A: Permission of Epidemiology and Infection for publishing the article entiteled
‘Anti-Campylobacter and resistance-modifying activity of Alpinia katsumadai
seed extracts’ as part of the doctoral thesis.

Kovag, Jasna

From: Wiley Global Permissions <permissions@wiley.com>
Sent: 24. november 2014 16:45

To: Kovac, Jasna

Subject: RE: Permisson

Dear Jasna Kovac

RE: Journal of Applied Microbiology, Vol. 113, p. 1249-1262

Thank you for your request.

Permission is granted for you to use the material requested for your thesis/dissertation subject to the usual
acknowledgements and on the understanding that you will reapply for permission if you wish to distribute or publish
your thesis/dissertation commercially. You must also duplicate the copyright notice that appears in the Wiley
publication in your use of the Material.

Permission is granted solely for use in conjunction with the thesis, and the material may not be posted online
separately.

Any third party material is expressly excluded from this permission. If any of the material you wish to use appears
within our work with credit to another source, authorisation from that source must be obtained.

Yours sincerely

Duncan James

Associate Permissions Manager
John Wiley & Sons Ltd

The Atrium

Southern Gate, Chichester
West Sussex, PO19 85Q

UK



ANNEX B: Permission of Journal of Applied Microbiology for publishing the article
entiteled ‘The evidence for clonal spreading of quinolone resistance with a
particular clonal complex of Campylobacter jejuni’ as part of the doctoral
thesis.

Kovag, Jasna

From: Claire Taylor <ctaylor@cambridge.org>
Sent: 19. november 2014 10:54

To: Kovag, Jasna

Subject: Fw: Permission

Attachments: Kovac et al_2014 Campy CIP R.pdf

19th November 2014

Dear Ms Jasna Kovaé

J. Kovaé, N. Cadez, M. Lusicky, E. Mgller Nielsen, M. Ocepek, P. Raspor and S. Smole Mozina, "The evidence
for clonal spreading of quinolone resistance with a particular clonal complex of Campylobacter jejuni™,
Epidemiology and Infection, Volume 142(12), pp 2595-2603, (2014).

Thank you for your recent permission request, to include the above article in your forthcoming PhD thesis, for non-
commercial publication, in print and electronic format, worldwide.

Non-exclusive permission is granted free of charge for this specific use on the understanding that you have checked
that we do not acknowledge another source for this material.

Please ensure full acknowledgement (authors, title, publication date, name of journal and Cambridge University
Press).

There is further information for our authors on our website at the following link.

http://www.cambridge.org/about-us/rights-permissions/permissions/permissions-requests-our-authors/

Yours sincerely

Claire Taylor

Senior Publishing Assistant
Cambridge University Press
University Printing House
Shaftesbury Road
Cambridge CB2 8BS

UK

Working days: Monday, Tuesday and Wednesday.



ANNEX C: Permission of Food Technology and Biotechnology for publishing the article
entiteled ‘Antimicrobial and resistance modulatory activity of Alpinia

katsumadai seed extract, essential oil and post-distillation extract’ as part of the
doctoral thesis.

\\\\()[ ()(,).'
< 1,
o (s}

g

)
S
&
©  UNIVERSITY OF
-
-
-
7

\Y

\%
INHALOY

Food Technology and Biotechnology

ZAGREB - CROATIA Published by the Faculty of Food Technology and Biotechnology

% University of Zagreb, Zagreb
A W&

1956

0 %

Editor-in-Chief: Prof. Dr. Sc. Vladimir Mrsa
Zagreb, November 17, 2014

Title of manuscript: Antimicrobial and Resistance Modulatory Activity of Alpinia

katsumadai Seed Extract, Essential Oil and Post-Distillation Extract

Authors: Jasna Kovac, Neda Gavari¢, Franz Bucar and Sonja Smole Mozina

Manuscript number: 3541

This document is issued to approve the use of the above manuscript, published in Food
Technology and Biotechnology journal, volume 52, issue 2 (2014) pp. 248-254, as part of the
PhD Thesis of Jasna Kovac at Biotechnical Faculty, University of Ljubljana.

Sincerely yours,

o

Professor V. Mrsa
(Editor-in-Chief)

Editorial office:

Kaciceva 23, HR-10000 Zagreb, Croatia; Phone/Fax: ++385 1 4827022; E-mail: ftb@pbf.hr; URL: www.ftb.com.hr



