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CHARACTERISATION, GENETIC TYPING AND ANTIMICROBIAL RESISTANCE OF
LISTERIA MONOCYTOGENES FROM FOOD CHAIN OF KOSOVO

-ABSTRACT-

Listeria monocytogenes (L. monocytogenes) is one of the main pathogens, psychrotrophic, known for its
ability to not only survive but also grow at different range of temperatures. This pathogen transmitted by the
consumption of contaminated food and it causes a disease called listeriosis. This study provides a genetic
characterization including phylogenetic lineages, molecular serotyping and clonal complexes of L. monocytogenes
strains isolated from different food products within the food chain of the Republic of Kosovo. Given the limited data
on antibiotic resistance among L. monocytogenes isolates in Kosovo, this study also aimed to assess the circulating
CCs and sequence types (STs) and their antibiotic resistance profiles using a panel of 18 antibiotics.

These samples were categorized as follows: 648 from ready-to-eat (RTE) food products, 281 from food
products typically consumed cooked (FPCC), 60 from raw materials (RM), and 6 from environmental sources. The
overall of L. monocytogenes contamination across these samples was determined to be 11.76% (117 out of 995).
Specifically, contamination rates were 6.33% (41 out of 648) in RTE products, 14.95% (42 out of 281) in FPCC,
55.00% (33 out of 60) in RM, and 16.66% (1 out of 6) in environmental samples. Sequence typing and antimicrobial
resistance was performed on 114 isolates.

L. monocytogenes isolates were detected in the collected samples through the official EN ISO 11290-1:2017
method with two-phase enrichment. DNA was extracted from pure isolates using the specific kit for Gram-positive
bacteria - Mericon DNA Bacteria Plus Kit (Qiagen). Strains were typed as follows: The concentration of DNA
extracts was adjusted to between 0.1 and 1 ng/uL, then a real-time multiplex PCR analysis was performed using
Tagman® PCR probes from TIB Molbio. Three different real-time PCR thermocyclers were used to perform the
tests: A Mic-1V real-time PCR thermocycler from Bio Molecular Systems (Upper Coomera, Australia), a Rotor-
Gene Q real-time PCR thermocycler from QIAGEN (Hilden, Germany), and a QuantStudio 5 real-time PCR
thermocycler from Thermo Fisher Scientific (Waltham, USA). The following target genes were used for molecular
serotyping Imo0737, Imo1118, ORF2819, ORF2110, prs, and plca. Clonal complexes (CCs) were identified by
amplifying CC-specific genomic regions according to ANSES procedures Geno-Listeria. Seven housekeeping loci
(abcz, byglA, cat, dap, dat, Idh, and IhkA) were selected for the characterization of L. monocytogenes isolates by
MLST. Antibiotic susceptibility testing performed using the Sensititre GPN3F panel, revealed significant variability
in resistance patterns.

All L. monocytogenes isolates underwent comprehensive molecular analyses, including serotyping and
clonal complex (CC) identification using real-time PCR and multilocus sequence typing (MLST). The isolates were
classified into four molecular serotypes: Ila (34.19%), I1lb (3.48%), llc (32.48%), and Vb (29.91%), representing
two major lineages: Lineage | (33.33%) and Lineage Il (66.66%). In total, 14 distinct CCs were identified among
the 41 RTE isolates, with CC29 (7 isolates), CC2 (6 isolates), and CC6 (6 isolates) being the most prevalent. By
contrast, CC9 was notably dominant in both FPCC (21 isolates) and RM (14 isolates). Importantly, 30 isolates were
identified as belonging to CC1, CC2, CC4, or CC6, clonal complexes that are frequently linked to severe human
infections.

Among the 114 isolates tested, 21 distinct sequence types (STs) were identified via MLST. CC9-ST9 was
the most abundant in meat products, accounting for 38.75% of isolates, while CC29-ST29 was predominant in dairy
products, representing 24.0% of isolates. Resistance was observed against several antibiotics, including levofloxacin
(22.8%), gentamicin and rifampin (17.5%), quinupristin/dalfopristin (14.9%), erythromycin (11.4%), penicillin
(7.89%), tetracycline (1.75%), and streptomycin (0.88%). Furthermore, 27 distinct multiple antibiotic resistance
(MAR) phenotypes were identified among the isolates, with resistance ranging from 3 to 12 antibiotics. Alarmingly,
the antimicrobial resistance index (ARI) for certain food categories, such as meat and meat products (MMP, ARI =
0.22) and fish meat products (FMP, ARI = 0.26), exceeded the permissible threshold of 0.2 defined by the
Krumperman model. Notably, 34 isolates (29.8%) exhibited MAR indices above this critical threshold.

The discovery of multidrug-resistant L. monocytogenes strains, including those associated with high-risk
sequence types, poses a significant threat to food safety and public health. These findings highlight the urgent need
for enhanced surveillance systems to monitor the occurrence and spread of antimicrobial-resistant (AMR) L.
monocytogenes within the food chain. Proactive measures, including stricter regulations and routine monitoring, are
essential to mitigate the risks posed by AMR pathogens and to safeguard public health in Kosovo.

Keywords: L. monocytogenes, food chain, phylogenetic lineage, molecular serotype, clonal complex,
sequence typing, antimicrobial resistance, intrinsic resistance, multidrug-resistant.
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KAPAKTEPU3AIIMJA, TEHETCKO TUIIMPAILE U AHTUMHUKPOBHA OTTIIOPHOCT HA
JIUCTEPUJA MOHOIIUTOT'EHUTE OJ1 CHHIIMPOT HA XPAHA HA KOCOBO

- ATICTPAKT -
Listeria monocytogenes (L. monocytogenes) e emeH of TWIaBHHTE IMATOTEHH, TICHXOTPO(QHH, TTO3HAT TI0

cBOjaTa cnocoOHOCT He CaMo Ja PEeXUBee, TYKy U J1a pacTe Ha pa3iudHu Temrepatypu. OBOj ITaTOTeH ce IPeHEeCcyBa
CO KOHCyMallija Ha KOHTaMHHHUpaHa XpaHa M NpeIu3BUKYBa OoyecT HapedeHa juctepuo3a. OBaa cTyauja
00e30eyBa TeHETCKa KapaKTepu3aluja BKIYy4yBajKd (UIIOreHEeTCKHM J103a, MOJIEKyJapHa CepOTHNHU3alMja |
KJIOHAJHU KOMIUIEKCH Ha COeBH Ha L. mONOCytogenes n3oaupanu o pasinuHy NpeXpaHOeHN IPOU3BOIH BO JIAHELIOT
Ha ucxpaHa Ha PermyOnuka KocoBo. Co ornen Ha orpaHMYeHHTE ITOAATOLM 32 OTHOPHOCT Ha aHTHOMOTHIM Kaj
n3oiarure Ha L. monocytogenes Bo KocoBo, oBaa cTynuja HCTO Taka MMallle 32 Lell [ TH IPOLEHU IUPKYIUPAYKUTE
CC u tumnoBu Ha cekBeHIM (STs) 1 HUBHUTE NMPOGUIN Ha OTIOPHOCT HA aHTHOMOTHUIIN KOPHUCTEJKH maHeln of 18
aHTHOWOTHIIN.

Ogue npumeponn Oea KaTeTOPU3UPaHH Ha CIICAHUOB HauuH: 648 o1 roToBH 3a janeme (RTE) npexpanbenn
npousBoay, 281 ox mpexpanOeHH IPOU3BOIN KoM 00myHO ce koHcymupaat BapeHHu (FPCC), 60 ox cypoBuau (RM)
1 6 071 N3BOPH Ha )XKMBOTHATa cpeauHa. L{enokynHaTa Ha KOoHTaMHHAIMja Ha L. monocytogenes Hu3 oBue mpuMeponn
6eme yrBpaeHa aeka e 11,76% (117 ox 995). Ilotouno, crankute Ha KOHTaMHHaIUja 6cea 6,33% (41 ox 648) kaj
RTE npowusBoaurte, 14,95% (42 on 281) Bo FPCC, 55,00% (33 ox 60) Bo RM u 16,66% (1 on 6) BO eKOJOUIKUTE
npumepory. Tunuzanuja Ha CeKBEHIM 1 aHTUMHKPOOHA pe3rcTeHIja Oerle u3BeeHa Ha 114 n3onaru.

W3onature Ha L. monocytogenes Gea OTKPHEHU BO COOpaHUTE MPUMEPOIM NPEKy odHIlHjaHaTa METOIa
EN ISO 11290-1:2017 co nBodazHo 30oraryBame. DNA Oemie u3BieYeHa OJl YHCTH M30JIATH CO IOMOII Ha
cnenr()UIHAOT KOMIUIET 3a TpaM-TIo3UTHBHH OakTeprn - Mericon DNA Bacteria Plus Kit (Qiagen). Bunosute 6ea
TUIIM3UpAHN Ha cieqHnoB HaunH: KoHneHTpanujata Ha DNA ekcrpaktu Oemre npunaroaena momery 0,1 u 1 ng/pL,
a moroa Oemre m3BpuicHa myntumuiekcHa PCR ananmsa Bo peanHo BpeMe co kopucteme Ha Tagman® PCR cormm
oxn TIB Molbio. 3a u3BpmryBame Ha TECTOBHTE ce Kopuctea Tpu paznuaan PCR TepMmomukiepu BoO peatHo BpeMe:
Mic-IV PCR tepmonukiepot Bo peanHo Bpeme ox Bio Molecular Systems (Upper Coomera, ABctpanuja), Rotor-
Gene Q PCR tepmorukiepot Bo peanno Bpeme oa QIAGEN (XunzaeHn, 'epmanuja) u QuantStudio 5 Bo peanHo
Bpeme FisciclerHer Sciencealt, USA TherWr. CreanuBe IeiHH TeHH 0Oea KOPHCTCHH 3a MOJICKYJIapHa
ceporunu3zaija 1mo0737, Imol1118, ORF2819, ORF2110, prs u plca. Kinonanuure kommuiekcu (CCs) Oea
uieHTuGUKyBaHu co 3acuiyBame Ha CC-cnennduyHuTe reHOMCKH perrnonu cnopen npouenypute ANSES I'eno-
Jlucrepuja. Ceaym jgokycu 3a qoMakuHCTBO (abceZ, bglA, cat, dap, dat, Idh u lhkA) 6ea n3bpanu 3a kapakTepu3aiyja
Ha m3osarure Ha L. monocytogenes co MLST. TectupameTo 3a 4yBCTBUTEIHOCT Ha aHTHOMOTHIN, U3BPIIEHO CO
oMo Ha manenoT Sensititre GPN3F, oTkpu 3HaunTEHA BapHjaOUITHOCT BO MOJICIIUTE HA OTIOPHOCT.

Cute u3onatu Ha L. monocytogenes Gea nmozsioxeHu Ha ceornaTHA MOJIEKYJIAPHHU aHAIIN3H, BKIYYUTEIIHO
cepoTHnu3anyja u uaeHTudukanuja Ha kiaonaaanot kommieke (CC) co kopucreme Ha PCR Bo peanHo Bpeme u
TUTIHpamke Ha CekBeHIa Ha moBeke Jokycu (MLST). M3omature Oea KiacupuUIEpaHH BO YETHPH MOICKYJIapHH
ceporumnosu: Ila (34,19%), 1Ib (3,48%), Ilc (32,48%) u IVb (29,91%), kou npercraByBaar I8¢ TVIABHU JIMHUH:
Lineage I (33,33%) u Lineage 11 (66,66%). Bkynro, 14 pasznuunu CC 6ea unenrtudukysanu mery 41 RTE nzonaru,
npu mto CC29 (7 uzonatu), CC2 (6 uzonatu) u CC6 (6 uzonaru) 6ea HajzactaneHu. CrpotusHo Ha Toa, CC9 Gere
ocobeno gomunanted u B0 FPCC (21 uszomnar) u Bo RM (14 usosaru). BaxHo e neka ce kaxe neka 30 uzonatu Oea
nneHTHGuKyBaHu aeka npunaraat Ha CC1, CC2, CC4 wm CC6, KITOHATHN KOMIIEKCH KOU 9eCTO Ce MOBP3aHU CO
TEIIKN YOBEYKN MHPEKIHH.

Mery 114-te Tectupanu nzonaty, 21 pasznuanu TMIOBU Ha cekBeHIHM (STs) Oea npeHTHGUKYBaHN MIPEKy
MLST. CC9-ST9 Gemre Haj3actarnieH BO MECHUTE IIPOU3BOaH, co 38,75% ox n3onarure, nonexa CC29-ST29 Geme
JIOMHHAHTEH BO MJICYHHTE IIPOM3BOAM, MITO npercTaByBa 24,0% on n3onarure. bemre 3a0enexaHa OTIOPHOCT Ha
HEKOJIKY aHTHOMOTHIM, BKIyYUTENHO W JeBoduiokcanH (22,8%), reHramuumH u pudamnua (17,5%),
kBunynpuctun/mandonpuctun (14,9%), epurpomunusa (11,4%), nenummun (7,89%), terpamuknun (1,75%) u
crpentomunH (0,88%) (0,88%). Ilomaramy, 27 pa3nuyHd (EHOTHIIOBH Ha TIOBEKEKpaTHa OTIOPHOCT Ha
aatuonoTHn (MAR) Oea naeHTH(UKYBaHN MeTy H30JIATHTE, CO OTIIOPHOCT 01 3 10 12 aHTHOMOTHIIN.
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AapMaHTHO, MHJEKCOT Ha aHTUMUKPOOHa otriopHocT (ARI) 32 onpenenu kareropuu Ha XpaHa, Kako IITO CE MECOTO
u npousBoaute oa Mmeco (MMP, ARI = 0,22) u npoussoaute on meco ox puda (FMP, ARI = 0,26), ro Hammuna
nossosienot npar o 0,2 nepunupan co monenor Kpymepman. MmeHo, 34 wmzonatu (29,8%) nmokaxaa MAR
WHJICKCH HaJl 0BOj KPUTHUYEH IIpar.

OTKpHBamkETO Ha COEBH Ha L. monocytogenes oTnopHu Ha TIOBEKe JIEKOBH, BKIYIHTEIIHO U OHHIE OBP3aHH
CO THIIOBH Ha HH3a CO BUCOK PHU3HK, IIPETCTAByBa 3HaYajHA 3aKaHa 3a 0e30eIHOCTa Ha XpaHaTa U jaBHOTO 3/IpaBje.
OBue HAaoM ja HaryIacyBaaT UTHATa MOTpeda O 3aCUIICHU CUCTEMH 3a HaJ[30p 3a CIEICHE Ha paclipoCTPaHETOCTa U
MIHPEHETO Ha aHTUMHUKPOOHO oTiopHU (AMR) L. monocytogenes Bo cuHpmpoT Ha ncxpana. [IpoakTHBHH MEpKH,
BKJIYYUTEIHO M MOCTPOTH PEryJaTUBH M PYTHHCKHM MOHHMTOPHHT, C€ OJ CYLITHHCKO 3Haueme 3a Ja ce yOyaxar
pusunre ox naroreuure AMP u na ce 3amTuTH jaBHOTO 371paBje Bo Kocoso.

Knyunn 360opoBu: L. monocytogenes, cuHuMp Ha UCXpaHa, QHUIOTEHETCKA J103a, MOJICKYJIapeH CepOTHIL,
KJIOHAJICH KOMIUICKC, THMM3alldja Ha CCKBEHIM, AHTUMHUKPOOHA pE3WCTCHIMja, BHATPEIIHA PE3UCTCHIH]a,
MYJITUPE3UCTEHTHA.
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1 INTRODUCTION

Listeria monocytogenes (L. monocytogenes) is a Gram-positive, non-spore-forming
facultative anaerobic bacterium known for its resilience in harsh conditions. It can grow at
refrigeration temperatures, survive freezing, tolerate high salt concentrations and nitrites, and is
widespread in water, soil, and dust (Farber & Peterkin, 1991; Cole et al., 1990). L. monocytogenes
is recognized as a serious foodborne pathogen responsible for listeriosis a severe disease with a
high mortality rate, especially in vulnerable populations such as the elderly,
immunocompromised individuals, pregnant women, and neonates (Buchanan et al., 2017).

In 2022, the European Union (EU) reported 2,738 confirmed listeriosis cases, 35
foodborne outbreaks, and a hospitalization mortality rate of 15.9% (EFSA & ECDC, 2023).
Though incidence remains low, its severity is notable, with case fatality rates of 18.1% in Europe
and 15.3% in the U.S. (Mohapatra et al., 2024). The disease is mainly associated with ready-to-
eat (RTE) foods such as soft cheeses and RTE meat products (Fagerlund et al., 2020). A
significant factor in outbreak persistence is the ability of L. monocytogenes to survive in food
production environments (Carpentier & Cerf, 2011). The disease poses a substantial burden on
public health and the economy (Olanya et al., 2019; Thomas et al., 2015), necessitating robust
molecular surveillance to trace sources and control its spread.

France provides a successful example: robust monitoring and regulation led to a 68%
reduction in sporadic listeriosis cases from 1987 to 1997, particularly through linking food and
clinical isolates using molecular techniques (Goulet et al., 2001; Moura et al., 2017).

Kosovo, a small and developing country in the Balkans, has expanding animal production
and food processing sectors. However, its surveillance systems, especially molecular-based
monitoring of foodborne pathogens, remain underdeveloped. Studies in neighboring countries
show occurrence of L. monocytogenes in beef RTE products between 2.7%-3.9% and 4.6% in
hard cheeses (EFSA & ECDC, 2023). In Kosovo, L. monocytogenes has been identified in
various sources, including clinical cases in sheep (Hamidi et al., 2020), raw milk (Mehmeti et al.,
2017), cheese products (Studenica et al., 2022), and meat-based food items (Kukleci et al., 2019)
However, these studies lacked molecular characterization and were limited in scale, reducing
their comparability to international data.

Genetically, L. monocytogenes is divided into four lineages, with lineages | and II

responsible for over 95% of human listeriosis cases (Orsi et al., 2011; Kathariou, 2002). Thirteen
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serotypes and four molecular serogroups have been identified (Doumith et al., 2004, 2005), with
serotypes lla, llc (lineage I1), and Ilb, 1Vb (lineage I) most frequently linked to invasive disease.

Traditional serotyping has largely been supplemented by multilocus sequence typing
(MLST), which provides a standardized system for global comparison (Ragon et al., 2008;
Salcedo et al., 2003). MLST categorizes isolates into sequence types (STs) based on alleles from
seven housekeeping genes, and clonal complexes (CCs) based on shared alleles among STs. This
method allows for tracking genetic relationships and identifying outbreak-related clones (Painset
et al., 2019). Rapid identification has improved through multiplex PCR protocols for detecting
up to 30 L. monocytogenes strains (Felix et al., 2023).

The identification of CCs and STs has proven valuable in tracing outbreaks and
distinguishing related strains (Felix et al., 2022; Martin et al., 2006). MLST supports broader
epidemiological assessments and enables more precise outbreak investigations (Chenal-
Francisque et al., 2015; Moura et al., 2016).

In parallel, antimicrobial resistance (AMR) in L. monocytogenes is an emerging global
concern. The widespread and sometimes unregulated use of antimicrobials in agriculture and
food processing is accelerating resistance (Founou et al., 2016; Olaimat et al., 2018). First-line
treatments for listeriosis include aminopenicillins (ampicillin, amoxicillin), benzylpenicillin
(with gentamicin), trimethoprim (with or without sulfamethoxazole), erythromycin, and
tetracyclines (Caruso et al., 2020; Scortti et al., 2006). In high-risk groups, alternative therapies
such as vancomycin, carbapenems, or piperacillin-tazobactam may be used (Pagliano et al., 2017;
Thgnnings et al., 2016).

L. monocytogenes also displays intrinsic resistance to several antibiotics, including
fosfomycin, fusidic acid, and second- and third-generation cephalosporins (Troxler et al., 2000;
Scortti et al., 2006). Although overall resistance remains low, the first multidrug-resistant (MDR)
strain was reported in 1988. Since then, MDR strains have been implicated in several outbreaks
globally (Zhang et al., 2007).

To date, no studies in Kosovo have assessed the antimicrobial resistance profiles or
molecular characterization of L. monocytogenes isolates in the food chain. The National Institute
of Public Health of Kosovo reports only sporadic human listeriosis cases, and there is no public
data on antibiotic use in food animals an important factor in resistance development. Meanwhile,

neighboring countries have used phenotypic methods, such as disk diffusion and minimum
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inhibitory concentration (MIC), to evaluate antibiotic susceptibility (Arslan & Ozdemir, 2008;
Caruso et al., 2020).

This study aimed to assess the diversity of L. monocytogenes strains isolated from the
food chain in Kosovo using multiplex PCR. It further aimed to classify strains by lineage,
molecular serotype, and CC, and to evaluate their resistance to 18 antibiotics commonly used in
veterinary and human medicine. Ultimately, the study seeks to detect the presence of MDR strains

and contribute to the establishment of molecular surveillance in the country.
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2 LITERATURE REVIEW
2.1 Listeria monocytogenes - Historical overview

Unlike the aetiological agents of many diseases, listeriosis was not named after the
scientists who first discovered it. L. monocytogenes, originally referred to as Bacillus hepatis,
was first identified by Hulphers in 1910 when it was isolated from the necrotic liver of a rabbit
in Sweden (Lamont et al., 2011; Matle et al., 2020; Relier, 1979). In 1926, Murray et al. isolated
this bacterium linked to epizootics in rabbits and guinea pigs in Cambridge, England, during a
laboratory animal outbreak, naming it Bacterium monocytogenes (Matle et al., 2020; Relier,
1979). The name went through several iterations, including Erysipelothrix and Listerella. The
generic name “Listeria” was later proposed by Pirie in 1940 in honour of Lord Lister (Relier,
1979).

It 1921, the first human case of Listeria infection reported, involving a patient suffering
from meningitis (Oevermann et al., 2010). By 1929, the first documented case of human
listeriosis was reported in Denmark and was reported by Nyfeldt (Seeliger, 1988). In the early
years following the discovery of L. monocytogenes, infections were more frequently observed
among individuals working closely with farm animals and usually occurred sporadically, largely
due to direct contact with infected livestock or contaminated environments, making it primarily
an occupational hazard. Today, L. monocytogenes is recognized as a significant public health
concern, chiefly known for causing listeriosis, a serious infection that primarily affects vulnerable
populations, including pregnant women, newborns, the elderly, and individuals with weakened
immune systems (YOPI). Listeriosis can manifest in various forms, ranging from mild flu-like
symptoms to severe infections such as meningitis and septicemia (Kayode et al., 2020). Ingestion
of contaminated food products such as unpasteurized dairy, ready-to-eat meats, and seafood,
serves as the primary vector for transmitting L. monocytogenes. Public health measures have been
established to monitor and mitigate the risk of infection, highlighting the importance of food
safety protocols in the agricultural and manufacturing sectors.

Investigation of L. monocytogenes is continuously advancing as scientists strive to
unravel its pathogenic mechanisms, ability to persist in diverse environments, and resistance to
various stress conditions. Studies have also focused on exploring the genetic diversity of the
species, which is critical for tracking outbreaks and developing targeted control measures.

Ongoing research on L. monocytogenes not only enhances our understanding of foodborne
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pathogens but also highlights the importance of robust surveillance systems to protect public
health. In summary, L. monocytogenes is a pathogen with a complex history. First identified in
the early 20th century, it is now recognized as a significant threat to human health, particularly,
among vulnerable populations. Continuous research into biology and transmission control

emphasizes the ongoing need to ensure food safety and public health protections.

2.2 Taxonomy, phylogeny and classification

Taxonomically, the family Listeriaceae includes two main genera: Listeria and
Brochothrix, both of which are monophyletic. The genus Listeria currently comprises 28 species,
which are divided into two recognized groups: Listeria sensu stricto and Listeria sensu lato
(Figure 1) (Orsi et al., 2024; Orsi and Wiedmann, 2016). "Listeria sensu stricto” currently
includes 10 species (L. monocytogenes, L. seeligeri, L. welshimeri, L. innocua, L. ivanovii, L.
marthii, L. farberi, L. immobilis, L. cossartiae and L. swaminathanii) closely related to L.
monocytogenes. "Listeria sensu lato” which currently includes 18 species (L. grayi, L.
fleischmannii, L. floridensis, L. aquatica, L. valentina, L. thailandensis, L. goaensis, L.
ilorinensis, L. costaricensis, L. rustica, L. portnoyi, L. cornellensis, L. newyorkensis, L.
rocourtiae, L. weihenstephanensis, L. grandensis, L. booriae and L. riparia). These species have
primarily been isolated from the intestinal tract of asymptomatic animals and animal-derived
food products (Schardt et al., 2017). L. monocytogenes is one of several species in the genus
Listeria, which belongs to the family Listeriaceae, order Bacillales, class Bacilli, and phylum
Firmicutes within the kingdom Bacteria. L. monocytogenes is a rod-shaped Gram-positive
bacterium that is motile at temperatures between 10°C and 25°C, facultatively anaerobic, non-
spore-forming, and can be found in a variety of environments, including water, soil, effluent, and
various foods, survive freezing conditions and high salt concentrations, and tolerate the presence
of nitrites (Cole et al., 1990; Walker et al., 1990). Among the species in this genus, only L.
monocytogenes and L. ivanovii are pathogenic, with L. monocytogenes being the one capable of
causing disease in humans (Gomez-Camarasa, 2022; Kayode et al., 2020). L. monocytogenes is
considered to be widespread in different environments, including water, dust, and soil (Farber
and Peterkin, 1991).

L. monocytogenes is classified into four lineages (I-1V). Lineages | and Il are the most

prevalent, commonly isolated from food, natural environments, farms, and sporadic cases of
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listeriosis in both animals and humans. These two lineages are also associated with a higher

frequency in both animals and humans. These two lineages are associated with a higher frequency

of human outbreaks accounting for over 95% of reported diseases (Chen et al., 2018a; Doumith

etal., 2004).
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Figure 1. The 30 Listeria species and subspecies type strains are described (Carlin et al., 2021).

2.3 Characteristics of Listeria monocytogenes

Sensu stricto

Sensu lato

L. monocytogenes are short rod-shaped coccobacillus that are gram-positive, non-spore-

forming, and facultatively anaerobic. Some features and characteristics of L. monocytogenes

characteristics were presented in Table 1. Their size varies, typically measuring 0.4 - 0.5 pm in

diameter and 1-2 um in length, with rounded edges and no capsule (Seeligeri&Jones, 1986). The

activity of its flagella is temperature-dependent. For instance, it is motile below 30°C but non-

flagellated and non-motile at 37°C (Hernandez-Milian and Payeras-Cifre, 2014). Listeria species
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are psychrotrophic, able to grow in temperatures between -1.5°C and 45°C and they can also
grow in pH ranges from 4 to 9.5 or in nutrient broth with up to 10% NaCl, even surviving at 20%
(Osek et al., 2022). Furthermore, while it can survive but not grow in extreme conditions such as
hydrostatic pressure, acidic pH as low as 2.5, and in the presence of bile (>0.3%) and bile acids
(>5 mM), it is capable of surviving and growing in environments with relatively low water
activity (aW < 0.90) (Lachtara et al., 2023).

Table 1. Some of the features and characteristics of L. monocytogenes.

Characteristics Listeria monocytogenes Citation
. 0.4 - 0.5 diameter, .
Size 1 -2 um length (Seeligeri&Jones, 1986)
. o (Hernandez-Milian and
Motile <30°C Payeras-Cifre, 2014)
Growth temperature -1.5t0 45°C (Lachtara et al., 2023)
(Osek and Wieczorek,
pH 40t095 2023)
Salt concentration 10 - 20% (Wieczorek et al., 2020)
Minimum water <0.90 (Osek and Wieczorek,
activity (aw) ' 2023)

2.4 Molecular characterization

The estimated genome size of L. monocytogenes is 2.9 Mb, with a G+C content of
37.9%, including 2882 coding sequences (CDS), 67 tRNA genes, six 165-5S-23S operons and
11 pseudogenes (Glaser et al., 2001; Wang et al., 2019). Table 2 presents the genomics data of
L. monocytogenes adapted from National Center for Biotechnology Information, 2009, U.S.

National Library of Medicine.
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Table 2. L. monocytogenes genomic.

Listeria monocytogenes

Size of Chromosome (Mb) ~2.94
GC content of protein-coding genes (%) ~ 38
Total number of protein-coding genes ~ 2,846

Note. Adapted from National Center for Biotechnology Information, 2009, U.S. National Library of Medicine

The first complete genome sequence of L. monocytogenes EGDe (serovar 1/2a) and L.
innocua CLIP 11262 (serovar 6a) was published in 2001. It compared the genome of a pathogenic

strain of L. monocytogenes and that of a non-pathogenic strain of L. innocua. Figure 2 presents

in detail the genome of this study, where L. monocytogenes had a lower G+C content and

a

genome consisting of 2 944 528 bp. In this study, a large number of putative protein-coding genes
were also found, both in L. innocua (represented in green) and L. monocytogenes (represented in

red), encoding surface and secreted proteins, transporters, and transcriptional regulators (Glaser

etal., 2001).

Listeria

i'. £ ' monocytogenes
j " | 2,944,528 bp
= B=_ and

S -:;E Listeria

= = innocua

3 & 3,011,209 bp

/.'._’%411-|||| -}ﬁ‘w

il

1.5Mb

Figure 2. Genome maps of L. monocytogenes EGDe and L. innocua CLIP 11262 (Glaser et al., 2001).
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The single chromosome of FSCNUO0110 L. monocytogenes consisted of 2,982,685 bp
with a G+ C content of 37.99%, containing 2,913 genes, including 2,824 coding sequences
(CDS), 67 tRNA genes, 18 rRNA genes, and 4 ncRNA genes (Figure 3). These data were
supported by in silico analyses performed with PCR serotyping and MLST. Five antibiotic
resistance genes were identified in this genome by Genome Comparator: fosX (fosfomycin),
norB (quinolone), sul (sulfonamide), lin (lincomycin), and tetM (tetracycline). In addition, 64
virulence genes were found, including Listeria pathogenicity island 1 (LIPI-1) (prfA, picA, hly,
mpl, actA, plcB), 8 lIs genes in LIPI-3, and 10 internal genes. No premature stop codons (PMSC)
were detected in inlA (Jacquet et al., 2004).

M cDs

B tRNA
rRNA

regulatory

B ncRNA

B tmRNA

M orF

B GC Skew+

B GC Skew-

B GC Content

M CARD

Figure 3. Circular genome map of the L. monocytogenes FSCNU0110 chromosome. The genome is 2,933,635,
with an average GC content of 37.99%. Generated with Proksee (https://proksee.ca/) (Lee et al., 2023).
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2.4.1  Molecular typing methods for Listeria monocytogenes

The development of molecular techniques has helped to identify clonal complexes or
epidemiological clones of L. monocytogenes, which are now used to distinguish genetically
similar isolates that are implicated in single or massive outbreaks (Felix et al., 2022; Martin et
al., 2006; Ragon et al. al.,, 2008). The investigation of L. monocytogenes has evolved
significantly, transitioning from traditional methods like pulsed-field gel electrophoresis (PFGE)
to more advanced genomic approaches. PFGE has long been considered the “gold standard” for
typing L. monocytogenes, which due to its high discriminatory power in the pre-WGS era is
fragment length restriction analysis (Dalmasso et al., 2014). This method was initially used by
PulseNet to link disease cases by comparing their DNA fingerprints and thus to identify potential
outbreaks. Among other disadvantages of PFGE is that it is time-consuming, difficult to
standardize (Van Walle, 2018) and lacks the discriminatory power to define outbreaks.

Historically, pulsed-field gel electrophoresis (PFGE) served as the primary tool for
investigating listeriosis outbreaks due to its superior discriminatory ability over serotyping. In
PFGE, the bacterial genome is digested with two specific restriction enzymes, Ascl and Apal,
and the resulting DNA fragments are separated by size in an alternating electric field, producing
a unique band pattern - a strain-specific fingerprint used to determine genetic relatedness across
multiple strains. PFGE offers advantages such as standardized laboratory protocols, consistent
data analysis, result evaluation, and a shared database infrastructure for both food and clinical
samples. However, PFGE also has limitations, including a high labour demand and limited
resolution; genetic differences are only detected when they occur at restriction enzyme
recognition sites, which can lead to inaccuracies in estimating genetic relationships among strains
(Dangel et al., 2019; Lith et al., 2018; Neoh et al., 2019).

Multiplex-PCR for classification of 5 serogroups - Consists of the amplification of 5
different genes (Imo0737, Imo1118, ORF2110, ORF2819 and prs). In order to facilitate and
facilitate identification, this method was developed in order to easily distinguish serotypes and
to more quickly classify L. monocytogenes into 5 serogroups (Borucki and Call, 2003; Doumith
et al., 2004; Matle et al., 2020).

MLST (Multi-Locus Sequence Linkage) - this method, based on DNA sequencing, allows
for the unambiguous identification of genetic changes by directly comparing allele sequences
between samples, and sequencing information can be easily shared between laboratories. DNA
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sequencing has provided a powerful solution for molecular typing using the 7-gene MLST
(housekeeping genes) method for L. monocytogenes (Matle et al., 2020; Salcedo et al., 2003).
Sequence types (ST) represent unique combinations of MLST alleles. Clonal complexes (CC)
are groups of ST that differ by no more than one allele from another isolate belonging to the same
CC (Henri et al., 2016; Ragon et al., 2008). This method enables a broader epidemiological
investigation of L. monocytogenes and more precise tracing of the sources of specific strains
during outbreaks (Chenal-Francisque V et al., 2015; Maiden, 2006; Moura et al., 2016; Ragon et
al., 2008).

WGS (Whole Genome Sequencing) - Since 2005, NGS technology has improved the
investigation of small-scale listeriosis outbreaks and is currently considered the new “gold
standard” in the analysis of L. monocytogenes (Buermans and den Dunnen, 2014; Nadon et al.,
2017). WGS provides information at the genomic level, allowing for highly discriminatory
typing, including (cgMLST, wgMLST and SNP typing).

2.4.2 Serotyping

L. monocytogenes strains group into 13 serotypes, strains of serotypes 1/2b, 4b, 3b, and 3c
group into lineage I, while serotypes 1/2a, 1/2c, and 3a strains group into lineage Il (Nadon et al.,
2001). L. monocytogenes lineage |1l strains represent a third, distinct taxonomic group
(Wiedmann, 2002), which predominantly includes serotype 4a and 4c strains (Nadon et al.,
2001).

The serotyping of L. monocytogenes is based on variations in somatic (O) and flagellar (H)
antigens, resulting in 13 distinct serotypes (1/2a, 1/2b, 1/2c, 3a, 3b, 3c, 4a, 4ab, 4b, 4c, 4d, 4e,
and 7). Serovars 1/2b, 3b, 4a, 4b, 4c, 4d, 5, 6a, 6b, and 7 contain H antigens A, B, and C.
Additionally, serovars 1.2a, 1/2b, 12c, 3a, 3b, and 3c share O antigen Il, while serovar 4ab, 4b,
4c, 4d, 4e, 5 6a and 6b all have O antigen (Chen et al., 2018b; Osek et al., 2022).

Serotyping has been crucial for evaluating the epidemiological strains of L. monocytogenes which
has gained tremendous attention as a foodborne pathogen following a coleslaw-related outbreak
in Canada. Currently, L. monocytogenes has 13 serotypes, with three 1/2a, 1/2b, and 4b
accounting for over 90% of listeriosis cases. Among them, serotype 4b is responsible for slightly
more than half of these cases (Borucki and Call, 2003). Table 3 present some of the possible

sources of L. monocytogenes by serogroup (Kathariou, 2002).
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Table 3. L. monocytogenes lineages, serotypes and potential sources.

Lineage Serotypes Potential Source
1/2b
3b
| 4b Human Listeriosis cases
4d
de
1/2a . .
1/2¢ FO(_)d ar_ld gnwronmental sources, animal
I 33 listeriosis cases and sporadic human
clinical cases
3c
Il 4a Animal sources
4c
Ilc 4c Animal sources
v 7 and unusual 4a, 4b and 4c Animal sources

Adapted from (Kathariou, 2002).

Since serotype itself is not a virulence determinant and antisera used for serotyping are
challenging to source and costly from a limited number of commercial suppliers, this method has
become less favoured in outbreak investigations because of its low ability to differentiate strains.

However, a few exceptions may apply:

1. The identification of a variant of serotype 4b, IVb (or 4bV), which appears to be
expanding and has been associated with multiple recent outbreaks (Burall et al., 2017;
Leclercq et al., 2011);

2. The emergence of a new serotype, 4h, within the hybrid sublineage of major lineage 1l
(HSL-I11), which displays hypervirulent characteristics and, in an orogastric mouse
infection model, shows greater organ colonization capacity than well-known

hypervirulent strains of L. monocytogenes (Yin et al., 2019); and

3. The use of molecular serotyping as a rapid approach to differentiate the four primary L.
monocytogenes serovars commonly isolated from food and patients (1/2a, 1/2b, 1/2c, and
4b) into specific groups for investigative purposes or for managing critical control points
in foodborne outbreaks (Doumith et al., 2004). Nevertheless, serotype information alone
does not fully predict the health risk posed by strains of L. monocytogenes, limiting its

value for epidemiological monitoring.
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2.4.3 Phylogenetic lineages

The clonal structure of L. monocytogenes is organized into four evolutionary lineages, with
lineages | and Il primarily linked to human disease (Nightingale et al., 2005; Orsi et al., 2011,
Ward et al., 2008). The first clustering study using multilocus enzyme electrophoresis (MLEE)
on L. monocytogenes isolates was conducted in 1989 (Piffaretti et al., 1989), classifying strains
into specific phylogenetic divisions: clade I (Lineage I) comprised serovars 4b, 1/2b, and 4a,
while clade Il (Lineage Il) included serovars 1/2a and 1/2c. Lineages Il and IV were later
identified as additional groups. Different genetic lineages show varied pathogenic potentials;
historically, lineage | has been associated with severe disease and large outbreaks over 95%
(Kathariou, 2002, Ward et al., 2008), whereas lineage 11 has been more often linked to isolated
clinical cases. However, in some regions, lineage Il is increasingly implicated in both clinical
cases and outbreaks (Chen et al., 2018a; Orsi et al., 2011). Though lineages I and Il contain most
hypervirulent and hypovirulent strains of L. monocytogenes, respectively, lineage | also include
some hypovirulent strains marked by inlA premature stop codons (PMSCs) (Doumith et al., 2004;
Maury et al., 2016; Orsi et al., 2011). The L. monocytogenes species is divided into four
molecular serotypes - lla, llc (Lineage II), Ilb, and IVb (Lineage 1) (Vitulo et al., 2013), as
determined via the traditional, conventional serotyping methods.

2.4.4 Molecular serogroups

Due to the time-intensive nature and subjective interpretation of traditional serotyping,
efforts shifted toward faster, molecular-based methods. Until now, 13 serotypes and 4 molecular
serogroups have been identified by serological and molecular methods (Doumith et al., 2005;
Doumith et al., 2004), of which over 95% are the cause of invasive listeriosis in humans (Orsi et
al., 2011; Vines and Swaminathan, 1998).

Initially, molecular serogroups were established using three primer sets along with a
previously described primer set, effectively classifying 122 L. monocytogenes strains into groups
[1/2a (3a), 1/2b, 1/2c (3c), 4b (d, e), and 4a/c] (Burucki and Call, 2003). Years later, L.
monocytogenes was further divided into five molecular serogroups through multiplex PCR
targeting specific genes - Imo1118, Imo737, ORF2110, and ORF2819 (Doumith et al., 2004),
listed in the table 4. In 2005, in a study of 1204 strains collected from French food products, five
molecular serotypes (lla, I1b, lic, IVa, IVb) were identified (Kérouanton et al., 2010).
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Table 4. Classification of Listeria monocytogenes serogroups based on triplexes.

Serogroup /serovars Target genes
ORF2819 ORF2110 Lmo1118 Lmo0737 plcA prs
lla (1/2a, 3a) - - - n ¥ T
I1b (1/2b, 3b) + - - - + +
llc (1/2c, 3c) - - + + + +
Vb (4b, 4d, 4e) + + - - + +
Vb (atypical 4b) + + - + + +
Listeria spp. - - 5 - - +

Adapted from (Doumith et al., 2004).

Additionally, triplex PCR with 5'-exonuclease in real-time proved to be an effective
method for distinguishing these five serogroups and for differentiating L. monocytogenes from

other Listeria species (Vitullo et al., 2013).
2.45 Clonal Complexes

L. monocytogenes lineages can be further divided into various clonal complexes (CCs)
based on multi-locus sequence typing (MLST). These CCs represent groups of genetically similar
isolates believed to descend from a recent common ancestor, identified through genotypic
methods such as MLST (Wiedmann, 2002). Recent epidemiological and microbiological
research suggests that the gene content of a CC may be associated with its link to clinical disease.
In 2016, Maury et al. reported that certain prevalent CCs were source-dependent: CC1, CC2,
CC4, and CC6 were strongly linked to clinical cases, while CC121 and CC9 were commonly
associated with food. Animal model studies in mice further categorized prevalent clones as
infection-associated (CC1, CC2, CC4, and CC6), food-associated (CC9 and CC121), or
intermediate (CC3, CC5, CC8, CC16, CC37, CC155) (Maury et al., 2016). These findings
suggest that unique virulence or host specificity patterns may distinguish clonal groups, though
reasons for differing infection potential remain unclear (Maury et al., 2016).

A clonal complex (CC) is defined by a 7-locus MLST framework, grouping strains whose
sequence types (STs) differ by only one allele from at least one other ST in the group. This
MLST-based grouping allows for detailed lineage sub-classification. In a global study examining
300 isolates from 42 countries across five continents, researchers identified 111 STs organized

into 17 CCs, indicating the presence of globally distributed clones (Chenal-Francisque et al.,
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2015). Broadly, three patterns emerge among major L. monocytogenes clones (Maury et al.,
2019):

e Clones associated with hosts, often found in dairy products, show limited adaptation to
food production environments and rarely carry genes for benzalkonium chloride tolerance
(e.g., CC1 and CC4).

e Clones with low host adaptation persist effectively in food production environments,
potentially due to reduced disinfectant sensitivity via benzalkonium chloride tolerance
genes (e.g., CC9 and CC121). The co-selection of tolerance to disinfectants, such as
quaternary ammonium compounds, alongside resistance to certain antibiotics (e.g.,
ciprofloxacin, gentamicin, amoxicillin) in L. monocytogenes could present emerging
concerns for food safety and public health by heightening the risk of severe disease
outcomes; and

e Intermediate clones, possibly transitioning from host-associated to saprophytic lifestyles,
through either loss of virulence or acquisition of genes conferring disinfectant tolerance
(e.g., CC2 and CCB6).

2.4.6 Hypervirulent clonal complexes

The primary hypervirulent clonal complexes, such as CC1, CC4, and CC®6, are closely
associated with human and animal clinical cases and are frequently linked to dairy products
(Maury et al., 2019). Generally, these hypervirulent CCs (including CC1) demonstrate superior
gut lumen and tissue colonization compared to their hypovirulent strains. Notably, CC1 shows
adaptation for survival, persistence, and faecal shedding within the host. The enhanced growth
of hypervirulent clones at 37°C in salty conditions may partially explain their superior gut
colonization ability (Cardenas-Alvarez et al., 2019). Classifying clones as hypervirulent or
hypovirulent can help food business operators (FBOs) and risk managers respond quickly and
effectively during a food recall or listeriosis outbreak (Maury et al., 2019). Recently, novel
hypervirulent sublineages linked to listeriosis in goats have been identified, carrying both L.
monocytogenes LIPI-1 and a truncated LIPI-2 locus encoding sphingomyelinase (SmcL), along
with additional chromosomal segments from L. ivanovii. These isolates possess a unique wall
teichoic acid structure essential for resistance to antimicrobial peptides, bacterial invasion, and
virulence (Quereda et al., 2021; Yin et al., 2019).
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2.4.7 Multilocus Sequence typing

Various sequence types (STs) have been implicated in foodborne listeriosis with some
demonstrating a higher prevalence. For example, ST6 has been linked to several outbreaks
worldwide (Table 9). Additionally, hypervirulent sequence types appear to be region-specific,
such as ST87, which has been reported in China and Spain. Additionally, hypervirulent sequence
types appear to be region-specific, such as ST87, which has been reported in China (Li et al.,
2020) and Spain (Pérez-Trallero et al., 2014).

2.4.8 Whole genome sequencing

Whole genome sequencing (WGS) has been the standard method for national surveillance
of human listeriosis and monitoring of L. monocytogenes in food products. Retrospective
sequencing of patient L. monocytogenes isolates from 2016 was conducted at the Center for
Infectious Disease Control of the National Institute for Public Health and Environment (RIVM)
(Friesema et al., 2023). While isolates from 2010 to 2015 were sequenced during the ELITE study
(European Listeria Typing Exercise Extension to Whole Genome Sequencing) led by the
European Center for Disease Prevention and Control (Friesema et al., 2023; Walle et al., 2018).
From 2016 to 2019, sequencing of both human and food isolates was carried out by a commercial
sequencing service using lllumina HiSeq (2x100 bp) and NovaSeq (2x150 bp) platforms. From
2020 onwards, sequencing was performed at RIVM with Illumina NextSeq (2x150 bp). All
sequences underwent quality control and were de novo assembled using an in-house pipeline.
Sequences with a phred score above 30, draft genome lengths between 2,700,00 and 3,230,000
bp, N50 greater than 10,000 bp, GC content ranging from 37.6% to 38.2%, and average read
coverage of at least 10x were included in further analysis. Multilocus sequence typing (MLST)
of seven loci (Ragon et al., 2008) and core genome MLST cgMLST as described by Ruppitsch
etal. (Ruppitsch et al., 2015) as well as sequence type (ST), and clonal complex (CC) as described
by Ragon et al. (Ragon et al., 2008) were determined using Ridom SegSphere+ (version 5.0.0,
Ridom GmbH, Miinster, Germany). Assembled genomes were considered high quality if they
identified 98.1-100% of loci (<33 loci missing) and were included in subsequent analyses.
Pairwise distances were calculated as Hamming distances across all cgMLST loci, with clusters
defined using single-linkage hierarchical clustering and a maximum threshold of seven allelic

differences across 1701 loci (Ruppitsch et al., 2015).
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These clusters, although independently calculated, correspond to cgMLST types
reported in the literature and were denoted using a combination of CC and cluster labels (e.g.,
CC1_613). Clusters were considered persistent if sequences from the same cluster were detected
over a period exceeding one year, regardless of continuity. Genetic differentiation of L.
monocytogenes between and within food categories was analyzed using allele frequencies from
the 1701 cgMLST loci, employing the R package hierfstat (v 0.5-10) (Goudet, J. and Jombart,
2020). For source attribution, human L. monocytogenes sequences without an identified food
source cluster were linked to specific food categories based on the minimum pairwise Hamming
distances. The comparison between cgMLST and pulsed-field gel electrophoresis (PFGE) typing
was assessed using the Fowlkes-Mallows (FM) index (Fowlkes and Mallows, 1983),
implemented in the R package profdpm v 3.3 (Shotwell, 2013). Concordance was evaluated for
pulsotypes defined by Apal (95% similarity), Ascl (85% similarity), the combination of both
enzymes (Apal/Ascl), and varying allele difference thresholds for cgMLST (1 to 50 alleles).
Cluster correspondence was visualized through summary statistics and persistence data using the

R package alluvial v 0.1-2 (Bojanowski and Edwards, 2016).

2.5 Regulation - Food Microbiology Criteria

The criteria for determining whether L. monocytogenes levels in a food product are
acceptable for sale and consumption are outlined in the EU Regulation on Microbiological
Criteria for Foodstuffs (No. 2073/2005). The Republic of Kosovo (RKS) established a legal
framework in 2012, aligning with EU Regulation No. 2073/2005 through Regulation No.
27/2012, which was later updated with Regulation No. 09/2018. While some countries, such as
the United States, enforce a zero-tolerance policy for the presence of L. monocytogenes, others,
including the European Union, Canada, Australia, and New Zealand, permit minimal amounts of
the pathogen in food products that do not support its growth. Notably, these more lenient
standards do not necessarily correlate with higher listeriosis incidence rates (Dufour, 2011; FSIS,
2014; Guston, 2012; Kayode and Okoh, 2022a; Zhang et al., 2020).

Chapter 1 of the food safety criteria regarding Listeria monocytogenes focuses on

products intended for direct human consumption without the need for cooking or other processing
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to reduce harmful microorganisms to acceptable levels. These products are categorized as

follows:

e Category 1.1: Ready-to-eat (RTE) foods for children and special medical

purposes.

e Category 1.2: Foods that support the growth of L. monocytogenes intended for

children and special medical purposes.

e Category 1.3: Foods that inhibit the growth of L. monocytogenes intended for

children and special medical purposes.

The criteria for these categories apply to all products throughout their shelf life. For
products in Category 1.2 (those that support the growth of L. monocytogenes), the criteria must
be met before the product leaves the immediate control of the food business operator (FBO). It
iIs the responsibility of the FBO to conduct inspections and ensure compliance with regulatory
standards. Under Regulation 2073/2005, L. monocytogenes must not be present in foods intended
for infants or for special medical purposes. For other RTE foods, different criteria are applied
based on the food's composition (e.g., water activity (aw), pH, and NaCl concentration). Stricter
standards are imposed on RTE foods that can support the growth of L. monocytogenes. Testing
methods, batch sample requirements, and legal limits for L. monocytogenes in various RTE food

categories, as outlined in Regulation (EC) No. 2073/2005, are summarized in Table 5.
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Table 5. Microbiological criteria for L. monocytogenes in RTE foods according to Regulation
(EC) No. 2073/2005.

Microorganisms ~ Sampling i Analytical
Food Category their toxins, plan Himits reference Stage where the
metabolites N c M M method criteria apply
1.1. Ready-to-eat foods
intended for infants and Products placed
ready-to-eat foods for 10 0 Absence EN/ISO on the m_arket
special medical purposes in25¢g 11290-1 during thelr shelf-
(1) life
Products placed
5 0 100 cfu/g EN/ISO on the market
1.2. Ready-to-eat foods 2 11290-2 (3) during tlh:ir shelf-
able to support the growth e
of L.monocytogenes, other Begggelet?teﬂf]zod
than those intended for Listeria immediate
infants and special medical monocytogenes Absence EN/ISO
purposes > 0 in 259 (4) 11290-1 control of the
food business
operator, who has
produced it
1.3. Ready-to-eat foods
unable toms;tuhpp?rt the Products placed
L monogcr;/)toger?es other 5 0 100 cfu/g EN/ISO on the m_arket
than those intended for ) LUZHoZ ) el tlh]S Ir shelf-
ife

infants and special medical
purposes (1) (5)

@ Exemptions from Regular Testing: Routine testing for Listeria monocytogenes is generally not required for
certain ready-to-eat (RTE) foods under normal circumstances. These include:

— Foods that undergo heat treatment or other processes that effectively eliminate L. monocytogenes, provided
recontamination is impossible (e.g., products heat-treated in their final packaging).

— Fresh, uncut and unprocessed fruits and vegetables, excluding sprout seeds — bread, biscuits and similar products,
— Bottled or packaged waters, soft drinks, beer, cider, wine, spirits and similar products,

— Sugar, honey and confectionery, including cocoa and chocolate products, - live bivalve molluscs.

@ Limit of 100 CFU/g at End of Shelf-Life: This criterion applies if the producer can demonstrate to the satisfaction
of the relevant authority that the product will not exceed L. monocytogenes levels of 100 CFU/g by the end of its
shelf life.

@ Testing Procedure: For testing, 1 ml of inoculum is plated either on a 140 mm Petri dish or a 90 mm Petri dish.
@ Control Before Distribution: If the food business operator cannot demonstrate compliance with the 100 CFU/g
limit throughout the product's shelf life, this criterion must be applied before the product leaves their immediate
control.

® Automatic Inclusion in Low-Risk Category: Products with the following characteristics are automatically
considered low-risk:

—pH < 4.4 or water activity (aw) < 0.92.

—pH < 5.0 and aw < 0.94.

—Shelf life of less than five days.

—Other products may also be classified as low risk if supported by scientific evidence.
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2.6 Listeriosis

This bacterium is recognized as a major foodborne pathogen and causes listeriosis, an
ilIness that often occurs in the form of sporadic infections and is associated with high mortality
rates in susceptible individuals (Buchanan et al., 2017). L. monocytogenes and L. ivanovii are
recognized pathogenic species within the Listeria genus. While L. monocytogenes predominantly
causes listeriosis in humans and animals, L. ivanovii mainly affects ruminants, with rare sporadic
cases in humans (Chen et al., 2017; Kayode et al., 2020). Other Listeria species, such as L.
innocua and L. grayi, have been occasionally implicated in human infections, typically under
conditions of predisposing health factors (Cummins et al., 1994; Guillet et al., 2010; Spickler,
2019). Historically, listeriosis was rare, and its epidemiology was poorly understood. However,
from the late 1970s to the early 1980s, increasing cases and epidemic outbreaks in North America
and Europe highlighted L. monocytogenes as a significant pathogen for foodborne diseases
(Farber and Peterkin, 1991; Goulet et al., 1998; Vaillant et al., 2005). Despite its low annual
incidence compared to other foodborne pathogens, invasive listeriosis poses a severe threat,
particularly when ingestion involves RTE foods containing more than 2,000 CFU/g of the
bacterium. Notably, about one-third of cases are linked to pathogen growth during the consumer
phase (Kayode and Okoh, 2022a). In the European Union (EU) in 2022, L. monocytogenes was
considered the cause of the most serious human zoonosis that mainly comes from contaminated
food, with 2738 confirmed cases of the disease and 35 outbreaks of listeriosis of foodborne origin.
During this period in the EU, among hospitalized patients, a mortality rate of (15.9%) was
reported (EFSA&ECDC, 2023).

The majority of listeriosis cases occur in immunocompromised individuals, pregnant
women, newborns, and the elderly, often referred to as ‘at-risk population’ (Buchanan et al.,
2017; Hamon et al., 2006; Mylonakis et al., 2002; Wambogo et al., 2020). Manifestation of
listeriosis illness can occur in various forms, including mild gastroenteritis to more serious cases
of meningitis, encephalitis, and septicemia (de Noordhout et al., 2014). Infected pregnant women
can also experience miscarriages, stillbirths, preterm birth, neonatal sepsis, and meningitis
(Hassoun et al., 2014; Silk et al., 2013). Unlike other foodborne pathogens, it is uncommon for
healthy individuals to experience severe listeriosis symptoms after consumption of contaminated
foods (de Noordhout et al., 2014; Mook et al., 2011). However, febrile gastroenteritis can occur

in healthy individuals that have ingested foods contaminated with a high number of L.
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monocytogenes cells (Dalton et al., 1997; Maurella et al., 2018; Mclintyre et al., 2015). Symptoms
associated with febrile gastroenteritis can include stomach cramps, sleepiness, headache, joint
and muscle pain, fever, nausea, diarrhea, and vomiting (Aureli et al., 2000; Carrique-Mas et al.,
2003). Although the number of L. monocytogenes infections is relatively low (1,600
illnesses/year in the U.S.) compared to other foodborne pathogens (39-fold lower than pathogenic
E. coli and 625-fold lower than Salmonella infections; (Scallan et al., 2011), the high morbidity
and mortality (19-23%) rates associated with vulnerable populations demands an equitable
amount of attention.

The virulence of L. monocytogenes in ingested food, along with the health status of the
consumer, plays a crucial role in determining the outcome of infection (Gambarin et al., 2012).
Both invasive and non-invasive forms of listeriosis can occur across the general population. The
diagnosis of these forms differs: the invasive form is confirmed by isolating L. monocytogenes
from sterile sites such as blood or cerebrospinal fluid, while the non-invasive gastrointestinal
form is identified through the presence of L. monocytogenes in faeces (Gambarin et al., 2012,
Kayode and Okoh, 2022a; Schoder et al., 2022). Approximately 5% of the population are
asymptomatic faecal carriers of this bacterium. Although the gastrointestinal tract is the primary
entry point for foodborne L. monocytogenes, the disease manifests predominantly as meningitis
or septicemia (Vazquez-Boland et al., 2001). Healthy individuals may experience mild, flu-like
symptoms or gastroenteritis, often without recognizing the infection. While the infectious dose
is not definitively known, it is believed to be significantly lower in individuals with weakened
immunity, with estimates suggesting as few as 100 bacterial cells can trigger illness (Vazquez-
Boland et al., 2001). As an invasive intracellular pathogen, L. monocytogenes utilizes various
adhesion and invasion mechanisms to colonize the gastrointestinal tract and penetrate the
intestinal barrier (Osek and Wieczorek, 2022). It invades through junctions between mucus-
secreting goblet cells and enterocytes, via epithelial M cells in Peyer’s patches, or at the tips of
intestinal villi, where apoptotic epithelial cells extrude into the lumen (Radoshevich et al., 2015;
Radoshevich and Cossart, 2018). Once ingested, the bacterium crosses the intestinal wall into the
circulatory system and is transported via the portal vein to the liver and spleen, where it replicates.
It then disseminated throughout the body via the bloodstream, infecting the brain and placenta.
In pregnant women, this can lead to fetal infection (Vazquez-Boland et al., 2001). In hosts with
impaired cell-mediated immunity, L. monocytogenes can cause bacteremia, cross the blood-brain

barrier to induce meningitis or traverse the placenta during pregnancy, leading to invasive
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listeriosis (Disson and Lecuit, 2012; Osek and Wieczorek, 2022; Sibanda et al., 2022). The
pathophysiology of this infection highlights its complex invasion strategies and the severe

systemic consequences of listeriosis is illustrated in Figure 4.
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Figure 4. lllustrating the human infection cycle of L. monocytogenes. This figure was taken from Servier Medical
art (https://smart.servier.com (accessed March 1, 2022), (Sibanda et al., 2022).

The pathogenic mechanism of L. monocytogenes involves four major steps: adhesion and
invasion of host cells, vacuole escape, intracellular replication, and cell-to-cell spread (Kim and
Bhunia, 2008; Petrisic et al., 2021; Osek and Wieczorek, 2022), summarized in Figure 5. The
primary virulence factor facilitating intracellular infection is listeriolysin O (LLO), a pore-
forming toxin belonging to the cholesterol-dependent cytolysin family (Heuck et al., 2010). Other
critical virulence factors include ActA, which promotes actin polymerization, and
phospholipases, which aid in the pathogen’s survival and dissemination within the host
(Vazquez-Boland et al., 2001).

Virulence regulation is primarily controlled by six genes including prfA, PI-PLC, LLO,
Mpl, ActA and PC-PLC which are part of the PrfA-dependent virulence gene cluster. Additional
virulence-related genes, such as those encoding internalins are located outside this cluster
(Vazquez-Boland et al., 2001).
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Figure 5. The intracellular life cycle of L. monocytogenes and the use of its various virulence factors (Petrisic et
al., 2021).

2.6.1 Epidemiology and global incidence of Listeriosis

The increase in listeriosis cases across developed regions has been widely reported in the
literature, reflecting a concerning trend over the past decade. According to the latest ECDC report
(2022), there has been a continuous rise in the notification rate of cases in EU/EEA countries,
reaching 0.62 cases per 100,000 populations in 2022 one of the highest incidences recorded since
the start of EU-level surveillance in 2007. This increase is particularly notable in countries such
as Germany, France, Spain, and Italy, which reported a high number of cases and fatalities
compared to previous years (ECDC, 2022).

Earlier studies from the CDC also report a stable but lower incidence in the United States,
at approximately 0.3 cases per 100,000 populations per year (CDC, 2013; Silk et al., 2012).
Despite the lower incidence in the U.S., listeriosis remains a severe infection with high
hospitalization and mortality rates, particularly among vulnerable population groups. The
literature also highlights that ready-to-eat foods and meat and dairy products are among the most
common sources of contamination (Kayode and Okoh, 2022b, 2022c¢), drawing attention to food
safety across all stages of the production chain.

Furthermore, the rise in reported cases may be partly attributed to improved diagnostic

and monitoring systems, as well as to enhanced national and international reporting protocols.
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However, the literature suggests that despite these improvements, controls and interventions in
the food production and processing sectors remain inconsistent or insufficient in certain
countries. ECDC reports indicate significant differences among member states in terms of
detection capacity, implementation of L. monocytogenes control policies, and the resources
dedicated to infection prevention (ECDC, 2022).
In this context, a range of studies recommend integrated approaches involving reference
laboratories, efficient systems for tracing contamination sources, and harmonization of food
safety standards (EFSA, 2022; WHO/FAO, 2021). Systematic studies on the incidence,
distribution, and trends of listeriosis at the global level remain essential to better understand the
spread of the disease and to enable evidence-based public health interventions.

Its epidemiology includes the study of its incidence in the United States is approximately
0.3 cases per 100,000 people, with around 1,600 cases reported each year, according to the
(Rogalla D, 2024). Geographic differences in incidence often correlate with regional dietary
habits, particularly the consumption of unpasteurized dairy products and undercooked meats.
Contaminated food is the primary source of L. monocytogenes, which is capable of growing at
refrigeration temperatures, making it persistent in the food supply chain (Jackson et al., 2018; Li
etal., 2024). Foods such as unpasteurized milk, and soft cheeses. Raw meats and processed items
like deli meats and hot dogs are common vectors of contamination. Transmission occurs mainly
through ingestion, though environmental exposure to contaminated soil or water and food-
processing environments can also contribute. However, direct person-to-person transmission is
rare (Gilmour et al., 2010; Liu et al., 2020). Certain populations are disproportionately affected.
Pregnant women face a 20-fold increased risk, with potential outcomes including miscarriage,
stillbirth, or preterm delivery (Kayode et al., 2020). The elderly and immunocompromised
individuals are also at heightened risk, often experiencing severe complications such as
meningitis and sepsis (Jacquet et al., 2000). Listeriosis exhibits seasonal and regional variability,
with higher case rates during summer and early fall, attributed to increased consumption of fresh
produce and high-risk foods (War et al., 2022). Countries with rigorous food safety regulations
tend to report lower incidence rates compared to those with less stringent measures (Boatemaa et
al., 2019). Qutbreaks, such as the 2011 U.S. outbreak linked to contaminated cantaloupes,
highlight the challenges of controlling Listeria in the food supply and emphasize the need for

robust food safety practices (Belias et al., 2024).
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2.7  Foodborne listeriosis: Global and regional perspectives
2.7.1 Epidemiology and impact of listeriosis

In the context of listeriosis outbreaks, numerous studies have identified a strong association
with the consumption of ready-to-eat (RTE) foods, particularly those that undergo minimal
processing. Soft cheeses and, most notably, RTE meat products have been frequently implicated
as common sources of contamination (Fagerlund et al., 2020).

While the incidence of listeriosis is low, it is a severe disease with a reported case fatality
rate of 18.1% in Europe in 2022 (EFSA&ECDC, 2023) and a similar mortality rate has been
reported in the United States over the past decade (15.3%) (Mohapatra et al., 2024). One major
reason for listeriosis outbreaks reported in recent investigations (Gilmour et al., 2010) is the
persistence of L. monocytogenes in food processing environments (Carpentier and Cerf, 2011).
Listeriosis is a burden to society, public health and the economy (Olanya et al., 2019; Thomas et
al., 2015) and requires constant molecular surveillance to link human cases to the food vehicles
and their sources of contamination.

L. monocytogenes as one of the most concerning foodborne pathogens due to its severe
clinical outcomes and significant economic burden. Although less common than other foodborne
agents, listeriosis results in a disproportionately high number of hospitalizations and deaths.
According to the Centers for Disease Control and Prevention (CDC, 2014), listeriosis contributes
to a notable share of the estimated 3,000 annual deaths caused by foodborne illnesses in the
United States. From an economic perspective, L. monocytogenes imposes one of the highest costs
among foodborne pathogens. In a comprehensive analysis by the Economic Research Service of
the United States Department of Agriculture, estimated that the annual economic burden of
listeriosis alone amounts to approximately $3.19 billion. This figure includes direct medical
costs, productivity losses, and the economic value of premature deaths (Hoffmann et al., 2015).
The high cost reflects not only the severity of the disease but also the challenges in controlling
L. monocytogenes, particularly in ready-to-eat food products where post-processing
contamination can occur.

Listeriosis is one of the most severe foodborne diseases, characterized by low incidence
(about three cases per million people annually) but a high hospitalization rate (94%) and
significant mortality (18%), according to reports from the European Food Safety Authority
(EFSA) and the European Center for Disease Prevention and Control (ECDC, 2022). Outbreaks
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of listeriosis are increasingly detected, particularly in high-income countries where robust
surveillance systems and diagnostic capabilities exist (Ricci et al., 2018). To enhance the
detection, investigation, and control of such outbreaks, whole genome sequencing (WGS) is now
widely adopted by public health and food regulatory authorities. WGS provides precise
identification of outbreak-related cases and accurate attribution of the outbreak source, even
differentiating strains with fewer than 50-100 single nucleotide polymorphisms (SNPs) (Brown
etal., 2019).

Polyclonal outbreaks, where multiple pathogenic strains are linked to a single food source,
highlight the complexity of managing foodborne illnesses. For example, in 2015, an outbreak in
the United States linked to contaminated ice cream revealed two different L. monocytogenes
clones. The largest recorded listeriosis outbreak occurred in South Africa from 2017 to 2018,
with 1,060 reported cases over 1.5 years (Conrad et al., 2023).
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fond < products thereof fish products g other products thereo | (other than cheeses;
vehicles Outbreaks Outbreaks Outbreaks Outbreaks | / Outbreaks
N of outbreaks N of outbreaks N of outbreak cases
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Figure 6. Data from the European Union One Health 2022 Zoonoses Report — Foodborne outbreaks and related

cases.
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Investigations identified a single sequence type (ST6) in 93% of cases, with 216 deaths
among 806 patients, resulting in a case-fatality rate of 27% (Olanya et al., 2019). Foodborne
outbreaks and associated cases are reported in the 2022 "European Union Zoonoses Report - One
Health", Figure 6.

L. monocytogenes causes two distinct types of illnesses: Invasive listeriosis, commonly
referred to as listeriosis, and non-invasive listeriosis, known as febrile gastroenteritis (Kayode et
al., 2020). The incubation period for invasive listeriosis ranges from 1 to 67 days but varies
significantly depending on clinical presentation. Pregnancy-related cases last between 17-67
days, the central nervous system (CNS) infection is between 1-14 days while bacteremia infection
is between 1-12 days (Goulet et al., 2013; Hernandez-Milian and Payeras-Cifre, 2014). In
pregnant women, complications may include miscarriage, perinatal infections, or neonatal
illnesses like sepsis and meningitis (Kayode et al., 2020). The infectious dose required for
invasive listeriosis ranges between 105 and 109 colony-forming units (CFU) (Farber et al., 1996).
The incubation period for non-invasive listeriosis ranges from 6 to 240 hours, averaging 24 hours
(Goulet et al., 2013). Symptoms typically include diarrhoea, fever, muscle pain, headache,
abdominal cramps, and vomiting. These symptoms generally subside within a week (Ooi and
Lorber, 2005). The infectious dose for non-invasive listeriosis is approximately 106 CFU (Ooi
and Lorber, 2005; Ricci et al., 2018). Both forms underline the importance of proper food safety
practices to prevent contamination and outbreaks.

2.7.2 Food vehicles and contamination sources

In recent years, ready-to-eat (RTE) foods, dairy products (especially cheese), smoked
fish, cooked and marinated items, meat products, and vegetables have been identified as major
sources of listeriosis outbreaks (Martinez-Rios and Dalgaard, 2018; Meloni et al., 2009). Within
the EU, L. monocytogenes was detected in 2.1% of tested samples (60,952 units), with
contamination rates varying between members states. Most data originated from Poland (69.1%)
and several other countries including Bulgaria, Italy, and Spain (EFSA & ECDC, 2023).
Historically, soft cheese consumption was linked to nearly half of sporadic listeriosis cases in
France, but prevention measures reduced these by 68% between 1987 and 1997 (Goulet et al.,
2001). This progress was supported by molecular surveillance linking food and human cases
(Moura et al., 2017) and the enforcement of EU microbiological criteria (EC, 2005).
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Among analyzed samples, 59.8% were related to four animal species: pigs, cattle,
broilers, and turkeys, with pig products, especially RTE meats, being the most frequently tested
(52.7%) (EFSA & ECDC, 2023). In 2022, the EU reported 2,738 listeriosis cases, including 12
travel-associated infections and 948 cross-country transmissions, resulting in 1,330
hospitalizations and 286 deaths (ECDC, 2022).

Notable listeriosis outbreaks worldwide have been linked to various food products, such
as pasteurized milk cheese in Germany 189 cases, 27 deaths, (Koch et al., 2010), RTE deli meats
in Canada 57 cases, 22 deaths (Gilmour et al., 2010), cantaloupes in the USA 147 cases, 33 deaths
(Laksanalamai et al., 2012), processed meat in South Africa 1,060 cases, 216 deaths, (Thomas et
al., 2020), and packaged salads and ice cream in the USA (ECDC, 2013-2022). Table 6
summarizes these outbreaks by source, cases, deaths, country, and year.

Table 6. Listeriosis outbreaks associated with Listeria monocytogenes.

Source Number  Number of Country Year Reference
of cases deaths

Cheese (pasteurized milk) 189 27 Germany 2006-2007 Koch et al.,
2010

Scalded sausages 16 5 Germany 2006-2007 Winter et al.,
2009

Pasteurized milk 5 3 USA 2007-2008 CDC, 2008

(Massachusetts)

Brie and camembert cheese 165 14 Chile 2008 Montero et al.,
2015

Cheese (pasteurized milk) 38 2 Canada 2008 Gaulin et al.,
2012

Jellied pork 12 0 Austria 2008 Pichler et al.,
200

RTE deli meats 57 22 Canada 2008 Gilmour et al.,
2010

Beef meat 8 2 Denmark 2009 Smith et al.,
2011

Quargel cheese 34 8 Austria, 2009-2010  Fretz et al., 2010

Germany,
Czech Republic
Cantaloupes 147 33 USA (28 states) 2011 Laksanalamai et
al., 2012

Cheese (ricotta) 22 4 USA (14 states) 2012 Heiman et al.,
2016

Smoked fish 20 7 Denmark 2013-2015 Gillesberg et al.,
2016

Prepackaged caramel 35 7 USA (12 states) 2014 Salazar et al.,

apples 2016

Ice cream 10 3 USA (4 states) 2015 Pouillot et al.,
2016

Soft cheeses 30 3 USA (10 states) 2015 ECDC, 2015

Packaged salads 19 1 USA (9 states) 2016 ECDC, 2013
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Salmon 4 1 Denmark 2017 FON, 2017
Processed meat 1060 216 South Africa 2017-2018 Thomas et al.,
2020
Rockmelons 20 7 Australia 2018 WHO, 2018
Ready-to-eat meat 21 3 Netherlands, 2018-2019 ECDC&EFSA,
Belgium 2019
Bloody sausages 112 2 Germany 2018-2019 Halbedel et al.,
2020
Chilled roasted pork meat 222 3 Spain 2019 Gomez-Laguna
etal., 2020
Enoki mushrooms 36 4 USA (17 states) 2020 ECDC, 2020
Packaged salads 18 3 USA (13 states) 2021 ECDC, 2021
Ice cream 23 1 USA (10 states) 2022 ECDC, 2022a
Ready-to-eat fish products 17 2 Austria, Belgium,  2022-2023 EFSA, 2023
Italy, Germany,
and the
Netherlands
Queso Fresco and Cotija 26 2 USA (11 states) 2024 ECDC, 2024

Cheese

2.7.3 Regional focus: The Republic of Kosovo

The Republic of Kosovo (RKS) is a small-sized, newly-established country in the
Balkans, with small-scale farming and food processing facilities and a need for economic growth
to satisfy the needs of its population, especially in the sector of animal production. As animal
production grows, this growth will need to be supported by a robust surveillance system for
foodborne pathogens, including molecular surveillance to mirror requirements in the EU
countries. Prior to this study, there was a paucity of information regarding molecular typing data
on bacterial isolates circulating in Kosovo, including those originating from and from clinical
cases of listeriosis. Limited data have been published on the prevalence of L. monocytogenes in
North Macedonia (Jankuloski et al., 2010) and in Serbia (Jovanovi¢ et al., 2022). For countries
surrounding RKS, the prevalence of L. monocytogenes in meat RTE products of beef origin was
between 2.7-3.9%, and in hard cheeses was 4.6% (EFSA&ECDC, 2023). Listeriosis cases from
animals and levels of contamination in foods have already been reported in Kosovo from ovine
clinical cases (Hamidi et al., 2020), on-farm milk products (Mehmeti et al., 2017), retail cheeses
(Studenica et al., 2022), and the meat sector (Kukleci et al., 2019). However, these studies did
not provide molecular characterization of the strains and were conducted in a limited number of
retail sites, processing plants, or farms.

In recent years, foods in general, especially RTE, are the main causes involved in

listeriosis outbreaks. Ready-to-eat foods, dairy products, especially cheeses, smoked fish, cooked
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marinated products, meat products, and vegetables were found to be contaminated with L.
monocytogenes (Martinez-Rios & Dalgaard, 2018; Meloni et al., 2009). In the EU, the overall
occurrence of L. monocytogenes, all matrices included, was 2.1% (N = 60,952 tested units for
detection), varying from 0% to 13.8% according to the MS. 69.1% of reported data were provided
by Poland. Excluding Poland, five MSs contributed 76% of the remaining reported data
(Bulgaria, Czech, Italy, Romania and Spain). In all, 59.8% of tested units were assigned to the
four main animal species (pigs, bovine animals, broilers, and turkeys). The remaining 40.2% of
tested sampling units were reported from other or unspecified animals. RTE meat and meat
products from pigs were the most frequently tested (52.7%). RTE meat and meat products from
bovine animals, broilers and turkeys represented 4.4%, 1.8% and 0.21% of all tested units,
respectively (EFSA&ECDC, 2023). In EU countries during 2022, about 2738 cases of listeriosis
were registered, of which 12 cases were from non-EU countries and 948 cases from transmission
through people from different countries. From this number, about 1330 cases were hospitalized,
of which 286 ended in death (ECDC, 2022).

2.8 Resistance of L. monocytogenes to different antimicrobials

Antimicrobial agents have been used in a wide range of settings to eliminate or inhibit
bacterial growth. Most of these compounds target unique bacterial cell features including cell
wall synthesis, the bacterial membrane, particular stages of protein synthesis, DNA and RNA
synthesis, and folic acid metabolism, and depending on the nature of the drug, these can result in
bacterial cell death or the inhibition of growth (Wright, 2010).

In recent times, the use of compounds with bacteriostatic and bactericidal effects against
L. monocytogenes is growing unchecked. The tendency of this phenomenon is increasing by
using antimicrobials of synthetic, semi-synthetic and natural nature and their unrestricted
application is causing the phenomenon of antimicrobial resistance (Founou et al., 2016; Olaimat
et al., 2018; Srinivasan et al., 2005). In the fight against L. monocytogenes, the antibiotics that
are applied and which are considered the "gold standard of treatment™ are from the group of
aminopenicillins (ampicillin or amoxicillin), benzylpenicillin (penicillin G and gentamicin) used
in combination with aminoglycosides, trimethoprim alone (or combined with sulfamethoxazole),
erythromycin and tetracyclines (Caruso et al., 2020; Granier et al., 2011; Scortti et al., 2006).

Vancomycin, trimethoprim-sulfamethoxazole, erythromycin, carbapenems or piperacillin-
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tazobactam respectively are given as alternative therapy in the immunocompromised population
or in pregnant women (Pagliano et al., 2017; Thgnnings et al., 2016).

Antimicrobial resistance (AMR) in L. monocytogenes, the bacterium responsible for
listeriosis, is an emerging concern in both clinical treatment and food safety management. The
increasing occurrence of AMR in L. monocytogenes complicates treatment options, posing
significant challenges to public health (Rippa et al., 2024).

Traditionally, L. monocytogenes has been susceptible to antibiotics such as ampicillin and
penicillin. However, recent studies indicate a growing resistance to these antibiotics. For
instance, a study found that 89.5% of L. monocytogenes isolates exhibited resistance to
ampicillin, and 47% showed resistance to penicillin (Hanes and Huang, 2022). Additionally, all
17 L. monocytogenes strains in another study were resistant to nalidixic acid, ampicillin,
penicillin G, linezolid, and clindamycin (Sanlibaba et al., 2018).

The mechanisms behind this resistance include the production of B-lactamases, which
deactivate B-lactam antibiotics like penicillins, and alterations in penicillin-binding proteins
(PBPs) that reduce antibiotic binding efficacy (Luque-Sastre, L., 2018). These adaptations not
only hinder clinical treatment but also complicate food safety management, as L. monocytogenes
is a common contaminant in various food products (Luque-Sastre, L., 2018).

Bacteria possess two types of resistance: intrinsic, or naturally occurring, resistance and
acquired resistance via mutations in chromosomal genes and by horizontal gene transfer (Blair
etal., 1999).

Intrinsic resistance usually arises as a result of inherent structural or functional
characteristics of the microorganism. Also, the phenomenon of natural resistance or intrinsic
resistance of L. monocytogenes to a wide spectrum of antibiotics such as fosfomycin, fusidic acid,
cephalosporins, then to the second and third generation (cefetam, cefotaxime, ceftriaxone,
cefuroxime) etc. is known (Scortti et al., 2006; Troxler et al., 2000).

An example of intrinsic resistance arises due to the lack of affinity of the antimicrobial
compound for its bacterial target in L. monocytogenes, and this is found in two cases of B-lactam-
based compounds, monobactams and broad-spectrum cephalosporins. In these cases, intrinsic
resistance was caused by the low affinity of these drugs for PBP3, the enzyme that catalyzes the
final step during cell wall synthesis (Charpentier et al., 1999; Godreuil et al., 2003). Although a
few intrinsic resistance mechanisms in Listeria species have been described, most cases of

resistance to antimicrobial compounds in this bacterium were due to acquired mechanisms, such
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as mobile genetic elements including self-transferable plasmids and conjugative

transposons (Charpentier et al., 1999; Godreuil et al., 2003).

2.8.1 Antibiotics

Antibiotics typically have a single mechanism of action, such as inhibiting cell wall
synthesis (beta-lactam antibiotics; e.g., penicillin), inhibiting DNA replication (quinolones; e.g.,
ciprofloxacin), or interfering with protein synthesis (aminoglycosides and tetracyclines; e.g.,
streptomycin and tetracycline, respectively) (Aase et al., 2000; Kapoor et al., 2017; Schmidt,
1997). Descriptions of these mechanisms of action are provided in Table 7. The classification of
antimicrobial resistance within a bacterium is defined and the methodology to test the efficacy of
antibiotics has been standardized by the Clinical and Laboratory Standards Institute (CLSI).
Antibiotic resistance of bacterial isolates is classified by their ability to grow in the presence of
antibiotic concentrations that would be achieved by clinical dosage schedules (CLSI, 2015).

The widespread use of penicillin and the subsequent reduction in effectiveness that
followed, signaled a significant trend in the development of antibiotic resistance raisig growing
concerns among public health experts worldwide (CDC, 2019; World Health Organization,
2018). This concern-extends to newly developed antibiotics, as bacteria may overcome the
mechanisms of action through stress and similar adaptive responses. The CDC released the
Antibiotic Resistance Threats in the United States report in 2013 and again in 2019, detailing the
mounting antibiotic resistance threats within the U.S. (CDC, 2013, 2019). The latest CDC report
communicates the comprehensive challenges of antibiotic resistance to the healthcare system and
the community, including some aspects of resistance within the food industry, specifically in
animals for food use. Until now, the resistance of L. monocytogenes to a wide group of antibiotics
is not evident, however, the appearance of the first type resistant to several antibiotics (MDR)
dates back to 1988. Until now, the sensitivity to a wide group of antibiotics is not known,
however, the appearance of the first multidrug-resistant (MDR) strain of L. monocytogenes dates
back to 1988. Since then, MDR of L. monocytogenes resistant to more antibiotics has been
identified in cases of listeriosis outbreaks (Zhang et al., 2007).
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Table 7. Antibiotics in the literature employed to treat listeriosis, their cellular targets, and
resistance mechanisms.

DNA replication, resulting
in inhibition of DNA

synthesis.

alterations in the target
enzyme (either DNA
gyrase or
topoisomerase 1V) and
multidrug resistance
membrane-associate
efflux pumps which

prevent the compound

Class Antibiotics Targets Resistance References
mechanisms
Aminoglycosides | Amikacin Positively charged There are three main Kapoor et al.
Gentamicin molecules that attach to the | mechanisms of (2017);
Kanamycin negatively charged outer resistance reported: 1) | Pagliano
Streptomycin | membrane causing the alteration of the etal. (2017);
formation of large pores and | ribosomal binding Temple and
allowing for antibiotics to sites; 2) a decreased Nahata (2000)
enter the cell. Once inside uptake and
the cell they target 16S r- accumulation in the
RNA of the 30S subunit cell; and 3) production
near the A site through of enzymes that
hydrogen bonding causing inactivate the
misreading and premature compound.
termination of translation.
B-lactams Penicillin G Interact with the penicillin Resistance can be Kapoor et al.
Amoxicillin binding proteins (PBP) mediated through (2017);
Ampicillinl | which play a necessary role | alterations in the PBP. | Pagliano et al.
in cross-linking the cell wall (2017); Temple
resulting in inhibition of and Nahata
cell wall synthesis. (2000)
Resistance can be mediated
through alterations in the
PBP.
Quinolones Ciprofloxacin | Binds to DNA gyrase or Resistance Blondeau
topoisomerase 1V enzymes, | development is (2004); Kapoor
which both work to assist in | mediated through etal. (2017)
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from reaching its
target.

Glycopeptides Vancomycin | Binds to D-alanyl Dalanine | The alteration of Kapoor et al.
portion of the peptide side Dalanyl-alanine to (2017);
chain, disrupting Dalanyl-lactate, Pagliano
crosslinking of the cell wall | preventing the binding | etal. (2017)
structure and of the glycopeptide can
leading to inhibition result in resistance
of cell wall synthesis development.

Macrolides Erythromycin | Effect early stages of Resistance is mediated | Kapoor et al.
protein synthesis through alterations in (2017); Temple
targeting the 23S rRNA of the 50S subunit and Nahata
the 50S resulting in a (2000)
premature detachment of
incomplete peptide chain.

Sulfonamide Trimethopri Inhibits steps in folic acid Resistance can occur Kim et al.

m/ metabolism. due to mutations in (2019);
suflamethoxa | Inhibits dihydropteroate folP gene encoding Pagliano et al.
zole synthase and dihydrofolate | dihydropteroate (2017); Temple
reductase synthase and Nahata
(2000);
Thgnnings et
al. (2016)

While the report focuses on antibiotic resistance in pathogens directly associated with
animal production, namely Salmonella spp. and pathogenic E. coli, other foodborne pathogens
that are widespread in agricultural settings (e.g., L. monocytogenes) and that have the potential
to develop antibiotic resistance in the future, are not discussed.

For the first time in 1950, some clinical microbiology laboratories in the United States
began using the disk diffusion method to determine the "susceptibility of bacteria to
antimicrobials”. The interpretation of susceptibility and resistance was very simple; it was based
solely on the presence or absence of an inhibition zone surrounding the disk, and two or three
different concentrations of the same antimicrobial were routinely tested against the pathogen
(Bauer et al., 1959). A standardized procedure for the disk diffusion susceptibility test was later
developed, called the Kirby-Bauer disk diffusion test (Bauer et al., 1966).
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One of the methods that has facilitated the determination of the lowest concentration of
an antimicrobial agent that inhibits the visible growth of a microorganism in vitro is the Minimum
Inhibitory Concentration (MIC) method.

The microtiter plates, first introduced in the 1970s, can be utilized to conduct MIC
experiments in low volumes (Ashour et al., 1987). Their primary benefits include low sample
volumes, high experimental throughput, and simplicity of usage.

In different countries of the region and beyond, studies have been conducted regarding
the sensitivity to antibiotics of L. monocytogenes by means of phenotypic methods, disc diffusion
and micro inhibitor concentration (MIC) (Arslan and Ozdemir, 2008; Caruso et al., 2020; Gémez
et al., 2014; Kevenk and Gulel, 2016).
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3 RESEARCH OBJECTIVES

These objectives focus on various aspects such as phylogenetic origin, molecular serotype,
clonal complexes, sequence typing, antimicrobial resistance patterns and multidrug resistance of
L. monocytogenes in the food chain and food categories:

1. To identify and categorize the different phylogenetic lineages of L. monocytogenes
present in food chain samples and food categories, utilizing genetic and genomic
analyses.

2. To analyze the molecular serotypes of L. monocytogenes isolated from various food
sources and assess their distribution across different food categories.

3. To investigate and classify the Clonal Complexes (CC) within L. monocytogenes
populations to elucidate their genetic diversity and relatedness and investigate their
occurrence and variation among food chain samples and food categories.

4. To utilize sequence typing methods such as to acquire a detailed genomic profile of the
L. monocytogenes strains found in the food chain and food categories.

5. To apply Multilocus Sequence Typing (MLST) methods for classifying and comparing
the sequence types (ST) of L. monocytogenes strains based on genetic sequences and to
assess their genetic diversity.

6. To evaluate the antimicrobial resistance of L. monocytogenes isolates, to identify
resistance patterns, assess implications for food safety and public health and determine
the extent of multidrug resistance.

7. To investigate the occurrence and patterns of multidrug resistance in L. monocytogenes
strains from different food categories and their implications for food safety.

8. To analyse the phylogenetic, molecular serotype, clonal, and resistance profiles of L.
monocytogenes in relation to specific food sources and categories to better understand
the transmission dynamics and potential risk factors.
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4 MATERIALS AND METHODS
4.1 Materials

A total of 995 samples were tested, with five tests per sample, making a total of 4975
tests. Samples analyzed represented RTE foods, food products consumed cooked, raw materials,
and environmental samples. The sampled food products were categorized into two groups based
on their ability to support the growth of Listeria monocytogenes, in accordance with Regulation
(EC) No. 2073/2005: one group included foods that support the growth of L. monocytogenes,
while the other comprised foods that do not.

The samples were analyzed for the presence of L. monocytogenes from January 2016 to
March 2022. The tested samples of animal origin were collected in the RKS at all stages of food
chain processing. Out of these samples, 648 samples were RTE foods (meat products n=286,
milk products n=361, fish products n=1), 281 food products consumed cooked (meat products
n=249, milk products n=32), 60 were raw materials (meat products n=39, milk products n=8, fish
n=8, combined food products n=5). Six were from various environments (food contact sample
n=5, sample from personnel n=1), summarized in the Table 8. Most were typical local products
reflecting the taste of Kosovar gastronomic traditions and artisanal food culture. The samples
were collected under sterile conditions in accordance with the food codex. Each one was marked
and registered for identification purposes prior to storage under optimal storage conditions
(+5°C). Based on the Regulation on Microbiological Criteria 2073:2005, a representative sample
consisted of five units of 25 g for each sample tested. L. monocytogenes isolates were detected
in the collected samples via the official method with two-phase enrichment (EN 1SO 11290-1).

Table 8. Samples tested during the period 2016-2022.

v Food products Raw Environmental Total samples
ears  Ready-to-eat . .
eating cooked material sample by year

2016 68 25 10 - 103
2017 34 12 1 - 47
2018 134 54 8 - 196
2019 74 45 31 - 150
2020 53 29 1 - 83
2021 138 59 5 6 208
2022 147 57 4 - 208
Total: 648 281 60 6 995
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Figure 7 shows some of the food product samples that were collected and used for

microbiological testing.

Figure 7. Some of samples of food products for microbiological testing.

A total of 149 inspection points such as dairies, meat processing plants, farms, fisheries,
food warehouses, cold rooms, retail, restaurants and slaughterhouses were included in this study.
Among them were business operators, of which 10 had implemented and applied HACCP -
Hazard Analysis and Critical Control Points, while another 139 inspection points including small
farms did not implement it.

Multilocus sequence typing and antimicrobial susceptibility testing were conducted on a
total of 114 strains of L. monocytogenes isolated from food products in the food production chain
in Kosovo, collected between 2016 and 2022. The samples include products of animal origin
such as meat and meat products, milk and milk products, combined animal-based food products,
fish, and environmental samples from food processing facilities. Food products of animal origin
were collected from food business operators from meat and meat products (n = 80) with the
subcategories of beef meat products (n = 69); pork meat products (n = 9); chicken meat products
(n = 1); sheep meat products (n = 1); milk and dairy products (n = 25) with the following
subcategories of dairy products (n = 21): fresh milk (n = 4) and fish meat products (n = 4);
combined food products (n = 4) with the following subcategories: burgers with cheese (n = 2);
chicken fillets with cheese (n = 2); and an environmental sample of a food-contact surface (n =
1). Expressed as a percentage, the representation of samples from food categories in this study

was 70.2% isolates from meat and meat products; 21.9% milk and milk products; 3.51% fish
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products; 3.51% combined food products; and 0.88% were from food contact surface. Samples
were collected under aseptic conditions from business operators in Kosovo, including factories,
slaughterhouses, retail shops, cold rooms, and restaurants, and were transported in an insulated
cooling box to the microbiology laboratory for processing. The study was conducted at the
University of Veterinary Medicine Vienna in Austria, the Institute of Food Safety, Food
Technology and Veterinary Public Health, and the Food Microbiology Unit. All samples were

processed within 6 h after collection.

4.2 Methods

For the primary isolation of the strains tested in this work, the following nutrient medium
and microbiological reagent were used, which were prepared in the microbiological kitchen at
the Food Microbiology Laboratory near the Food and Veterinary Agency in Pristina, based on
the manufacturer's instructions and EN 1SO 11133-1:2014.

4.2.1 lIsolation and Identification of L. monocytogenes

The testing procedures for the isolation and identification of the strains started
immediately after the acceptance of the sample where the sample was first verified as to whether
it is suitable for testing by measuring weight and temperature.

L. monocytogenes isolates were detected in the collected samples via the official EN ISO 11290-
1:2017 method with two-phase enrichment Half-Fraser Broth (LFB) — Liofilchem, Italy and
Fraser Broth (LFB) — Liofilchem, Italy (International Association for Standardization, 2017)
(Figure 8). In accordance with Mandate M381 by the European Commission for CEN, inter-
laboratory comparisons validated the reference technique for the detection and reporting of L.
monocytogenes in food (standard EN 1SO 11290-1:2017). The specificity and the sensitivity of
the detection method in these food matrices varies from 97.6% to 100% and from 91.1% to 100%,

respectively (Gnanou Besse et al., 2019).
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Figure 8. Testing of the samples was performed by ISO 11290 part one, the detection method.

From each sample, 25 g was extracted and inoculated into 225 mL of Demi Fraser Broth
(DFB, Liofilchem®S.r.1., Roseto degli Abruzzi, TE, Italy) for initial selective enrichment (Figure
9).

Figure 9. Demi Fraser Broth after incubation.
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After incubation at 30°C + 1°C for 24 h + 2 h, 0.1 ml of the liquid culture was inoculated
into 10 ml of full-strength Fraser broth (FB, Liofilchem® S.r.l., Roseto degli Abruzzi, TE, Italy)
for the second enrichment and cultured at 37°C +1°C for 24 h + 2 h (Figure 10).

Figure 10. Listeria Fraser broth.

Listeria Ottaviani and Agosti (ALOA, Liofilchem®S.r.1., Roseto degli Abruzzi, TE, Italy)
agar, and (LOA, Liofilchem® S.r.l., Roseto degli Abruzzi, TE, Italy) Oxford Listeria Selective
Agar were employed for selective and differential plating, with Petri dishes incubated at 37°C
+1°C for 24 h to 48 h (Figure 11). Five typical and five atypical colonies were subcultured onto
tryptic soy agar supplemented with 0.6% yeast extract (TSA-YE, Liofilchem®S.r.1., Roseto degli

Abruzzi, TE, Italy) as a non-selective medium and incubated at 37°C for 24 h.

Figure 11. L. monocytogenes on ALOA and LOA.
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The isolates were confirmed as L. monocytogenes via Gram staining, catalase reaction,
oxidase testing, carbohydrate utilization, hemolysis testing, CAMP testing and motility at 20°C
to 25°C. L. monocytogenes was confirmed and phenotypically identified to the species level using
standard API Listeria biochemical tests (Bio Mérieux, Marcy I'Etoile, France) (Bille et al., 1992),
following the manufacturer’s instructions. L. monocytogenes ATCC 13932 and ATCC 35152

were utilized as control strains.

4.2.2 Biochemical tests

Hemolysis test (obligatory) - Sowing is done on blood agar, first the soil is well dried,
then the sowing is done, incubation at 37°C for 24h £2h.

Typical colonies of L. monocytogenes form bright narrow and clear hemolytic zone (-
hemolysis), and the reaction is positive L-Rhamonse test (obligatory) - Planting is done in liquid
soil, incubation at 37°C for 24h-48h. Positive reaction turns yellow (acid formation) and the
reaction is positive.

D-Xylose test (mandatory) - Planting is done in liquid soil, incubation at 37°C for 24h-
48h. Negative reaction - purple color and the reaction is Negative (Figure 12).

Figure 12. Rhamnose and Xylose test.
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4.2.3 AP test

The API Listeria system (BioMerieux, La Balme-les-Grottes, France) is a standardized
system for identification of Listeria that uses miniaturized tests, as well as a database. The API
Listeria strip consists of 10 microtubes containing dehydrated substrate that enable the
performance of enzymatic tests or sugar fermentations. During incubation, metabolism produces
color changes that can either be spontaneously detected or need to be revealed by the addition of
reagents. The reactions were read according to the reading table and the identification was
obtained by consulting the profile list using the identification software. A 24-hour culture of
bacteria on TSA slant were suspended in 2 mL of sterile distilled water (BioMerieux) to reach
the same opacity as the MacFarland 0.5 Standard No. 1 on the scale. The suspension was simply
homogenized using a vortex mixture (Vortex Genie 2, Fisher Scientific, USA). Three milliliters
(3mL) of sterile distilled water was poured into the tray to create a moist atmosphere, and then
the reaction strip was removed from its packaging and placed in the tray. The bacterial suspension
was then distributed into ten (10) microtubes (100 pL for the DIM test and 50 pL for other
cupules, ESC to TAG). Afterwards, the strip box was closed and incubated at 37°C for 18 to 24
hours. After incubation, one drop of ZYM B (supplied by the manufacturer) was added to the
DIM microtube and allowed to react for 3 minutes, and then all of the reactions were noted
(Figure 13 a, b).
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Figure 13. a. Reagents of API test, b. Interpretation of API results, b1 and b3 negative, b2 positive.
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4.2.4 Christie, Atkins, Munch-Petersen (CAMP) test

The CAMP test is used to differentiate between the haemolytic species in the genus
Listeria namely; L. monocytogenes, Listeria ivanovii and L. seeligeri. It is done by streaking [
hemolysin-producing Staphylococcus aureus and Rhodococcus equi parallel to each other on 5%
sheep blood agar followed by streaking a colony of the suspect Listeria cultures at right angles
in between the parallel streaks. A positive reaction creates a spade-shaped formation in the area
of hemolysis of S. aureus. The plate is then incubated for 18-24 hours at 37°C. Hemolysis by L.
ivanovii is enhanced within the vicinity of Rhodococcus equi, while that of L. monocytogenes

and L. seeligeri is enhanced in the vicinity of S. aureus (Gasanov et al., 2005) (Figure 14 a, b).

Figure 14. a. CAMP test and b. B-Hemolysis.

Figure 15 shows a typical colonies of L. monocytogenes on the selective chromogenic
ALOA medium. Colonies with a typical morphological appearance are surrounded by a distinct

halo-like area of dark precipitation.
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Figure 15. Colony of L. monocytogenes in ALOA surrounded by a distinct area of dark halo-like precipitation.

Figure 16 shows typical colonies of L. monocytogenes on RAPID'L medium. Colonies
with a blue color (pale blue, gray-blue to dark blue) without a yellow halo.

Figure 16. Listeria monocytogenes in RAPID’L. Mono agar blue pale blue, grey-blue to dark blue) colonies
without a yellow halo.

Isolation of pure colonies of L. monocytogenes on OALA and RAPID’L.mono Agar,
storage in cryo tubes at -80°C (Figure 17).
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Strains collection Molecular testing

Figure 17. Storage of isolates for molecular testing.

4.2.5 Serological serotyping

Serotyping was performed by a slide agglutination assay using commercially prepared
antisera (Listeria antisera Seiken kit; Denka Seiken Co., Tokyo, Japan) according to the

manufacturer's instructions (Figure 18).

Figure 18. Antisera for serotyping of L. monocytogenes.

62



Besart F. Jashari

4.2.6 DNA extraction

Pure colonies were streaked on RAPID’L. Mono agar (Bio-Rad, Hercules, CA, USA) for
24 h at 37°C, then one colony was re-seeded on Tryptic Soya Agar (TSA, Merck, Darmstadt,
Germany) and incubated for 24 h at 37°C. For the extraction of DNA from TSA plates, 3—4
colonies were taken and suspended in 2 mL tubes containing 100 pL of 0.01 M Tris HCI pH 7
(Thermo Scientific, Rockville, MD, USA). Four hundred (400) microliters of Chelex 100 Resin
solution were then added (Bio-Rad, Hercules, CA, USA). The contents were vortexed and then
boiled at a temperature of 100°C for 10 min. After boiling, the tubes were centrifuged for 5 min
at 15,000 rcf. Using a pipette, 100 ul of supernatant was taken and transferred to a fresh 1.5 mL
microcentrifuge tube and stored at —20°C until required for further analysis (Figure 19 a, b, c).

Figure 19. a. Water bath; b. Eppendorf 5415R refrigerated centrifuge; c. Thermomixer.

4.2.7 DNA concentration measuring

The DNA concentration was measured using the Qubit™ dsDNA HS with a Qubit® 2.0
fluorometer (Thermo Fisher Scientific, Waltham, USA) (Figure 20). A DNA extract was retained
when its concentration was above 0.1 ng/pL.

The DNA concentration measurement procedure begins by diluting Qubit® dsDNA HS
reagent 1:200 in Qubit® dsDNA HS buffer known as working solution. The final volume in each
tube should be 200 pL. Each standard tube requires 190 pL of Qubit® working solution and each
sample tube requires anywhere from 180-199 pL. The working solution was prepared in a clean

tube and an aliquot was taken for as many samples as were tested.
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Prepare enough Qubit® working solution to accommaodate all standards and samples.
For example, for 118 samples and 2 standards, ~200 uL per tube and 2 mL working solution (120
ML Qubit® reagent plus 19800 pL Qubit® buffer) were taken. Then it is mixed by rotating it for
2-3 seconds without creating bubbles. Then all tubes were incubated at room temperature for 2
minutes. The reading of the results was done where first the calibration of the device was done
with the prepared standards and then each tube is read by pressing on the Qubit® 2.0 screen,
press DNA, then select dSDNA High Sensitivity as the type of analysis and then press the button
" Run".

Calculation of the concentration of your sample = QF value x 200/x, where QF value =
the value given by the Qubit® 2.0 fluorometer, x = the number of microliters of sample added to
the assay tube. This equation generates a result with the same units as the value given by Qubit®
2.0 Fluorometer. For example, if the Qubit® 2.0 fluorometer gives a concentration in ng/mL, the

result of the equation is in ng/mL.

Qubit®

fluorometer

Figure 20. Qubit.

4.2.8 DNA extraction materials

-Gram-positive bacteria - Mericon DNA Bacteria plus Kit (Qiagen, Hilden, Germany).
-Brain heart infusion broth (BHI) (Liofilchem® S.r.I, Roseto degli Abruzzi TE, Italy
-Primers and probes set for identification of lineages, molecular serogroups, and clonal

complexes of L. monocytogenes are listed on (Table 9) (Vitullo et al., 2013).
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Table 9. Primers and probes for the detection of GenoL.isteria targeted genes.

. Primers and . Forward primer sequence Reverse primer
Multiplex probes Probe sequence (5'-3") (5-3) sequence (5-3) Reference
FAM- CAGGRTTACTCG Vitullo o
1 rs CATGACAACCACGGAT TTGATTGAATAA GCTGAAGAGAT | al. 2013
P ACTTTCTTCAATGTTAA c TGCGAAAGAAG
TTTG-BBQ
HEX- CAGTCTGGACA
1 IcA TCAAGATGACTACAAT CGGCGCACCTAA ATCTCTTTGAAT
P GGTCCGAGTGTGAAAA- | CCAAGTAA
TTT
BBQ
Cy5-
1 | Lmo0737 | CCAACACTTTCTCATCA ggﬁ;gg%?; (':A‘ $¢§§TA:§§TAAG
ATACCATCTTCCC-BBQ
FAM- CCAAAGAACCA
2 | Lmo1118 | CCTTTATCTTCTCCTGA gg}ﬁﬁﬁ;&%& AATTGATCGAA
GTGTATACGCCTC-BBQ TC
HEX- CACTAATCTCAT
2 ORF2110 | TCTCCGTCATTTGTTAC | CGACTATAAACT -Cr:igﬁ\CC:;AGAAi%AG
CGTTTCCCCAAC-BBQ C
Cy5-
2 ORE2819 CTCGTAAGATCGATATA | GGAAGATTTCCA | GGAAGATTTCC
CGTCATGGCAGTTTCC- | CGCAATACTC ACGCAATACTC
BBQ
Cy5-
IVb-1 | 149 CC1 GTTCGATAGTGT | GCTCTCTATTCA
- TTCCAGCACTCAATGCA
_1911 ATCGC-BBQ CATAGGA ATATTGGTAA
FAM-
IVb-1 1;136502 TCATCTTGTCCGATAGG iggZIAATTGGA ig?ngC'?ATT
- TTCTGATTCT-BBQ
Cy5-
Ib-1 376135195?(: AGTCGCTTTGACGAATA éiii’é’éATAGAT S\(?(TBQTTTTETCTCT
- TCAAACTCAC-BBQ
FAM-
1Vb-2 féé;gc TGCCTCCTACCAACTGT .?.'?‘gg.?gAGCCTT igéﬁ_(rllﬁACCG
- ACTGAAG-BBQ
HEX-
4711 CC CCTTGCTAGCTT | GAAGGTACTTT
llb-1 = AGACACATTAATTTCCG
5 9574 CTTGGCAA-BBQ CTGTAG TACAGACAAA
HEX- CTGGTAGAATA
IVb-1 133I§C6 AACGGATTCTATTAAAC $§gﬁ$g GTTTGA GATTACTTTAG
- ACGCAAGCAA-BBQ AC
Cy5-
258 CC7 GGTGAAATATGA | GAACCTATATT
l1a-3 - AACTGCAACTCCAGAG
6968 TCAACATAAT-BBQ GTAAATGGA TTGAGGCATTA
Cyb-
la-1 zggaccs AGTCACAGAAACTTCT ?TGTT(’?TCTGAG GTAGT giiTGTTTGT: :AT
- AAGCCGG-BBQ
111 FAM- GATGGGAGTTAA | ACACCTATTCTT
lla-7 | CC451 9 | TTAAGACTCGCGCATGT | TGATTTTATGGA | TCTTGATTATAC
204 TGCTGTGCAC-BBQ TA AG
258 SNP | FAM-
l1a-3 _LMO002 | TCAGGACAAATCAGTG iﬁ:ﬁg QACTGCT ggé?.?;éCATT
932_ST14 | CATTTGGCC-BBQ
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258 SNP | HEX-
lla-4 | LMO003 | TTTTCCACTTTTAAGTT QSE%IAAGGTT ii":??(A;ﬁﬁTAgT
17 ST91 | GCTCATTACC-BBQ
Cy5-
o | B Brmcrcorororor | SIACATIEST cacermare
_ AGAAGCAATT-BBQ
111- HEX-
a7 | Lmo01705 | CGTTAGTTTATCAATACG EIECCAT/ITCEGCTG ggggxﬁm%
ST398_1 | TCGCAACTTTAGC-BBQ
Cy5-
21322 C TGTCCTAATAGT | CGTGAAAATGA
l1a-5 _C | TCTAGCCTGTTCAATTT
C20_1143 | (116 o0 BB GTAAGCA ACAACTAAA
FAM-
21322 C GCAACTAAAATA | GGATGAAAATT
l1a-5 _C | TCAACTTTGCTTGTTTT
C21.56%0 | e AGA BBO ACTATCTCAA | ACTGATGAAG
Cy5-
lla-6 ggliggg: AGACATAATGAATCAT QE'T“TCTG:CGTATG iﬁggéL%TTCA
— GGACGCTTCTT-BBQ
FAM-
3511 CC AACGGCTATTAA | GGCAAAGTTAC
lla-6 _ TTGACGCTGAACTTGCT
292081 | pnTae Beo ACGGAG TACAGTTG
Cy5- GATCGTTGATA
lla-2 éilgggg ATGAAACGAGCTAAAT %%EXQEGGCA GAGAATTAAAA
- CTCCTCAATT-BBQ TC
FAM-
1610 CC CCAGAGAATGG | GAACCAATAGA
lla-2 _ TCAGGCAGCACTTCAT
374500 | e CTAGATA AGAATTGATAC
HEX-
1 CCs4 AGGACATATTAG | GCTTCACCAAC
wb-2 | :=CC% | AGeeTeccaTACCGTA
731 AACCGOT-BEO ATGTTCGTTCTG | ACTTAGCATA
359 Cy5- AGCCAGAATAA
-2 | CC59 59 | AAAGAATCTCCGACGA gégi'G“A“T“A‘GAC ATAAATTTACT
12 AACGCT-BBQ TAC
FAM-
Ib-2 ?521257 ACAGAACCAATTCCTC %?gﬁﬁTCAAAC ?II?S?@GGCA
- CAACCAA-BBQ
FAM-
Ib-1 ;525%38 ATCCTTTGAGTGATAAA i;%g?gcmm ggﬁiﬁéﬁmﬁ
- CATCGCCTAC-BBQ
21322 SN | e
lla-5 Zg'g'\é?:go CACTCTTAATGTTATGT ?IE?TC?:TTGAA gi‘%ﬁfggﬁc
- GCTAAGCCG-BBQ
FAM- TCGGAATTTAT
la-1 éi%‘lﬁl TTAGATTGCTACTACCG ?X?ﬁ%@gTGAA CATTATATGTTC
= CCAATT-BBQ TA
HEX-
1610 CC GTCAGAGTCGAA | TCTGGAATTTTC
la-2 _ ATATTCAGAATCCATCC
1555334 | CrATTTO06 880 TTCATTA AAAAGTATTG
HEX-
o | B | oo | SIS | Tessaace
— CATTTCCAATG-BBQ
Cy5- CGGAGCATTCAC
la-7 éélﬁlcl AGACTCTCCACTTCCAG | TATATCATTTAC g?ﬁgg‘giﬁ;
- CAAACGCTTCTGT-BBQ | A
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HEX-
s | 590052 | Tolaonommcrrrorer | SEICTICBTACT | choAGecanse
- AATTTCATCT-BBQ
HEX-
l1b-2 359 CC2 | TCTTGTCCAAATTGTTT | GAACGTATCTCT .?2@222;;;’:;
24 7283 CACTATTATCGTAAGTA | CTAGTAGC
- BBO GTA-

The L. monocytogenes MLST scheme uses internal fragments of the following seven
housekeeping genes: abcZ (ABC transporter), bglA (beta glucosidase), cat (catalase),
dapE (succinyl diaminopimelate desuccinylase), dat (D-amino acid aminotransferase), Idh (L-
lactate dehydrogenase), IhkA (histidine kinase).

Table 10. The list of primers and probes used for MLST of L. monocytogenes.

Target Primer Sequence (5'-3") Ref. As‘lr];sl('g;)n
abcZoF  GTTTTCCCAGTCACGACGTTGTATCGCTGCTGCCACTTTTATCCA Salcedo

aCZ  ihcZoR  TTGTGAGCGGATAACAATTTCTCAAGGTCGCCGTTTAGAG ;tog; 537
bglAcF  GTTTTCCCAGTCACGACGTTGTAGCCGACTTTTTATGGGGTGGAG Salcedo

bglA  pglAcR  TTGTGAGCGGATAACAATTTCCGATTAAATACGGTGCGGACATA ool 399
catoF  GTTTTCCCAGTCACGACGTTGTAATTGGCGCATTTTGATAGAGA Salcedo

Cat catoR  TTGTGAGCGGATAACAATTTCAGATTGACGATTCCTGCTTTTG ool 486
dapEoF  GTTTTCCCAGTCACGACGTTGTACGACTAATGGGCATGAAGAACAAG  Salcedo

93P pEOR  TTGTGAGCGGATAACAATTTCATCGAACTATGGGCATTTTTACC gtogls 462
datoF  GTTTTCCCAGTCACGACGTTGTAGAAAGAGAAGATGCCACAGTTGA  Salcedo

Dat datoR  TTGTGAGCGGATAACAATTTCTGCGTCCATAATACACCATCTTT gtogls 47t
ldhoF GTTTTCCCAGTCACGACGTTGTAGTATGATTGACATAGATAAAGA Ragon et

Ldn ldhoR  TTGTGAGCGGATAACAATTTCTATAAATGTCGTTCATACCAT al., 2008 453
IhkAoF  GTTTTCCCAGTCACGACGTTGTAAGAATGCCAACGACGAAACC Salcedo

kA~ |ikAoR  TTGTGAGCGGATAACAATTTCTGGGAAACATCAGCAATAAAC gtogg 480

Table 10 shows the L. monocytogenes MLST PCR panel for target genes (abcZ, bglA,
cat, dapE, dat, Idh, IhkA) designed by Ragon et al., 2008.

The preparation of the reaction mixture (mastermix) for performing PCR reactions used
in the molecular typing MLST (Multi-Locus Sequence Typing) of L. monocytogenes is provided
in Table 11, which includes the mastermix preparations for six genes (abcZ, bglA, dapE, dat,
IhkA), while Table 12 presents the preparations for two other genes (cat and ldh), based on the
methodology described by Ragon et al. (2008). Table 13 describes the PCR cycling conditions

used for these experiments.
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Table 11. Mastermix preparation for L. monocytogenes MLST — PCR (abcZ, bglA, dapE, dat,
IhkA), (Ragon et al., 2008).

Mastermix Final . Stock . 1x Unit
concentration concentration
DEPC water 30.8 pl
5xPCR buffer 1x 10 pl
MgCl, 2.5 mM 50 mM 0 pl
Primer F 200 nM 5000 nM 2 pl
Primer R 200 nM 5000 nM 2 ul
dNTP’s 200 UM 5000 Y 0 pl
Biozym HS Taq 1 U 5 U/ ul 0.2 ul
Mastermix 45 ul
Template 5 ul
Reaction volume 50 pl

Table 12. Mastermix preparation for L. monocytogenes MLST — PCR (cat, Idh) (Ragon et al.,

2008).
Mastermix Final . Stock . 1x Unit
concentration concentration
DEPC water 15.2 pl
10xPCR buffer 1x 5 pl
MgCl, 2.5 mM 50 mM 2.5 pl
Primer F 1000 nM 5000 nM 10 pl
Primer R 1000 nM 5000 nM 10 pl
dNTP’s 200 UM 5000 Y 2 pl
Platinum Tag 15 U 5 U/ ul 0.3 pl
Mastermix 45 pl
Template 5 pl
Reaction volume 50 pl
Table 13. PCR conditions
Stages Temperature Time Cycles
Initial denaturation 94°C 4 min
Denaturation 94 °C 30 sec.
. 52 °C,
Annealing (bglA: 45°C) 30 sec. -
Elongation 72°C 2 min
Final elongation 72°C 10 min
4°C Hold
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4.2.9 Identification of L. monocytogenes isolates with PFGE

The PFGE typing was performed using a CHEF-DRII apparatus (Bio-Rad Laboratories,
Des Plaines, USA). Sample plugs were prepared by combining 400 pL of bacterial cell
suspension with 20.00 puL of lysozyme solution (20.00 mg mL™", Sigma, St. Louis, USA) and
incubating the mixture at 56.0°C for 20 minutes. The plugs were digested with 160-200 U of
Apal (New England Biolabs Inc., Ipswich, USA) at 30°C for 5 hours and 25 U of Ascl
(Fermentas, USA) at 37°C for 3 hours.

Electrophoresis was conducted by loading the plugs onto a 1.00% agarose gel in 0.5X
Tris-borate EDTA (TBE) buffer under the following conditions: voltage of 6.00 V, initial switch
time of 4 seconds, final switch time of 40 seconds, and a runtime of 22 hours. The gels were
stained with 25.0 mL of ethidium bromide solution (10.0 mg mL™") in 400 mL of 0.5X TBE for
30 minutes. After staining, the gels were destained in deionized water (two washes of 20-30
minutes each with 400 mL) and subsequently visualized and photographed using the Gel
Documentation System (Alpha Imager; ProteinSimple, California, USA).

PFGE patterns generated by this method were analyzed using Phoretix 1D Pro Gel
Analysis Software (TotalLab, Newcastle, UK). The restriction patterns were normalized against
the Lambda Ladder PFG Marker No. 340 S (New England Biolabs). Clustering analysis was
performed using the unweighted pair group method with the Dice correlation coefficient. The

results were validated through visual comparison of the PFGE profiles.

4.2.10 Detection of lineages, molecular serogroups and clonal complexes

The concentration of DNA extracts was adjusted to between 0.1 and 1 ng/uL, then a real-
time multiplex PCR analysis was performed using Tagman® PCR probes from TIB Molbio,
Berlin, Germany (https://www.tib-molbiol.de) according to the methodology described by Félix
et al. (2023). Three different real-time PCR thermocyclers were used to perform the tests: A Mic-
IV real-time PCR thermocycler from Bio Molecular Systems (Upper Coomera, Australia), a
Rotor-Gene Q real-time PCR thermocycler from QIAGEN (Hilden, Germany), and a
QuantStudio 5 real-time PCR thermocycler from Thermo Fisher Scientific (Waltham, USA)
(Figure 21 a, b, ¢).
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Figure 21. a. MIC 4 real-time PCR thermocycler Bio Molecular System (Upper Coomera, Australia); b. Rotorgen
Q real-time PCR thermocycler QIAGEN (Hilden, Germany); c. QuantStudio 5 real-time PCR thermocycler
Thermo Fisher Scientific, (Waltham, USA).

4.2.11 Real time PCR analysis in the form of triplex/duplex PCRs

The following target genes were used for molecular serotyping (Vitullo et al., 2013):
Imo0737, Imo1118, ORF2819, ORF2110, prs, and plca.

This method requires to use conventional real time PCR instruments with three detection
channels: dye FAM 520 nm, dye HEX 554 nm (compatible with VIC 549 nm), dye Cy5 669 nm.
In this analysis configuration the PCRs are performed as triplex FAM-HEX-Cy5 or duplex. The
triplex mixes all have the same composition, as well as the duplex mixes. The reaction volume
could be performed in 15 pL and 20 pL format.

The PCR was performed in two rounds:

1) For all samples triplex PCR 1 (prs, plcA Lmo0737) and PCR 2 (ORF2819 ORF2110,
Lmo1118).

2) The other triplex or duplex PCR may be performed according to the molecular serotype
deduced. Testing can be performed for each triplex or duplex separately or they can be performed

at the same time.
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4.2.12 Preparation of the PCR mix

The preparation of the Master Mix was performed in the PCR mixing chamber, which
was adapted to the PCR mix used (Table 14).

Table 14. Preparation of the master mix for the identification of triplexes and duplexes.

TRIPLEX 20 pL 15 L
Reagent pl/reaction | pl/reaction
H20 5.3 3.975 DUPLEX 20 uL 15 uL
2x master mix 10 75 Reagent pl/react | pl/reaction
20 UM Forward Primer 1 | 0.3 0.225 lon
20 UM Reverse Primer 1 | 0.3 0.225 H.0 _ 6.2 4.65
20 UM Probe 1 0.3 0.225 2x master mix 10 75
20 UM Forward Primer 2 | 0.3 0.225 20 uM Forward Primer 1 | 0.3 0.225
20 UM Reverse Primer 2 | 0.3 0.225 20 uM Reverse Primer 1 | 0.3 0.225
20 UM Probe 2 0.3 0.225 20pMProbe 1 0.3 0.255
20 UM Forward Primer 3 | 0.3 0.225 20 uM Forward Primer 2 | 0.3 0.225
20 UM Reverse Primer 3 | 0.3 0.225 20 uM Reverse Primer 2_| 0.3 0.225
20 UM Probe 3 0.3 0.225 20 UM Probe 2 0.3 0.225
Total: 18 135 Total: 18 13.5

The concentration of DNA extracts was adjusted to between 0.1 and 1 ng/pL; then, real-
time multiplex PCR was performed using Tagman® PCR probes from TIB Molbio, (Berlin,
Germany), according to the methodology described by Félix et al. 2023 (Felix et al., 2023). Three
different real-time PCR thermocyclers were used to perform the tests: a Mic-4 real-time PCR
thermocycler from Bio Molecular Systems (Upper Coomera, Australia), a Rotor-Gene Q real-
time PCR thermocycler from QIAGEN (Hilden, Germany), and a QuantStudio 5 real-time PCR
thermocycler from Thermo Fisher Scientific (Waltham, MA, USA). The following target genes
were used for molecular serotyping (Vitullo et al., 2013): Imo0737, Imol1118, ORF2819,
ORF2110, prs, and plca. Clonal complexes (CCs) were identified by amplifying CC-specific
genomic regions (Felix et al., 2023): CC1, CC2, CC3, CC4, CC5, CC6, CC7, CC8, CC9, CC11-
ST451, CC14-ST14-206-399, CC18, CC19-ST398-802-1308, CC20, CC21, CC26, CC29, CC31,
CC37, CCh4, CCh9, CC77,CC87, CC101, CC121, CC155, CC193, CC199, CC204, and CC224
(Table 15).
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Table 15. GenoListeria multiplex scheme (Felix et al., 2023).

PRS (FAM) % /" ORF2110(Me9 O\
L1 PLCA (Hex) } A 2  ORF2819 (oxs)
IMO0737 ovs) /" /| N\ LMO1118pram)
e A7
N llc =CC9 Q
o "«’\ i v " o PRNR
3 ~ o R - »
i SN 2 cC3 (oys) N S cC1 (6ys)
CC8 (05) \ / top Stop |
1 CC121 (HEX) )\ 1 cos7ieam ) (1 cczpam ‘
oy SN, Sy S . CCeHB)
\\««\,‘771,7{;»4, ~ S B S Y
71 ys) N ccsees) N
2 cc37(Fam) ) (2 cc77 fram) (9 cca 4(FAM)
N cc155 (HEX) 7 . CC224 (Hex) / s CC54 (HEX) :
e . ‘H'\\r,,, 77,,_—"/ \\,\77\77777 /7/7'/</

A RN
3 cci4asna(ram)
i CC204 (HEX)

(4 cc18n)
CC14 191 (HEX) /J

, €C20 (0ys)
(5 CC21 (FAM)
. ccioime) S

™
\

-
CC26 (cy8)

€C29 (FAm) )
N CC193 ) S

7 cc1es o)
(7 ccirsmsipam) )
. CC19sT3ss (HEX) 7

72



Besart F. Jashari

4.2.13 Multilocus sequence typing of L. monocytogenes

Seven housekeeping loci ABC transporter (abcZ), D-amino acid aminotransferase (dat),
L-lactate dehydrogenase (ldh), catalase (cat), succinyl diaminopimelate dessucinylase (dapE),
beta-glucosidase (bglA), and histidine kinase (IhkA) (abcZ, bglA, cat, dap, dat, Idh, and IhkA)
were selected for the characterization of L. monocytogenes isolates by MLST. The primers that
were used in this study to determine the MLST scheme is based on the panel designed by (Ragon
et al., 2008; Salcedo et al., 2003).

The following temperature conditions were used: 1 cycle 94 °C, 4 min; 35 cycles (94°C,
30's; 52°C, 30 s; 72°C, 2 min); 1 cycle 72°C, 10 min for the PCR amplification. An annealing
temperature of 52°C was wused for all genes except for bglA (45°C)
(https://bigsdb.pasteur.fr/listeria, accessed on 25 March 2024) (Figure 22 and Table 16).

(wusmur {OME  ABOUT NTACT  WHAT'S NEW »
PASTEUR ) &

> Org > Liste equence de > Search by locus combinations

Search by locus combinations

Schemes
Please select the scheme you would Like to query
MLST “EX3

Please enter your allelic profile below. Blank loci will be ignored Autofill profile

[0 9w e 1.2 (st

abeZ L) at dap dat \dh (L7

1 1 " il 2 1 5
Options Display/sort options Action

Search: Exact or nearest match v Orderby. ST v ascending v RECET
2= RESET
Display: 25 v records per page (©) - J

Exact matches found (7 loci)

1 record returned. Click the yperlink for detailed information

Figure 22. https://bigsdb.pasteur.fr/listeria, accessed on 25 March 2024.
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Table 16. Allelic profile.
ST abcZ bglA cat dapE dat Idh IhkA

(Im02752) (IMo0319) (Imo2785) (Im00265) (Imo1619) (Imo0210) (Imois08) CC  Lineage
ST3 4 4 4 3 2 1 5 cc3 |
ST4 1 2 12 3 2 5 3 cca |
ST6 3 9 9 3 3 1 5 ccé |
ST7 5 8 5 7 6 2 1 ccr o
ST8 5 6 2 9 5 3 1 ccs
ST9 6 5 6 4 1 4 1 cco
ST12 5 8 5 7 6 22 1 ccr o
ST14 8 6 13 6 5 2 1 cc14 1
ST26 5 10 8 21 6 2 1 cc26 Il
ST29 15 10 18 18 1 3 1 cc29 Il
ST32 1 18 27 2 4 1 5  CC32 |
ST37 5 7 3 5 1 8 6  CC37 I
ST87 12 1 4 14 3 39 4 ccsr |
ST121 7 6 8 8 6 37 1 ccl2i il
ST145 1 1 11 11 2 12 5 cc2 |
ST328 3 1 1 1 3 131 3 ccl |
ST399 8 6 15 6 6 2 1 cCl4 Il
ST520 3 18 27 3 4 106 23 CC315 |
ST580 6 37 6 4 1 4 1 cco
ST710 3 1 1 1 3 1 87 CcCl |

4.2.14 Allele templates

abcZ (537 bp):

AAATCGACGAACAGAATGCGTATAGGACTTTTCCGCAAGATGGAAAAACTATCAATCCGT
TTCTTCGATAGTCGCAATGATGGCGAAATGCTTAGTCGTTTCACTAGTGACTTAGATAAT
ATTTCCAACACACTAAACCAAGCATTGATCCAAGTACTATCCAACGTCGCGCTAATGATT
GGTGTTATCATCATGATGTTCCAACAAAACGTGGAACTAGCCTTCGTTACTCTAATATCT
GCTCCATTTGCGATTATTATTGCGACAGTGATTATTCGAAAAGCCCGCAAATTCGTTGAT
ATTCAACAAGATGAACTAGGCGTACTTAACGGCTACATTGACGAAAAAATCTCTGGTCAA
AAAATTATTATCACAAATGGCTTAGAAGAAGAAACAATTGACGGCTTTGTTAAACAAAAC
AATATCGTTAAAAACGCAACTTACAAAGGTCAAGTTTACTCCGGTTTACTTTTCCCAATG
ATGCAAGGTATTTCCCTATTAAATACAGCTATTGTTATCTTCTTCGGTGGATGGTTA

bglA (399 bp):

AACCAATTCGAAGGCGCTTACAACGTCGATGGAAAAGGACTTTCCGTTCAAGATGTTACT
CCAAAAGGCGGATTTGGTCACATTACTGACGGTCCAACACCAGATAACTTAAAATTAGAA
GGAATTGACTTCTATCATCGCTACAAAGATGACGTGAAACTTTTTGCCGAAATGGGCTTC
AAGGTTTTCCGTACTTCCATCGCTTGGTCCCGTATCTTCCCAAATGGTGACGAAACTGAG
CCAAACGAAGCAGGATTACAATTTTACGATGATTTATTCGATGAACTTCTAGCACATAAT
ATCGAACCACTGATTACTTTATCTCACTATGAAACACCACTTCACTTATCGAAAACTTAC
GACGGCTGGGTAAATAGAAAAATGATCGACTTCTATGAA

cat (486 bp):

GCTCGTGGTGCTGGTGCTCACGGGAAATTTGTCACTAAGAAAAGCATGAAAAAATATACA
ATGGCTAAATTTTTGCAAGAAGAAGGAACGGAAACGGAGGTTTTTGCTCGTTTTTCAACA
GTAATTCATGGGCAACATTCTCCAGAAACATTACGTGATCCACGCGGTTTCTCCGTTAAG
TTTTATACAGAAGAAGGGAATTATGATTTTGTCGGAAATAATTTGCCGGTATTCTTCATT
CGTGATGCGATTAAGTTTCCGGATGTTATTCATTCCTTGAAGCCTGATCCACGCACAAAT
ATTCAAGATGGCAACCGTTACTGGGATTTCTTTAGCCTTACACCGGAAGCTACGACGATG
ATTATGTACTTATTCAGTGATGAAGGAACGCCGGCTTCTTACCGGGAAATACGTGGCTCT

Characterization, Genetic Typing and Antimicrobial Resistance of Listeria monocytogenes from

74


https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?page=profileInfo&db=pubmlst_listeria_seqdef&scheme_id=2&profile_id=12
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?page=profileInfo&db=pubmlst_listeria_seqdef&scheme_id=2&profile_id=14
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?page=profileInfo&db=pubmlst_listeria_seqdef&scheme_id=2&profile_id=26
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?page=profileInfo&db=pubmlst_listeria_seqdef&scheme_id=2&profile_id=29
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?page=profileInfo&db=pubmlst_listeria_seqdef&scheme_id=2&profile_id=32
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?page=profileInfo&db=pubmlst_listeria_seqdef&scheme_id=2&profile_id=37
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?page=profileInfo&db=pubmlst_listeria_seqdef&scheme_id=2&profile_id=87
https://bigsdb.pasteur.fr/cgi-bin/bigsdb/bigsdb.pl?page=profileInfo&db=pubmlst_listeria_seqdef&scheme_id=2&profile_id=121
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AGTGTTCATGCGTTCAAATGGATTAATGAAGAAGGCAAAACAGTTTATGTAAAACTGCGC
TGGATT

dapE (462 bp):
TTGCAAAAGTTGTTAGCTGAACACGGTATTGAGTCCGAAAAGGTAAAATACGACGTAGAC
AGAGCCAGCCTAGTTAGCGAAATTGGTTCCAGTGACGAGAAAGTTTTGGCGTTTTCAGGG
CATATGGATGTCGTTGATGCGGGTGATGTCTCGAAGTGGAAGTTCCCACCTTTTGAAGCA
ACAGAGCATGAAGGGAAAATATACGGACGTGGCGCGACGGATATGAAGTCAGGTCTAGCG
GCGATGATTATTGCAATGATTGAGCTTCATGAAGAAAAACAAAAACTAAATGGCAAAATT
AGATTATTAGCAACGGTTGGTGAAGAAGTCGGTGAACTTGGAGCCGAACAACTAACGCAA
AAAGGTTACGCAGATGATTTAGATGGCTTGATTATCGGCGAACCGAGTGGACACCGGATT
GTTTATGCGCATAAAGGTTCCATTAATTATACCGTTAAATCC

dat (471 bp):
GAAGTAGTTCGTCTATATAATGGAAAATTCTTCACTTATAATGAACACATTGATCGTTTA
TATGCGAGTGCAGCAAAAATTGACTTAGTTATTCCTTATTCTAAAGAAGAGTTACGAGCG
TTACTTGAAAAATTAGTTGCTGAAAATAATATTAATACAGGAAATGTCTATTTACAAGTG
ACTCGAGGTGTTCAAAACCCGCGTAATCACGTTATGCCAGATGATTTCCCGCTGGAAGGC
GTTTTAACAGCAGCAGCTCGTGAAGTACCAAGAAATGAACAACAATTTGTGCAAGGTGGA
CCAGTAATTACAGAAGAAGATGTTCGTTGGTTACGCTGTGACATCAAGAGTTTGAATTTA
CTTGGAAACATTTTAGCAAAAAACAAAGCACATCAACAAAATGCGTTAGAAGCTGTTTTA
CACCGCGGAGAGCAAGTAACTGAGTGTTCAGCTTCCAATATTTCTATTATT

Idh (453 bp):
TATAGCGACTGCCACGATGCGGACTTAGTTGTTGTAACTGCCGGGACTGCACAAAAACCT
GGTGAAACTCGTTTAGATTTAGTAAATCGTAATATTAAAATCATGAAAGGCATCGTGGAT
GAAGTAATGGCTAGCGGATTTGACGGTATCTTCTTAATCGCTTCTAACCCAGTAGATATC
TTAACTTACGCTACATGGAAATTCTCAGGTCTTCCAAAAGAACGTGTTATCGGTTCTGGA
ACAAGCCTTGATACAGCACGTTTCCGTATGTCAATTGCCGACTATCTAAAAGTAGATGCT
CGTAACGTCCATGGTTACATCCTTGGCGAACACGGCGATACAGAATTCCCAGCATGGAGC
CACACAACTGTCGGCGGTCTTCCAATCACTGAATGGATTAGCGAAGATGAACAAGGTGCA
ATGGATACTATTTTCGTAAGTGTTCGTGATGCA

IhkA (480 bp):
TATCCAACACAGATGAATCAGCCGTTACCAAAGGATTTCTCTATTTCTTCGGATGATAAG
AAAAAACTTGAAAGTGGCGAAACAGTTAGTAAGAAAATAGATAATCGCTTTAATAAAGAA
ATGACAATTGTGTACGTCCCAATAATGAATGGCGACAAATTTGTCGGTTCTATCGTGCTC
AATTCACCTATTAGCGGTACGGAGCAAGTAATTGGTACGATTAACCGCTATATGTTCTAC
ACTATTTTACTTTCTATAACGGTAGCACTTATTCTTAGCGCAATCTTGTCCAAACTACAA
GTAAATCGAATCAACAAACTACGAGCAGCGACAAAAGACGTTATTCAAGGCAATTACAAA
GCTCGATTGAAGGAAAATAATTTTGATGAAATTGGTGCACTTGCCATTGATTTCAATAAA
ATGACACAAACCCTTGAAACATCTCAAGAAGAAATAGAACGACAAGAGAAGCGGAGACGC

4.2.15 Antimicrobial resistance AMR

The antibiogram signatures of L. monocytogenes isolates were evaluated according to the
liqguid microdilution method reported by the European Committee on Antimicrobial
Susceptibility Testing (EUCAST, ECOFF). Antibiotic susceptibility testing was performed using
Sensititre™ GPN3F plates (Thermo Scientific, Rockville, MD, USA) which are specially
manufactured for Gram-positive bacteria (Figure 23). These specific antibiotics were selected for
susceptibility testing because they are commonly used to treat infections caused by Gram-

positive bacteria, including L. monocytogenes.
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These plates contained a range of 18 antibiotics at varying concentrations: erythromycin
ERY (0.25-4 mg/L), clindamycin CLI (0.12-2 mg/L), gentamicin GEN (500 mg/L),
streptomycin STR (1000 mg/L), quinupristin/dalfopristin SYN (0.12—4 mg/L), daptomycin DAP
(0.25-8 mg/L), vancomycin VAN (1-128 mg/L), tetracycline TET (2—16 mg/L), ampicillin AMP
(0.12-16 mg/L), gentamicin GEN (2-16 mg/L), rifampin RIF (0.5-4 mg/L), levofloxacin LEVO
(0.25-8 mg/L), linezolid LZD (0.5-8 mg/L), penicillin PEN (0.06-8 mg/L), ciprofloxacin CIP
(0.5-2 mg/L), trimethoprim/sulfamethoxazole SXT (0.5/9.5-4/76 mg/L), ceftriaxone AXO (8-
64 mg/L), gatifloxacin GAT (1-8 mg/L), and oxacillin + 2% NaCl OXA+ (0.25-8 mg/L)
(Lachtara et al., 2023, Wieczorek & Osek, 2017).

POS POS

Figure 23. Antimicrobial susceptibility plate for testing L. monocytogenes isolates.

The determination of the minimum inhibitory concentration (MIC) in this study followed
the broth microdilution method in accordance with 1ISO 20776-1 (EN ISO 20776-1/2019). First,
tryptic soy agar was used as a solid medium for the cultivation of L. monocytogenes isolates from
which colonies were standardized to the McFarland equivalent of 0.5 McF, and then verified by
OD measurement using UV-1800 spectrophotometer (Shimandzu, Cole-Parmer, Durham, NC,
USA) (Figure 24). Next, 30 pL of inoculum was transferred to 11 mL of Mueller—Hinton broth
(MHB, Merck, Darmstadt, Germany) and 50 pL was pipetted into microdilution panels wells
which were sealed and incubated at 37°C for 18-24 h.
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Figure 24. Spectrophotometer OD measurement.

The optical density (OD) at 600 nm was measured using a UV-1800 spectrophotometer

(Shimandzu, Cole-Parmer, Durham, NC, USA). The values obtained are presented in Table 17.

Table 17. The obtained OD values of the 114 isolates.

No. ODeoo No. ODeoo No. ODaoo
1 0.268 39 0.215 77 0.291
2 0.184 40 0.298 78 0.233
3 0.191 41 0.217 79 0.291
4 0.193 42 0.198 80 0.296
5 0.205 43 0.247 81 0.287
6 0.283 44 0.223 82 0.293
7 0.219 45 0.275 83 0.299
8 0.188 46 0.232 84 0.294
9 0.266 47 0.247 85 0.278
10 0.219 48 0.261 86 0.212
11 0.192 49 0.251 87 0.258
12 0.205 50 0.254 88 0.264
13 0.191 51 0.232 89 0.233
14 0.261 52 0.254 90 0.298
15 0.233 53 0.204 91 0.301
16 0.221 54 0.277 92 0.255
17 0.275 55 0.201 93 0.265
18 0.279 56 0.29 94 0.287
19 0.281 57 0.226 95 0.305
20 0.286 58 0.264 96 0.258
21 0.289 59 0.275 97 0.335
22 0.265 60 0.242 98 0.269
23 0.292 61 0.225 99 0.252
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24 0.221 62 0.276 100 0.259
25 0.224 63 0.262 101 0.309
26 0.294 64 0.281 102 0.300
27 0.287 65 0.233 103 0.288
28 0.223 66 0.266 104 0.289
29 0.299 67 0.284 105 0.278
30 0.225 68 0.274 106 0.254
31 0.294 69 0.206 107 0.265
32 0.211 70 0.258 108 0.201
33 0.289 71 0.296 109 0.266
34 0.193 72 0.285 110 0.300
35 0.206 73 0.273 111 0.311
36 0.189 74 0.245 112 0.288
37 0.211 75 0.267 113 0.291
38 0.208 76 0.189 114 0.285

Sensititre™ GPN3F plates were carefully filled, sealed with foil and incubated. In Figure

25, the plates before sealing and before incubation are shown.

Figure 25. Sensititre™ GPN3F plates (Thermo Scientific, Rockville, MD, USA).

For the evaluation of the quality of the technique, certified strains were used, as a negative
control strain, Staphylococcus aureus ATCC 29213 was used, while as a positive control of L.
monocytogenes 1/2a ATCC 13932 and 4b ATCC 35152 were used. The isolate’s susceptibility
was categorized as susceptible (S) and resistant (R) to each of the antimicrobials, in line with the
result obtained from the susceptibility testing using standard reference documents (EUCAST,
2024).
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Figure 26 shows the plate after incubation, ready for reading and expression of results.
The expression of results was done on pre-prepared forms based on the antimicrobial ranking in

order to evaluate the results more accurately.

Figure 26. Reading of Sensititre™ GPN3F plates.

4.2.16 Calculation and Interpretation of Multiple/Antibiotic Resistance Indices multiple /
Antibiotic Resistance Index

For each isolate of L. monocytogenes that showed phenotypic resistance against three or
more classes of antibiotics from the panel of 18 antibiotics tested, multiple antibiotic resistance
phenotypes (MARPs) were computed. The multiple antibiotic resistance index (MARI) was
calculated using the method from Krumperman (Krumperman, 1983).

The calculation and interpretation of the MAR Index for each strain was conducted

according to the mathematical formula:

MARI =

Where:
“a” represents the number of antibiotics to which an isolate was resistant, and

“b” represents the total number of antibiotics tested.
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If MARI > 0.2, it is interpreted that those antibiotics are frequently consumed in that area
and represent a high risk of antibiotic resistance.

Furthermore, the antimicrobial resistance index was evaluated for each food category

according to the formula:

ARl = &
b

Where:

a = the aggregate antibiotic resistance score of all isolates from a particular sample type,

b = the number of antibiotics x no. of isolates from the sample type.
4.2.17 Statistical analysis

Data related to L. monocytogenes, serotypes, complex clones, sequence types, and their
antibiotic resistance were analyzed using the statistical methods below. The Chi-squared test was
performed to assess the relationship between the variables of interest. P-value < 0.05 was used in
testing the statistical significance of all experimental data. To identify the allelic profile of L.
monocytogenes sequence types, the following software was used:
https://bigsdb.pasteur.fr/listeria, accessed on 25 March 2024.
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5 RESULTS

5.1 L. monocytogenes in food products

Between 2016 and 2022, a total of 995 samples were analyzed, of which 117 (11.76%) tested

positive for Listeria monocytogenes, underscoring the pathogen's significant presence in the food

products examined. These isolates were distributed across four categories: ready-to-eat products

(RTE), food products consumed cooked (FPCC), raw materials (RM), and environmental
samples (ES) (Table 18).
The highest number of isolates was found in food products consumed cooked (35.90%),

followed closely by ready-to-eat products (35.04%) and raw materials (28.21%). Only one isolate

(0.85%) was detected in environmental samples, recorded in 2021.

The number and distribution of isolates varied across the years. Notably, raw materials

showed a peak in 2019 (75.76%), while ready-to-eat products had the highest detection rate in

2021 (31.71%). No L. monocytogenes was found in ready-to-eat products in 2020.

Table 18. L. monocytogenes isolates from food chain product over the years.

Ready-to-eat

Food products

Raw materials

Environmental

products consumed cooked samples
Years i . i i
oo P e P e % Came %
2016 5 12.20% 10 23.81% 0 0 0 0
2017 9 21.95% 2 4.76% 0 0 0 0
2018 7 17.07% 9 21.43% 4 12.12% 0 0
2019 5 12.20% 14 33.33% 25 75.76% 0 0
2020 0 0.00% 2 4.76% 1 3.03% 0 0
2021 13 31.71% 7.14% 6.06% 1 100.0%
2022 2 4.88% 2 4.76% 1 3.03% 0 0
Total of positive
41 35.04% 42 35.90% 33 28.21% 1 0.85%

117 (100.0%)

5.2 Distribution of L. monocytogenes serotypes

The map provides a clear visual representation of the geographic distribution of sampling

sites across Kosovo, highlighting the locations of various business operators involved in food

production. It offers valuable insights into how food products are distributed and sampled

throughout the region (Figure 27).
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Each location is marked with a circle that is color-coded to distinguish between different
product categories. Brown circles are used to represent sampling sites that focus on meat and
meat products, which may include various types of processed meats or fresh cuts. Yellow circles
are designated for sites involved in dairy products, such as milk, cheese, and other dairy-based
items. Blue circles indicate locations where fish products are produced or processed, covering a
range of fish types and related products. Lastly, red circle represents combined food products,

where a mix of ingredients from different categories may be processed or sold.
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Figure 27. Map showing the geographical location of the sites from which L. monocytogenes was isolated.

Table 19 provides detailed information on the lineages and corresponding serotypes identified
in L. monocytogenes isolated from food products. The data reveal a diverse serotype structure
within the L. monocytogenes population in the studied samples, with a distribution in four
serotypes derived from two lineages.
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Table 19. The table presents the distribution of different L. monocytogenes lineages and
serotypes across various sample types of food categories.

Lineades Serotvpe Meat and er:]k”aknd Fish Combined Environment
g YPE meat products products  food products samples
products
Lineage | 1/2b (4) 2 1 1
(39) 4b (35) 22 10 2
Lineage Il 1/2a (40) 23 12 1 3 1
(78) 1/2c (38) 35 2 1

Serotype 1/2b was represented by 4 isolates, of which 2 isolates from meat products, and one
each from fish and dairy products. These isolates were part of Lineage I, highlighting a relatively
small but significant presence of this serotype in the studied samples. In contrast, Serotype 4b,
also part of Lineage I, was represented by a larger group of 35 isolates (Figure 28). These isolates
were identified from the following food categories; 22 were isolated from meat products, 10 from
dairy products, 2 from fish products and one from combined food products.

40
35
30
25
20
15 B
0 I o
5 I
0 L B L L2 - L _
1/2a 1/2b 1/2c 4b
™ Meat and meat products ™ Milk and milk products Fish products
® Combined food products ™ Environmental sample

Figure 28. The graphic presentation of the four serotypes of L. monocytogenes identified in the food categories.
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Together, the isolates from Serotype 1/2b and Serotype 4b comprised a total of 39 isolates
within Lineage I.

Lineage Il, on the other hand, was represented by Serotype 1/2a and Serotype 1/2c. Serotype
1/2a was identified in a total of 40 strains isolated from 23 meat products, 12 dairy products, 3
isolates from combined food products as well as one isolate each from fish products and
environmental samples. This diversity in clonal complexes within Serotype 1/2a further
highlights the heterogeneity of L. monocytogenes within this lineage. Serotype 1/2c, represented
by 38 isolates, was mainly associated with meat products with 35 isolates, dairy products with 2,

and combined food products with one isolate.

45

40
40 38

35
35

30

15

10
4
[ ]

Lineage | Lineage Il
m1/2a m1/2b m1/2c m4ib

Figure 29. The figure shows bar chart comparing the distribution of L. monocytogenes serotypes in Lineage | and
Il.

The analysis revealed the presence of diverse L. monocytogenes lineages and clonal
complexes across different food sectors in Kosovo. Serotypes 1/2b and 4b were predominantly
associated with Lineage I, while Serotypes 1/2a and 1/2c were mainly linked to Lineage II,
indicating notable serotype variability among the isolates (Figure 29).

These categories were sampled extensively, providing statistically robust data for
occurrence analysis (Table 20; Figure 30 a, b).
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Occurrence varied across food categories. Among processed food types, meat products
showed the highest occurrence, with L. monocytogenes detected in 14.29% of the tested samples.
In dairy products, the occurrence was 6.39%, with cheese being the most commonly affected
subcategory. RTE foods exhibited a lower occurrence rate of 6.33% (Table 20).

Food products intended for consumption after cooking (FPCC) demonstrated a
occurrence of 14.95%. The highest occurrence was observed in raw materials, where 55.00% of
samples tested positive for L. monocytogenes. These findings reflect considerable variation in

contamination rates depending on food type and processing stage.

Table 20. The number of samples per food category and the number of samples positive for L.
monocytogenes in food chain and environmental samples in Kosovo between 2016 and 2022.

No. of No. of positive Ready  Food products Food Raw
Food category tested samples/No. of tested to-eat consumed processing -
. material
samples Samples (%) food cooked environment
Meat and meat 574 82/574 20/286 42/249 i 20/39
products (14.29%) (6.99%) (16.87%) (51.28 %)
Milk and milk 407 26/407 21/361 0/32 1/6 4/8
products (6.39%) (5.82%) 0) (16.66%) (50.00%)
Fish and fishery 9 4/9 0/1 i i 4/8
products (44.44 %) (0) (50.00%)
s L o
dair ’ (100.00%) (100.00%)
y)
Total 995 117/995 41/648 42/281 1/6 33/60
(11.76%) (6.33%) (14.95%) (16.66%) (55.00%)

The occurrence of L. monocytogenes varied significantly across different ready-to-eat
(RTE) food subcategories. Among RTE dairy products, the occurrence was 5.82%. RTE meat
products showed a slightly higher occurrence rate of 6.99%. In contrast, fish and fishery products
exhibited a notably higher occurrence of 44.44%.

Combined food products, consisting of mixtures of meat and dairy, showed a 100.00%

occurrence rate.
Figure 33 a, b presents the distribution of L. monocytogenes isolates by type of food

product and geographical location of sampling points in Kosovo.
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Figure 30. a. Distribution of L. monocytogenes over the years in meat products, milk products, fish products, and

combined products; b. map showing the geographic location of sampling sites. Regional location of the sampling

sites among business operators in Kosovo, with purple bars in the southeast (SE), brown in the southwest (SW),
green in the northwest (NW), and blue in the northeast (NE).

5.3 Results confirmed by PFGE analysis

Initially, all isolates were confirmed using the end-point PCR method, which enables the
specific identification of Listeria monocytogenes through the amplification of DNA fragments.
Following confirmation, the isolates were subjected to molecular analysis using pulsed-field gel
electrophoresis (PFGE), a standardized method widely used for genetic characterization of
bacteria in epidemiological investigations. Figure 31 presents the positive results of the 117
obtained isolates, showing distinct genetic profiles based on the DNA fragment patterns
generated after digestion with restriction enzymes. These results confirm the presence of L.
monocytogenes and provide a foundation for further analysis of the genetic diversity and clonal

relatedness among the tested isolates.
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Figure 31. L. monocytogenes identified by PFGE.

5.4 Results of the identification of molecular groups and clonal complexes by RT-PCR

Figure 32 illustrates the amplification plots of various molecular serogroups using g°PCR
analysis. The x-axis represents the number of PCR cycles, while the y-axis shows the
fluorescence intensity (ARn), which correlates with the amount of amplified DNA. Each curve
corresponds to a different serogroup, including LMO 0737, ORF 2319, PLCA, LMO 1118, PRS,
and ORF 2110. The amplification signals begin to diverge after approximately 18-20 cycles,
indicating the exponential phase of PCR where target DNA is being efficiently amplified.
Distinct variations in amplification efficiency and threshold cycle (Ct) values among serogroups
suggest differences in DNA quantity or quality and primer-probe binding efficiency.
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Figure 32. Amplification plots of molecular serogroups.

Figure 33 shows the amplification plots for different Clonal Complexes (CCs). Similar to
Figure 32, the amplification curves begin to rise sharply after around 18 cycles. Clonal complexes
such as CC6 - Vb, CC122 duplex llc, CC204 - 1lb, CC87 - lla, CC2 - IVb, CC8_duplex Ila, CC3
- 1la, CC5-lla, CC1 - IVb, CC7 - lIb, and CC14 - I1b are represented. The curves exhibit different
slopes and Ct values, indicating variable amplification kinetics among the complexes. This
suggests genetic variability among CCs and may be useful for differentiation and identification

in molecular epidemiology studies.
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Figure 33. Amplification plots of Clonal Complexes.

Positive controls were provided by the European Reference Laboratory for L.
monocytogenes.

Positive amplifications were determined when reactions with a detection threshold less
than or equal to 30 cycles (Ct < 30) were recorded, while late reactions, over 30 cycles (Ct >30),
were considered to be non-specific. Additionally, multilocus sequence typing (MLST) was used

to identify ST32, which was not detected by the CC primer panel by real-time PCR.

5.5 Genetic Diversity of L. monocytogenes

Among the 117 L. monocytogenes isolates analyzed by multiplex PCR, 17 distinct clonal
complexes (CCs) were identified, reflecting notable genetic diversity within the population.
These CCs were distributed across four molecular serotypes: Ila, 1lb, Ilc, and IVb.

Serotype Ila was the most prevalent, accounting for 34.19% of the isolates, followed by
llc (32.48%), 1Vb (29.91%), and 11b (3.48%). This distribution demonstrates a predominance of

serotypes lla and llc among the sampled isolates.
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Based on phylogenetic analysis, the isolates were classified into two major lineages.
Lineage Il was the most common, comprising 78 isolates (66.66%), while Lineage | included 39

isolates (33.33%). No isolates belonging to Lineages Il or IV were detected.

5.6 Results of Lineages

Analyzing the distribution of L. monocytogenes lineages across different food chain
categories, a distinct pattern emerged regarding the occurrenece of Lineages | and II. Among the
ready-to-eat (RTE) food isolates, Lineage | was identified in 48.78% of the samples. Conversely,
Lineage Il was detected in 51.22% of the RTE isolates, making it slightly more prevalent in this
category.

In food products consumed cooked (FPCC), the occurrence of Lineage | was lower,
identified in 23.81% of the isolates. Lineage Il, on the other hand, was detected in a substantial
76.19% of FPCC isolates.

Raw materials presented a notably different pattern, with Lineage | detected in 27.27%
of the isolates. Among the raw material isolates, Lineage 1l was detected in 72.73% of cases,
confirming its predominance in this category.

The distribution of Lineages | and 11 across the three main food chain categories—ready-
to-eat (RTE) foods, food products consumed cooked (FPCC), and raw materials—is summarized
in Table 21. Lineage Il was the dominant lineage across all categories, while Lineage | was

detected most frequently in RTE foods.

Table 21. The molecular characteristics of L. monocytogenes isolated from food products.

Food chain Food category Lineage ?;Li;;ljr Clonal Complex
b (1) CC3 (1)
1 (10) Vb (9) CC2 (1), CC4 (1),
Meat and meat CC6 (6), CC315 (1)
product (20) lla (8) CC7 (1), CC8 (3),
Ready to eat 11 (10) CC29 (1), CC37 (3)
food (n=41) llc (2) CC9 (2)
| (10) b (1) CC87 (1)
Milk and milk Vb (9) CC2 (5), CC4 (2),ST32(2)
oroduct (21) lla (10) CC8 (1), CC14 (1), CC26 (1), CC29
11 (11) (6), CC37 (1)
lc (1) CC9 (1)
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b (2), CC2 (6), CC3 (1), CC4 (3), CC6 (6),
Total 1 (48.78%), Vb (18) CC7 (1), CC8 (4), CC9 (3), CC14 (1),
11 (51.22%) la (18), CC26 (1), CC29 (7), ST32 (2), CC37
lic (3) (4), CC87 (1), CC315 (1)
b (1) CC5 (1)
1 (10) CC2 (4), CC4 (1), CC6 (3),
Food Meat and meat Vb (9) CC315 (1)
product product (42) lla (11) CC7 (4), CC8 (1), CC14 (3), CC29
consumed 11 (32) (1), CC37 (2)
cooked llc (21) CC9 (21)
(n=42) | (2381%) IIb (1), IVb  CC2 (4), CC4 (1), CC5 (1), CC6 (3),
Total | (76 19% ‘) (9) 11a(11),  CC7 (4), CC8 (1), CCI (21), CC14
' lic (21) (3), CC29 (1), CC37 (2), CC315 (1)
1 (4) Vb (4) CC1 (4)
Meat and meat
product 20) 11 (16) ::‘Z‘ 5‘11)2) gg; g)z,)ccs ®)
. . 1(1) Vb (1) CC315 (1)
Milk and milk e (1) cCo ()
product (4) e lla (2) CC8 (1), CC26 (1)
Raw _ b (1) CC87 (1)
material F'S:l meat 13 Vb (2) cCc2 (2)
(n=33) product (4) ) la () CC26 (1)
Combined 1(1) Vb (1) CC6 (1)
food products Il (4) Ia (3) CC8(1),CC121(2)
(5) lc (1) CC9 (1)
| (27.27%) Ib (1), IVb CC1 (4), CC2(2), CC6 (1), CCT7 (1),
Total I (72' 73%; (8) la (10), CCs8 (5), CC9 (14), CC26 (2), CC87
' lic (14) (1), CC121 (2), CC315 (1)
Food Environmental
contact sample (1) ) la (1) cer (@)
zz:mf)'e Total ZIlOO. oy 12O cC7 (1)

When analyzed by food category, the distribution of L. monocytogenes lineages varied
among the different groups. In the case of meat products, a total of 82 isolates were identified, of
which 29.27% were classified as Lineage I, while the remaining 70.73% belonged to Lineage II.
This indicates a predominance of Lineage Il within this category.

In milk and milk products, 25 isolates were analyzed. Of these, 44.00% were found to
belong to Lineage I, whereas 56.00% were attributed to Lineage II.

For combined food products, which include mixtures of ingredients such as meat and
dairy, five isolates were obtained. Among these, four isolates, equivalent to 80.00%, were

identified as belonging to Lineage Il, and one isolate (20.00%) was assigned to Lineage I.
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Fish products showed a different distribution pattern. Out of four isolates analyzed in this
category, three (75.00%) were categorized as Lineage I, while the remaining one isolate (25.00%)
was identified as Lineage II.

Environmental samples yielded a single isolate of L. monocytogenes, which was classified
as belonging to Lineage Il. This isolate represents the only data point from environmental
sampling in this study.

The detailed breakdown of the isolates across food categories provides an overview of
the lineage distribution and diversity observed in this study, as summarized in Table 19.

5.7 Results of Molecular Serotypes

Among the 41 L. monocytogenes isolates recovered from ready-to-eat (RTE) foods, the
distribution of molecular serotypes demonstrated notable variation. Of these, 18 isolates
(43.90%) each belonged to serotypes Ila and 1VVb, making them the most frequently identified
within this category. Three isolates (7.32%) were categorized as serotype llc, while two isolates
(4.88%) were classified as serotype Ilb, highlighting the diverse serotype representation in RTE
foods.

In food products consumed cooked (FPCC), 42 isolates were analyzed, revealing serotype
Ilc as the predominant molecular serotype, with 21 isolates (50.00%). This was followed by 11
isolates (26.19%) belonging to serotype lla, 9 isolates (21.43%) classified as serotype Vb, and
1 isolate (2.38%) identified as serotype Ilb.

The 33 isolates obtained from raw materials showed a slightly different distribution.
Serotype llc was the most represented, accounting for 14 isolates (42.42%), followed by serotype
Ila, and with 10 isolates (30.30%). Serotype I1VVb was found in 8 isolates (24.24%), while serotype
IIlb was identified in only 1 isolate (3.03%). These findings reflect the varied serotype
composition in raw material samples.

When the data were divided by food category, distinct patterns emerged. Among the 82
isolates from meat products alone, molecular serotype Ilc was the most prevalent, identified in
35 isolates (42.68%). This was followed by serotype lla, represented in 23 isolates (28.05%);
serotype 1Vb, identified in 22 isolates (22.26%); and serotype llb, found in 2 isolates (2.44%).

In milk and milk products, 25 isolates were analyzed. Serotype lla was the most
commonly identified, present in 12 isolates (48.00%), followed by serotype 1VVb, with 10 isolates
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(40.00%). Serotype llc was detected in 2 isolates (8.00%), and serotype Ilb was represented in 1
isolate (4.00%).

Isolates from combined food products exhibited a different serotype distribution. Among
the five isolates in this category, three (60.00%) belonged to serotype lla, while one (20.00%)
each was identified as serotypes llc and IVb.

For fish products, which had a smaller sample size of four isolates, molecular serotypes
IVb and Ila were each represented by one isolate (25.00%), as was serotype llb. The remaining
isolate in this category belonged to serotype llc.

The single isolate recovered from an environmental sample was identified as belonging

to molecular serotype lla.

5.8 Results of Clonal Complexes

Notably, 14 out of the 17 clonal complexes (CCs) were identified through real-time PCR
from the 41 isolates obtained from ready-to-eat (RTE) foods. Among these, CC29, CC2, and CC6
emerged as the most dominant clonal complexes. Specifically, seven isolates were classified as
CC29, followed by six isolates for each of the CC2 and CC6 clonal complexes.

In contrast, CC9 was the most frequently detected clonal complex in both food products
consumed cooked (FPCC) and raw material (RM) categories. In total, 21 isolates from FPCC and
14 isolates from RM were identified as CC9, underscoring its occurrence in these two food
groups.

When focusing on meat product-only isolates, a total of 13 different clonal complexes
were identified. Of the 82 meat product isolates, CC9 was by far the most represented clonal
complex, with 35 isolates (42.68%) expressing this group. This was followed by CC6, which
appeared in 9 isolates (10.98%); CC8, represented by 7 isolates (8.53%); and CC2, expressed by
5 isolates (6.10%).

For the 25 milk product-only isolates, 11 different clonal complexes were identified. In
this category, CC29 was identified in six isolates (24%), followed by CC2, which was detected
in five isolates (20%). In contrast, CC9 was only detected in two milk product isolates (8%).

In fish products, three out of the four isolates belonged to CC2, with two isolates, while

the remaining isolates were classified as CC26 and CC87, each represented by a single sample.
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Regarding combined food products, four groups of clonal complexes were identified.
Interestingly, CC121, which was not detected in any other food category, was expressed by two

isolates (50%). CC6, CC8, and CC9 were each expressed by a single isolate.

RTE isolates FPCC isolates RM isolates
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Figure 34. Graphical distribution of L. monocytogenes clonal complexes in the food chain.

These findings, summarized and illustrated in Figure 34, offer a detailed picture of the
distribution of L. monocytogenes clonal complexes across various food categories. They
emphasize the diversity of clonal complexes within each food group, with certain complexes like
CC9 being more prevalent in specific food types, such as FPCC and meat products, while others
like CC29 and CC2 show stronger associations with RTE and milk products.

A minimum spanning tree (MST) was reconstructed based on food chain categories in
order to better understand the population structure of L. monocytogenes clonal complexes within
the Republic of Kosovo.
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Figure 35. a. The minimum spanning tree (MST) of multilocus sequence typing (MLST) clonal complexes (CCs)
of the 117 L. monocytogenes strains included in the study panel. Each CC is indicated by a circular node whose
size reflects the number of strains. The CCs used to build the MST were obtained by an MLST alternative method,
which provides only the CC, to build the MST; the smallest ST allelic code within the CC was used. The numbers
along the node connecting the lines indicate the number of allelic differences between them. The color reflects the
food chain category: ready to eat food in blue, food products consumed cooked in orange, raw material in grey,
and food contact sample in yellow. Each delimited area groups the CCs belonging to the same molecular serotype,
indicated in a black frame; b. strain distribution according to the lineage and type of food sector.

The MST, illustrated in Figures 35a and 35b, was specifically designed to map the genetic
relationships between various isolates collected from different food sectors. This tool helps to
determine the degree of relatedness and genetic diversity among the clonal complexes of L.
monocytogenes, which is critical for tracing the potential sources of contamination and

understanding the spread of the pathogen across the food supply chain.
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5.9 Results of Multilocus Sequence Typing

A total of 114 strains of L. monocytogenes were subjected to molecular analysis to
determine their multilocus sequence types (MLST) and assess their antimicrobial susceptibility.
Through the use of the BIGSdb-Pasteur MLST database for L. monocytogenes (accessible at
https://bigsdb.pasteur.fr/listeria, accessed on 25 March 2024), sixteen distinct clonal complex—
sequence type (CC-ST) allelic profiles were identified. These included CC1, CC2, CC3, CC4,
CCe6, CC7, CC8, CC9, CC14, CC26, CC29, ST32, CC37, CC87, CC121, and CC315. Table 22
provide a comprehensive summary of the identified clonal complexes and their corresponding
sequence types.

Among the identified clones, CC9-ST9 emerged as the most frequently observed,
accounting for 29.8% of all isolates. This was followed by CC8-ST8, which represented 8.77%
of the isolates, and CC6-ST6, with 7.89%. Clone CC29-ST29 accounted for 7.02%, while CC2—
ST2 represented 6.14% of the isolates. Other clones, including CC1, CC3, CC4, CC7, CC14,
CC26, ST32, CC37, CC87, CC121, and CC315, were observed at lower frequencies, each
constituting less than 5.26% of the total strains examined.

Table 22 presents a summary of the isolates, including their clonal complex, sequence
type, and frequency across the monitored years, offering a clear view of the genetic diversity

observed within the studied population of L. monocytogenes.
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Table 22. Genetic characteristics of L. monocytogenes isolates originating from food products.

Molecular Genotype of Isolates Strain Origin (No. of Isolates)
Lineage  Scrotype Clanzl SEIENEE MP MDP  FMP ES CFP
Group Complex Type
IVb CC1 ST328 3
ST710 1
CcCc2 ST2 1 5
ST145 4
b CC3 ST3 1
: IVb cc4 ST4 1 2
CC6 ST6 9 1
ST32 ST32
b cca7 ST87 1 1
Vb CC315 ST520 2
lla CC7 ST7 5 1
ST12 1
CCs ST8 7
llc CC9 ST9 31
ST580 4
T CCl14 ST14 1
ST399 3
lla CC26 ST26 2 1
CC29 ST29 2
CC37 ST37 5 1
CC121 ST121 1

MP—Meat and meat products; MDP—Milk and dairy products; FMP—Fish meat products; ES—Environment
sample; CFP—Combined food products.

The multilocus sequence typing (MLST) analysis of L monocytogenes strains yielded a
detailed genetic profile, identifying allelic configurations for 21 distinct sequence types (STs).
The sequence types observed included ST2, ST3, ST4, ST6, ST7, ST8, ST9, ST12, ST14, ST26,
ST29, ST32, ST37, ST87, ST121, ST145, ST328, ST399, ST520, ST580, and ST710. Tables 22

and Figure 36 outline the distribution of these sequence types across the studied strains.
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Figure 36. Spanning tree of Sequence typing of isolates.

Within the isolates obtained from meat and meat products, which constituted the largest
category of samples (n = 80), 16 unique sequence types were identified. Among these, the least
represented sequence types were ST2, ST3, ST4, ST12, and ST710, with each accounting for a
single isolate (1.25% of the total meat isolates). ST29 and ST520 were slightly more prevalent,
with two isolates each (2.5%). Three isolates (3.75%) were identified as ST328 and ST399.
Sequence types ST145 and ST580 each accounted for four isolates (5.0%), while ST7 and ST37
were detected in five isolates (6.25%). Sequence type ST8 was represented by seven isolates
(8.75%), and ST6 was observed in nine isolates (11.25%). The most prevalent sequence type in
meat products was ST9, identified in 31 isolates, representing 38.75% of the total.

For dairy products, a total of 25 isolates were analyzed, and 11 sequence types were
detected. Four sequence types, ST14, ST37, ST87, and ST520, were identified in single isolates
(4.0% each). Sequence types ST4, ST8, ST9, ST26, and ST32 were each detected in two isolates
(8.0% each). ST145 was found in five isolates (20.0%), while ST29 was the most frequently

identified sequence type in this category, with six isolates (24.0%).
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Fish products yielded a smaller number of isolates, with only four analyzed in total. These
isolates were evenly distributed among four sequence types: ST2, ST26, ST87, and ST145, with
each sequence type represented by one isolate (25.0%). Similarly, for combined food products,
four isolates were identified, each corresponding to a different sequence type: ST6, ST8, ST9,
and ST121, also with one isolate (25.0%) for each sequence type.

Environmental samples were represented by a single isolate in this study. This isolate was
identified as ST7, adding another distinct sequence type to the dataset and contributing to the
genetic diversity observed among the strains analyzed.

5.10 Antimicrobial Susceptibility

Among all the L. monocytogenes isolates tested against a panel of 18 antibiotics at varying
concentrations, varying levels of resistance and susceptibility were observed across different

sample types (Table 23).

Table 23.Antimicrobial susceptibility of L. monocytogenes distributed across phylogenetic
lineages and food categories.

Phylogenetic Food Resistant Intrinsic Sensitive
Lineage Category Resistance
GEN (5), STR (1),

ERY (4), TET (1), AXO (15), OXA+ VAN, AMP, LZD,
MP (n = 22) SYN (3), RIF (4), (4), GAT, SXT all by

CIP (6), PEN (1), CLI (22), DAP (22) (22)

LEVO (6)

VAN, AMP, LZD,
MMP(n=11)  PEN() LEvo (1)  AXO@.CLIAL.  car sxTallny

DAP (11) (11)

Lineage |

(n=137)
GEN (1), ERY (1),

VAN, AMP, LZD,
EMP (n = 3) TET (1), SYN (1), AXO (2), OXA+(2), = at ‘st a by

RIF (1), PEN (1), CLI (3), DAP (3) : 3)

LEVO (1)

VAN, AMP, LZD,
CFP (n=1) AXO L), %1'3' (1. GAT, sxT all by

@

Li SIEN (), 207 () AXO (18), OXA+ VAN, AMP, LZD,
ineage Il MP (n = 58 SYN (13), RIF (14), 29 GAT. SXT all b
(n=77) (n =58) CIP (1), PEN (6) (22), e

, ' CLI (58), DAP (56) (58)

LEVO (16)
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VAN, AMP, LZD,

MMP (n = 14) LEVO (1) CLI(14), DAP (12)  GAT, SXT all by
(14)

VAN, AMP, LZD,

EMP (n = 1) : CLI(1),DAP (1)  GAT, SXT all by
1)

VAN, AMP, LZD,

ES (n=1) LEVO (1) CLI(1),DAP (1)  GAT, SXT all by
1)

VAN, AMP, LZD,

CEP (n=3) GEN (1), RIF (1) OXA+(2), CLI(3),  GAT SXT all by
DAP (3) A

Isolates from meat products demonstrated the highest resistance profile, showing
resistance to 13 out of the 18 antibiotics tested, equivalent to 72.2% of the total antimicrobials.
The remaining 5 antibiotics, representing 27.8%, were effective, with the isolates being
susceptible to these treatments.

Dairy product isolates exhibited a contrasting pattern, with resistance observed against 5
of the 18 antibiotics tested, accounting for 27.8% of the antimicrobial panel.

For isolates obtained from fish products, resistance was observed against 11 of the 18
antibiotics tested, representing 61.1% of the antimicrobial panel. Conversely, 7 antibiotics
(38.9%) were effective in inhibiting these isolates.

The single isolate from an environmental sample demonstrated resistance against 3 of the
18 antibiotics tested, accounting for 16.7% of the panel. The remaining 15 antibiotics (83.3%)
were effective, showing a lower resistance profile compared to the other categories.

Isolates derived from combined food products displayed resistance to 6 of the 18
antibiotics tested, representing 33.3%. Meanwhile, susceptibility to 12 antibiotics (66.7%) was
observed, indicating a mixed response in this category.

The susceptibility of L. monocytogenes isolates to a panel of antimicrobials evaluated in
this study demonstrated varying resistance levels across different antibiotics, as shown in Figure
37 a, b. Resistance was observed in all 114 isolates (100%) to daptomycin, making it the most
universally resisted antibiotic in the study. Similarly, a high percentage of isolates, 110 out of
114 (96.5%), were resistant to clindamycin. Ceftriaxone showed resistance in 40 isolates
(35.1%), highlighting its moderate efficacy against the strains tested.
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Figure 37. a. Strains resistant against nine emergency antimicrobials LEVO, CIP, PEN, RIF, SYN, TET, ERY,
STR, and GEN, shown in respective colors for each CC-STs. b. Four antibiotics, which L. monocytogenes, are
naturally resistant (intrinsic resistance) to DAP, CLI, OXA+, and AXO, shown in respective colors for each CC-
STs.

For oxacillin combined with 2% NaCl, resistance was observed in 30 isolates (26.3%),
while levofloxacin showed resistance in 26 isolates (22.8%). Resistance to gentamicin and
rifampin was reported in 20 isolates each, accounting for 17.5% of the total isolates tested. A
slightly lower resistance level was seen with quinupristin/dalfopristin, where 17 isolates (14.9%)
were resistant. Erythromycin resistance was identified in 13 isolates (11.4%), and penicillin

resistance was observed in 9 isolates (7.89%).
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Lower levels of resistance were noted for ciprofloxacin, with 7 isolates (6.14%) showing
resistance, and for tetracycline, with resistance observed in only 2 isolates (1.75%). Streptomycin

demonstrated the lowest resistance rate, with just 1 isolate (0.88%) resistant to this antibiotic.

Sensitive

SXT100% | vAN 100%

Figure 38. A pie chart displays that all isolates are sensitive to VAN, SXT, LZD, GAT, and AMP.

In contrast, the isolates were entirely susceptible to several antimicrobials tested in this
study. These included ampicillin AMP, gatifloxacin GAT, vancomycin VAN, linezolid LIN, and
trimethoprim/sulfamethoxazole SXT (Figure 38).

The Sankey plot (Figure 39) represents the flow of relationships between antibiotics used
and clones (CC-ST) identified from isolates, further divided by phylogenetic lineage I and I1.
Each segment represents a measurable relationship between a given antibiotic and a specific
cluster, indicating occurrence or resistance in those groups. The colors distinguish phylogenetic
lineages and CC-ST with purple and antibiotics and green representing resistant antibiotics. The
thickness of the flow (or relationship) reflects the number or percentage of isolates showing that
relationship, making it clear which antibiotics are most closely related to certain CC-STs and
how they are divided across phylogenetic lineages.
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Figure 39. Sankey chart—correlation of antibiotics to CC-ST and phylogenetic lineage | and I1.

The analysis of multi-resistant clones against antimicrobials revealed notable variation in
the frequency of resistance among the different clonal complexes and sequence types (CC-ST).
The most frequently identified multi-resistant clone was CC9-ST9, which accounted for 16.7%
of the total multi-resistant isolates. This was followed by CC6-ST6, representing 8.77% of the
multi-resistant isolates. Clonal complexes CC2-ST145 and CC8-ST8 were equally represented,
each constituting 6.14% of the total.

Other clonal complexes displayed lower frequencies of multi-resistance. CC7-ST7
accounted for 4.39% of the multi-resistant isolates, while CC1-ST328 made up 2.63%. Clonal
complexes such as ST32 and CC315-ST520 were observed at 1.75% each. A range of other
clonal complexes, including CC1-ST710, CC3-ST3, CC7-ST12, CC9-ST580, CC14-ST399,
CC29-ST29, and CC121-ST121, were each represented by 0.88% of the multi-resistant isolates.
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Figure 40. Graph showing the ratio of resistant and sensitive isolates.

In contrast, several clonal complexes did not exhibit multi-resistance to the antimicrobials
tested. These included CC4-ST4, CC14-ST14, CC26-ST26, CC37-ST37, and CC87-ST87.
These clones were entirely susceptible to the panel of antimicrobials evaluated in the study.

Figure 40 provide detailed visual representations and data supporting the observed
distribution of antimicrobial resistant (red ribbons) and susceptible (blue ribbons) clones. These
findings illustrate the diversity in antimicrobial resistance profiles across the clonal complexes

and sequence types analyzed.

5.10.1 Results of Minimum Inhibitory Concentration

Table 24 provides a detailed overview of the antimicrobial resistance profiles of L.
monocytogenes isolates, accompanied by the minimum inhibitory concentration (MIC) values
determined for each antibiotic tested-
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The MIC values presented in Table 24 offer a quantitative measure of the concentrations
required to inhibit bacterial growth for each antibiotic, revealing the levels at which the isolates
displayed resistance or susceptibility. For antibiotics where resistance was observed, the MIC
values were typically elevated, indicating a reduced efficacy of these agents against the isolates.
Conversely, lower MIC values for certain antibiotics indicated higher susceptibility among the

isolates, which may point to potential treatment options.

Table 24. The minimum inhibitory concentration (MIC) distribution of the 114 L.
monocytogenes strains.

MIC (mg/L) Interpretation
Antimicrobials o N o o = o O
© o < S S R
S 3 8 8 "8 Y®= esd B§
Gentamicin 2 1 3 16 1 <2 >2
Streptomycin 1 <1000 =>1000
Erythromycin 31 6 3 9 4 <1 >1
Tetracycline 1 0 0 1 <1 >1
Quinupristin/ 5 36 54 2 0 1 <1 >1
Dalfopristin 7
Rifampin 0 0 0 3 2 1 1 <0.06 >0.06
4
Ciprofloxacin 81 2 7 <0.00 >2
4 1
Penicillin 7 50 26 2 9 9 0 O <l >1
Levofloxacin 0 88 2 0 1 <0.00 >1
5 1
Ceftriaxone 3 24 9 3 <32 >32
2 1
Oxacillin+2% 4 7 3 4 3 2 <2 >4
NaCl 3 0 7
Clindamycin 0 11 16 5 3 <0.25 2>0.25
1 6
Daptomycin 0 0 4 2 6 1 <l >1
9 2 9
Vancomycin 7 0 0 0O 0O O O O <2 >2
Ampicillin 51 15 8 1 0 0 0 O <1 >1
Linezolid 9 6 4 0 O <4 >4
2 2
Gatifloxacin 0 0 0 O <1 >1
Trimethoprim/Sulfam 0 0 0 O <4/76  >4/76
ethoxazole

Note: Thick line breakpoints were used for interpretation of the antimicrobial susceptibility of L.
monocytogenes based on the EUCAST (erythromycin, penicillin, ampicillin and trimethoprim/sulfamethoxazole);
breakpoints for Staphylococcus aureus were adopted for the following antibiotics: gentamicin, tetracycline,
quinupristin/dalfopristin, rifampin, ciprofloxacin, levofloxacin, clindamycin, daptomycin, vancomycin, linezolid,
and gatifloxacin; intrinsic resistance (INT) antibiotics ceftriaxone, oxacillin + 2% NaCl, and clindamycin;
streptomycin with a concentration of 1000 mg/L; and (S) Sensitive and (R) Resistant. The grey zone represents the
concentration range for each antimicrobial from the GPN3F plate.
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The data presented in the table show variability in antimicrobial susceptibility among the
tested isolates. Daptomycin exhibited consistently high minimum inhibitory concentration (MIC)
values across all isolates, indicating uniform resistance. Clindamycin also showed elevated MIC
values in the majority of isolates, corresponding with a high overall resistance rate.

In contrast, antibiotics like ampicillin, vancomycin, and linezolid demonstrated low MIC
values across all isolates, consistent with the complete susceptibility observed for these agents.

In Figure 41 were represented the Minimum inhibitory concentration (MIC) values of
isolates in this study to the panel of thirteen antibiotics: GEN — gentamicin; STR —
streptomycin; ERY — erythromycin; TET — tetracycline; SYN - quinupristin/dalfopristin; RIF —
rifampin; PEN — penicillin; CIP — ciprofloxacin; LEVO — levofloxacin; OXA+ - oxacillin + 2%

NaCl; AXO — ceftriaxone; CLI - clindamycin; DAP — daptomycin.
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Figure 41. Minimum inhibitory concentration (MIC) values of isolates.

5.10.2 Results of Multiple Antibiotic Resistance

The antibiotic resistance patterns and multiple antibiotic resistance (MAR) index of the
L. monocytogenes isolates are detailed in Table 25. A total of 27 distinct resistance patterns were
identified across the 18 antimicrobials tested, with the number of antibiotics to which isolates
exhibited resistance ranging from 3 to as many as 12. These resistance patterns provide a
comprehensive depiction of the varying degrees of resistance among the isolates, highlighting
the complexity of antimicrobial interactions within this bacterial population.

Among the identified resistance phenotypes, CLI-DAP (clindamycin—daptomycin) and
CLI-DAP-AXO (clindamycin—daptomycin—ceftriaxone) were the most frequently observed,
with 45 and 19 occurrences, respectively.

All isolates demonstrated resistance to at least one antibiotic in the panel, reflecting a
universal baseline resistance across the population. Of these, four isolates (3.5%) were resistant
to a single antibiotic, indicating a minimal resistance profile in this subset. A larger portion of
isolates, 45 in total (39.5%), exhibited resistance to two antibiotics. Resistance to three antibiotics

was observed in 32 isolates (28.1%), illustrating an intermediate resistance level within this

group.

5.10.3 Results of Multidrug-resistance - MDR

Multidrug-resistant (MDR) phenotypes, defined as resistance to three or more antibiotics,
were observed in a significant majority of isolates, with 65 (57.0%) demonstrating resistance to
multiple antimicrobials. This occurrence of MDR phenotypes underscores the adaptability of L.

monocytogenes to withstand diverse antimicrobial agents.
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The ARI values ranged from 0.06 to 0.67, with lower values indicating minimal resistance and
higher values reflecting broader resistance across the antibiotic panel. This range highlights the
variation in resistance profiles within the isolate population.

Table 25 complements the findings presented in by providing additional data on the
distribution of resistance patterns and ARI values across the isolates. This combined dataset
offers valuable insights into the resistance landscape of L. monocytogenes isolates and serves as

a critical resource for understanding their antimicrobial resistance profiles.

Table 25. Genetic profiles of antibiotic resistant of L. monocytogenes isolates and
antimicrobial-resistance phenotypes/indices of L. monocytogenes strains from food samples.

Food Line- Antibiotic resistance phenotypes No. of

SIN types Year ages CC-STs (M)ARPS patterns antibiotics MARI
1 MP 2016 | ST32 CLI-DAP-AXO 3 0.17
2 MP 2016 1 CC14-ST14 CLI-DAP 2 0.11
3 MP 2018 1 CC26-ST26 CLI-DAP 2 0.11
4 MP 2018 1 CC8-ST8 CLI-DAP 2 0.11
5 MP 2018 | CC2-ST145 CLI-DAP 2 0.11
6 MP 2018 | CC87-ST87 CLI-DAP 2 0.11
7 MP 2018 1 CC29-ST29 CLlI 1 0.06
8 MP 2018 | CC2-ST145 PEN-LEVO-CLI-DAP 4 0.22
9 MP 2018 | CC2-ST145 CLI-DAP 2 0.11
10 MP 2018 | CC2-ST145 CLI-DAP 2 0.11
11 MP 2018 | CCB8-ST8 CLI-DAP 2 0.11
12 MP 2019 | CC9-ST9 CLI-DAP 2 0.11
13 MP 2019 | ST32 CLI-DAP-AXO 3 0.17
14 MP 2019 I CC9-ST9 CLI-DAP 2 0.11
15 MP 2019 | CC315-ST520 CLI-DAP-AXO 3 0.17
16 MP 2019 | CC2-ST145 CLI-DAP-AXO 3 0.17
17 MP 2019 I CC26-ST26 CLI-DAP 2 0.11
18 MP 2021 I CC37-ST37 CLI-DAP 2 0.11
19 MP 2021 1 CC29-ST29 CLI-DAP 2 0.11
20 MP 2021 | CC4-ST4 CLI-DAP 2 0.11
21 MP 2021 | CC4-ST4 CLI-DAP 2 0.11
22 MP 2021 1 CC29-ST29 CLI-DAP 2 0.11
23 MP 2021 1 CC29-ST29 CLI-DAP 2 0.11
24 MP 2021 I CC29-ST29 CLI 1 0.06
25 MP 2021 I CC29-ST29 LEVO-CLI-DAP 3 0.17
ARI 0.12
1 MMP 2016 I CC9-ST580 CLI-DAP 2 0.11
2 MMP 2016 I CC9-ST580 CLI-DAP 2 0.11
3 MMP 2016 I CC9-ST9 CLI-DAP 2 0.11
4 MMP 2016 | CC14-ST399 CLI-DAP 2 0.11
5 MMP 2016 | CC6-ST6 CIP-CLI-DAP 3 0.17
6 MMP 2016 | CCB8-ST8 OXA+-LEVO-GEN-CLI-SYN- 8 0.44
DAP-AXO-RIF
7 MMP 2016 | CC6-ST6 CLI-DAP-AXO 3 0.17
8 MMP 2016 | CCB8-ST8 CLI-DAP-AXO 3 0.17
9 MMP 2016 1 CC14-ST399  CLI-DAP 2 0.11
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56 MMP 2019 1 CC9-ST9 OXA+-LEVO-GEN-CLI-SYN- 8 0.44
DAP-AXO-RIF
57 MMP 2019 1 CC9-ST9 OXA+-LEVO-GEN-ERY-CLI- 9 0.50
SYN-DAP-AXO-RIF
58 MMP 2019 I CC9-ST9 OXA+-CLI-DAP 3 0.17
59 MMP 2019 | CC2-ST2 OXA+-GEN-CLI-DAP-AXO-RIF 6 0.33
60 MMP 2019 I CC9-ST9 OXA+-GEN-CLI-SYN-DAP-AXO- 7 0.39
RIF
61 MMP 2019 I CC9-ST9 OXA+-CLI-DAP 3 0.17
62 MMP 2019 | CC2-ST145 OXA+-LEVO-CIP-GEN-ERY-CLI- 7 0.39
DAP
63 MMP 2019 | CC2-ST145 OXA+-GEN-ERY-CLI-SYN-DAP- 8 0.44
AXO-RIF
64 MMP 2019 | CC2-ST145 GEN-CLI-SYN-DAP-AXO-RIF 6 0.33
65 MMP 2020 1 CC9-ST9 OXA+-CLI-DAP 3 0.17
66 MMP 2020 I CC7-ST7 OXA+-LEVO-CLI-DAP 4 0.22
67 MMP 2021 I CC7-ST7 OXA+-LEVO-CLI-DAP 4 0.22
68 MMP 2021 I CC29-ST29 CLI 1 0.06
69 MMP 2021 I CC37-ST37 CLI-DAP 2 0.11
70 MMP 2021 | CC4-ST4 CLI-DAP 2 0.11
71 MMP 2021 I CC9-ST580 CLI-DAP 2 0.11
72 MMP 2021 I CC9-ST9 CLI-DAP 2 0.11
73 MMP 2021 | CC1-ST328 LEVO-CIP-CLI-DAP 4 0.22
74 MMP 2021 | CC1-ST328 LEVO-CIP-CLI-DAP 4 0.22
75 MMP 2021 | CC315-ST520 CLI-DAP-AXO 3 0.17
76 MMP 2022 | CC1-ST710 CLI-DAP-AXO 3 0.17
77 MMP 2022 I CC7-ST7 LEVO-CLI-DAP 3 0.17
78 MMP 2022 | CC3-ST3 CLI-DAP-AXO 3 0.17
79 MMP 2022 I CC7-ST12 CLI-DAP-AXO 3 0.17
80 MMP 2022 | CC2-ST145 LEVO-CLI-DAP 3 0.17
ARI 0.22
1 FMP 2018 | CC87-ST87 CLI-DAP 2 0.11
2 FMP 2018 I CC26-ST26 CLI-DAP 2 0.11
3 FMP 2019 | CC2-ST145 OXA+-CLI-DAP-AXO 4 0.22
4 FMP 2020 | CC2-ST2 PEN-OXA+-LEVO-GEN-ERY- 11 061
CLI-SYN-DAP-TET-AXO-RIF '
ARI 0.26
1 CFP 2019 I CC6-ST6 CLI-DAP-AXO 3 0.17
2 CFP 2019 I CC9-ST9 GEN-CLI-DAP 3 0.17
3 CFP 2019 I CC121-ST121 OXA+-CLI-DAP 3 0.17
4 CFP 2019 | CC8-ST8 OXA+-CLI-DAP-RIF 4 0.22
ARI 0.18
1 ES 2021 1 CC7-ST7 LEVO-CLI-DAP 3 0.17
ARI 0.05

Abbreviations: CC-ST — clonal complex-sequence type; (M)ARP — Multi antibiotic resistance phenotypes patterns;
MARI — Multiple antibiotic resistance index; ARI- Antibiotic resistance index; MP — Meat products; MMP — Milk
and milk products, FMP — Fish meat products; CFP — Combined food products; ES — Environmental sample; GEN
— gentamicin; STR — streptomycin; ERY — erythromycin; TET — tetracycline; SYN - quinupristin/dalfopristin; RIF
— rifampin; PEN — penicillin; CIP — ciprofloxacin; LEVO — levofloxacin; OXA+ - oxacillin + 2% NaCl; AXO —
ceftriaxone; CLI - clindamycin; DAP — daptomycin.
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Among the L. monocytogenes strains tested, 34 out of 114 isolates (29.8%) demonstrated
multiple antibiotic resistance (MAR) values exceeding 0.2, indicating a significant proportion of
strains with high resistance potential. This threshold is a widely recognized benchmark for
assessing the risk associated with antibiotic resistance in bacterial populations.

The antibiotic resistance index (ARI) was calculated for each category of food and
environmental sample to provide a detailed assessment of resistance levels (Table 26). In the case
of milk and milk products (MMP), the ARI value was measured at 0.22, reflecting a higher
resistance potential in isolates from this category. Similarly, isolates from fish meat products
(FMP) demonstrated an ARI value of 0.26, the highest among the categories analyzed, indicating
a pronounced resistance level in this subset.

Conversely, isolates from the environmental sample (ES) had an ARI value of 0.05, the
lowest observed across all categories, suggesting minimal resistance in this category. Meat and
meat products (MP) exhibited an intermediate ARI value of 0.12, while combined food products
(CFP), which included a mix of different food types, showed an ARI value of 0.18. Both MP and
CFP isolates fell within the permissible Krumperman threshold, indicating that their resistance
levels were less concerning compared to MMP and FMP categories.

These ARI values provide a quantitative measure of resistance across different categories
of samples, highlighting the variability in resistance profiles between food types and the
environmental isolate. By exceeding the 0.2 threshold in specific categories like MMP and FMP,

the data underscore the need for a closer examination of resistance dynamics in these subsets.

Table 26. Multiple antibiotic resistance phenotypes of L. monocytogenes (MARPS) strains.

No. of

S/N Antibiotic Resistance Phenotypes MARPs Patterns ... .. MARI Freq
Antibiotics
1 CLI-DAP-AXO 3 0.17 19
2 LEVO-CLI-DAP 3 0.17 7
3 OXA+-CLI-DAP 3 0.17 4
4 GEN-CLI-DAP 3 0.17 1
5 CIP-CLI-DAP 3 0.17 1
6 OXA+-LEVO-CLI-DAP 4 0.22 4
7 LEVO-CIP-CLI-DAP 4 0.22 3
8 CIP-CLI-DAP-AXO 4 0.22 1
9 ERY-CLI-DAP-AXO 4 0.22 1
10 OXA+-CLI-DAP-RIF 4 0.22 1
11 OXA+-CIP-CLI-DAP 4 0.22 1
12 OXA+-CLI-DAP-AXO 4 0.22 1
13 PEN-LEVO-CLI-DAP 4 0.22 1
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14 OXA+-LEVO-CLI-DAP-RIF 5 0.28 1
15 GEN-CLI-SYN-DAP-AXO-RIF 6 0.33 1
16 OXA+-GEN-CLI-DAP-AXO-RIF 6 0.33 1
17 OXA+-GEN-CLI-SYN-DAP-AXO-RIF 7 0.39 1
18 OXA+-LEVO-CIP-GEN-ERY-CLI-DAP 7 0.39 1
19 OXA+-LEVO-GEN-CLI-SYN-DAP-AXO-RIF 8 0.44 2
20 OXA+-GEN-ERY-CLI-SYN-DAP-AXO-RIF 8 0.44 2
21 PEN-OXA+-GEN-CLI-SYN-DAP-AXO-RIF 8 0.44 1
22 PEN-OXA+-GEN-ERY-CLI-SYN-DAP-AXO-RIF 9 0.50 3
23 OXA+-LEVO-GEN-ERY-CLI-SYN-DAP-AXO-RIF 9 0.50 3
24 PEN-OXA+-LEVO-GEN-CLI-SYN-DAP-AXO-RIF 9 0.50 1
25 PEN-OXA+-LEVO-GEN-ERY-CLI-SYN-DAP-AXO-RIF 10 0.56 1
26 PEN-OXA+-LEVO-GEN-ERY-CLI-SYN-DAP-TET-AXO-RIF 11 0.61 1
27 PEN-OXA+-LEVO-GEN-STR-ERY-CLI-SYN-DAP-TET-AXO-RIF 12 0.67 1
GEN-—gentamicin; STR—streptomycin; ERY—erythromycin; TET—tetracycline; SYN—

quinupristin/dalfopristin; RIF—rifampin; PEN—penicillin; CIP—ciprofloxacin; LEVO—Ilevofloxacin; OXA+—

oxacillin+ 2% NaCl; AXO—-ceftriaxone; CLI—clindamycin; DAP—daptomycin.
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6 DISCUSSION
6.1 Occurrence of L. monocytogenes

This is the first study of this kind carried out in the RKS. The study is novel because it
analyzed large numbers and types of samples over extended periods of time and provided the
first instance of the molecular characterization of L. monocytogenes from a variety of matrices in
the country.

The sampling targeted mainly RTE meat and milk products or food products intended for
consumption as cooked. L. monocytogenes was isolated from 117 out of a total of 995 samples
examined (11.76%). In comparison with the findings of the present study, where Listeria
monocytogenes was detected in 11.76% the EFSA and ECDC (2023) European Union One
Health 2022 Zoonoses Report reported considerably lower contamination rates in food products
across the EU. According to the report, the overall EU-level prevalence of L. monocytogenes in
ready-to-eat (RTE) food samples remained below 2%, with most member states reporting
contamination rates ranging between 0.1% and 1.5%, depending on the product category and
sampling context (EFSA & EDC, 2023).

The highest contamination rates were found in raw materials (55.00%) and FPCC
(14.95%), whereas RTE foods had the lowest occurrence (6.33%). This distribution highlights
the risk associated with raw and minimally processed food products, which are more susceptible
to contamination due to factors such as handling and storage conditions (EFSA & ECDC, 2023).

Within RTE products, the occurrence of L. monocytogenes was 5.82% for milk products
(mostly cheese) and 6.99% for meat products. These figures are higher than the average
occurrence reported in EU countries for both product categories, which stand at 0.37% and 2.1%,
respectively (EFSA & ECDC, 2023). Previous studies conducted in the Republic of Kosovo on
RTE products reported a higher occurrence, with 6.9% for cheese (Studenica et al., 2022) and
10.1% for meat products (Kukleci et al., 2019).

For meat products consumed cooked, the occurrence was 16.95%, higher than in a similar
study conducted on raw sausages and raw meat in France, where the prevalence was 10% and
12%, respectively (Roussel et al., 2014, Felix et al., 2018).

Due to the relatively small number of combined food products (meat and dairy) and fish

product samples examined in this study, the calculated prevalence of L. monocytogenes cannot
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be taken as an accurate statistic, so it was not possible to assess the significance of the different

distributions of serotypes between environmental and food strains.

6.2 Molecular typing and Lineages

The genetic diversity of the strains observed in Kosovo was compared with studies
conducted either at the European level (Painset et al., 2019) or at the national level, in France
(Felix et al., 2018, Maury et al., 2016), Switzerland (Ebner et al., 2015), and Slovakia (Kubicova
etal., 2021).

Only Lineage | (33.33%) and Lineage Il (66.66%) strains were identified in the present
study. This distribution is in agreement with findings reported by other researchers, where
Lineage | strains typically account for 22-37% and Lineage Il strains for 63-78% of L.
monocytogenes isolates in food products and environmental sources (Wang et al., 2012; Moura
et al., 2016). The predominance of Lineage Il observed in our study is consistent with its
association with food and food-processing environments, while Lineage I, although more
frequently linked to human clinical cases, was less prevalent.

In the present study, four main molecular serotypes were identified: lla (34.19%), Ilb
(3.48%), llc (32.48%), and 1VVb (29.91%). The predominance of molecular serotypes Ila and llc,
accounting for over two-thirds of the isolates, aligns with previous studies reporting these
molecular serotypes as prevalent in various geographical regions (Korsak et al., 2012, Mackiw
et al., 2020, Daza, P.B et al., 2024). The diversity of molecular serotypes is indicative of the
various sources and potential reservoirs of contamination within the food chain. Regarding the
llc (or 1/2c) strains, they have largely been reported in meat products in previous studies
(Thevenot et al., 2005, Meloni et al., 2013, Kramarenko et al., 2013).

Conversely, they are rare in milk products (Wagner et al., 2006, Kiss et al., 2006). These
results show the large distribution of the Ilc (or 1/2c) strain in European countries, including the
RKS, during a long period of time. Regarding the IVVb (or 4b) strain, this molecular serotype
includes the CCs associated with severe human infections (Maury et al., 2016) (CC1, CC2, CC4,
and CC6) and is considered hypervirulent. Overall, 26.83% of the meat samples and 40.00% of

the milk product samples belonged to this molecular serotype.
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6.3 Clonal Complexes of L. monocytogenes

Overall, 14 CCs were identified among the 41 RTE isolates, with CC29, CC2, and CC6
being the most dominant. Conversely, CC9 emerged as the most prevalent in FPCC and raw
materials. This clonal complex is known for its presence in various environmental and food
sources but is less commonly associated with severe human cases (Maury et al., 2019). The high
occurrence of CC9 in raw materials could suggest that it is a persistent environmental strain,
possibly contributing to cross-contamination during food processing.

The most frequent CCs in meat products only were CC9, CC8, CC6, and CC7, whereas
CC2 and CC29 were more common in milk products. In all the above studies, CC9 and CC8 were
the most frequent CCs for meat, and although CC6 and CC7 were observed, they were not
predominant. Surprisingly, CC121 was absent from meat products in the present study, although
it was frequently associated with meat products elsewhere (Maury et al., 2016).

For milk products, CC2 was the second most frequent CC according to (Painset et al.,
2019). For the other studies, CC2 was observed in milk products but was not predominant (Maury
et al., 2016). The CC29 clone was observed in milk products in all the studies above but was not
predominant and less abundant than CC2. All 30 isolates expressing the CCs associated with
severe human infections (CC1, CC2, CC4, or CC6) belonged to the molecular serotype 1Vb. In
the context of the dynamic development of the Kosovo agri-food sector, L. monocytogenes typing
will become a crucial tool for food safety management. The data-base created in this study made
it possible to investigate outbreaks based on CC front-line screening, drawing links between
human clinical cases and food contaminants. This step is essential for selecting strains before
confirming outbreaks (Moura et al., 2017) with a sequence-based method such as core genome
MLST (cgMLST), which is currently the reference method for molecular surveillance
(EFSA&ECDC, 2023, EFSA, 2022). This is the method that would be applied in the RKS in the
event of an outbreak through EU-supportive actions, potentially through the EURL’s program.

6.4 Multilocus Sequence typing of L. monocytogenes
Although there have been some studies regarding the occurrence of L. monocytogenes from

foods and the characterization of isolates (Jashari et al., 2024), data regarding the antimicrobial

resistance are limited in Kosovo and so far have been described in isolates from sporadic ovine
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listeria meningoencephalitis cases (Hamidi et al., 2020). Several studies have reported on the
prevalence, antimicrobial resistance, and molecular characteristics of Listeria monocytogenes
isolates from the global food chain (Olaimat et al., 2018; Caruso et al., 2020; Escolar et al., 2017;
Jorgensen et al., 2021; Kayode & Okoh, 2022, 2023; Noll et al., 2018; Roedel et al., 2018;
Sanlibaba et al., 2018; Wisniewski et al., 2022).

This study provides valuable insight into the occurrence and antimicrobial resistance of
Listeria monocytogenes circulating in the food chain in Kosovo between 2016 and 2022. The
molecular characterization, including clonal complex and sequence type identification, revealed
a diverse population structure consistent with findings from previous studies (Felix et al., 2023;
Jashari et al., 2024). These results underscore the presence of multiple resistant strains and
highlight the importance of continued surveillance and control measures to mitigate potential
public health risks.

From all isolates of L. monocytogenes grouped into 16 clonal complexes in our study by
MLST, 21 different ST groups were identified. Similar CC-STs were found among isolates in
studies carried out in many countries around the world in the food chain. Thus, CC14-ST399,
CC7-ST7, CC8-ST8, and CC1-ST328, were isolated from Danish ready-to-eat food samples
(Takeuchi-Storm et al., 2023). In China, the study conducted from 2010 to 2019 highlights that
in meat products the most predominant isolates belonged to CC9-ST9 clones (Cheng et al.,
2022), while the most frequent strains isolated in Poland from meat processing plant
environments were CC2-ST2, CC2-ST145, CC3-ST3, CC6-ST6 and CC87-ST87 (Kurpas et
al., 2020). In another study carried out on foodstuffs, the environment and clinical samples in
Italy, CC14-ST14, CC26-ST26, CC29-ST29, ST32, CC37-ST37 and CC315-ST520 were
reported (Caruso et al., 2020). In Poland, the most frequent isolates recovered from food products
were CC9-ST9, CC121-ST121 and CC9-ST580 (Sosnowski et al., 2019), while CC7-ST12 and
CC1-ST328 were among the most frequent isolates recovered from the food production chain in
Australia (Wilson et al., 2018). However, CC1-ST710, which belongs to Lineage | and
Serogroup Vb, was not isolated from food products except from clinical cases from a study
conducted in northern Taiwan (Liu et al., 2024). Similar findings were reported by Daza Prieto
B. et al. who characterized 160 isolates of L. monocytogenes obtained from different food sources
in Montenegro from 2014 to 2022. Similar distributions of ST8, ST9, and ST121 were observed
except for ST 155 (Daza Prieto et al., 2024).
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In our study, the clone CC9-ST9 is the most represented, which originates mainly from
meat products with an occurrence of 27.2%. A similar result was found in studies carried out on
300 genotypes from five continents (Chenal-Francisque et al., 2011). Another study in France
reported CC9 as the most frequently observed isolate recovered from meat products (Maury et
al., 2019). Furthermore, ST9 was also reported as the most widespread strain observed in a study

on meat products in Norway (Fagerlund et al., 2020).

6.5 Antimicrobial resistance of L. monocytogenes

Our study indicated that L. monocytogenes exhibited the highest resistance to clindamycin
(100%) and daptomycin. Resistance was lower for tetracycline and streptomycin, while no
resistance was observed against vancomycin, ampicillin, linezolid, gatifloxacin, and
trimethoprim-sulfamethoxazole. Similar data in the previous studies performed earlier in Pacific
Northwest, Canada, Jordan, and Asia have been reported (Olaimat et al., 2018, Jorgensen et al.,
2021). The antibiogram profile of L. monocytogenes isolates in our study showed high sensitivity
(100%) to vancomycin, ampicillin, linezolid, gatifloxacin, and trimethoprim—sulfamethoxazole.
A similar sensitivity of L. monocytogenes isolates to these antibiotics except gatifloxacin was
observed in a study of food production factories in Germany (Roedel et al., 2019). High resistance
has also been reported against clindamycin (100%) (Escolar et al., 2017, Jorgensen et al., 2021),
daptomycin (96.5%) (Roedel et al., 2019), amoxicillin (35.1%), (Kayode & Okoh, 2023) and
oxacillin+ 2% NaCl (24.6%) (Caruso et al., 2020).

In many previous studies, lower resistance of L. monocytogenes isolates levofloxacin
(22.8%) (Sanlibaba et al., 2018), gentamicin, and rifampin (Noll et al., 2018) from (17.5%), to
quinupristin/dalfopristin (14.9%) (Caruso et al., 2020), erythromycin (11.4%) (Kayode & Okoh,
2022), penicillin (7.89%), ciprofloxacin (6.14%), and tetracycline (1.75%) (Sanlibaba et al.,
2018) have been reported. Otherwise, in the conducted studies, streptomycin was sensitive
(Adeoye & Okoh, 2022, Sanlibaba et al., 2018), while in our study, one isolate (0.88%) was

resistant to streptomycin.
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6.6 Multiple Antibiotic Resistance Index - MARI

The MARI indices indicate the number of phenotypic resistances observed against the
tested antimicrobial agents and vary among the isolates. A high MARI score for an isolate
suggests it exhibits resistance against multiple antibiotics, highlighting its significant level of
resistance. The ARI of the food category, including meat and meat products and fish meat
products were >0.2 of the permissible Krumperman threshold. A study carried out by Kayode &
Okoh, 2023 in ready-to-eat products, including meat and fish products also exceeded the ARI
threshold of >0.2 and a similarity with the values of our study is observed (Kayode & Okoh,
2023).

6.7 Multidrug-resistance

In addition, 57.0% of the isolates displayed multidrug-resistant (MDR) phenotypes against
the tested antibiotics. Other authors have noted the varying prevalence of MDR, in North Africa
(41.86%), in Spain (54.0%), and in Turkey (73.91%) (Escolar et al., 2017, Manyi-Loh et al.,
2023, Sanlibaba et al., 2020).

Additionally, stress from food processing can promote the development of resistance to
clinically relevant antibiotics (Olaimat & Holley, 2012, Prestinaci et al., 2015, Fagerlund et al.,
2016, Gandara et al., 2016). To conclude, this study revealed the profiles of antimicrobial
resistance in correlation with the food category and the sequence types of L. monocytogenes
strains identified and highlighted the possible risks that could arise from the consumption of these
foods. It is worth noting that high resistance against clindamycin, ceftriaxone, oxacillin + 2%
NaCl, levofloxacin, gentamicin, rifampin, quinupristin/dalfopristin, erythromycin, penicillin,
ciprofloxacin, tetracycline, and streptomycin were observed in this study.

Compared to previous studies in different countries around the world, our results suggest
differing important trends in L. monocytogenes resistance against antimicrobials isolated from
food (Escolar et al., 2017, Sanlibaba et al., 2020 Manyi-Loh et al., 2023, Kayode & Okoh, 2023).
These results also showed that the CC9-ST9 isolates, which are the most represented, showed
over 66% resistance to the panel of antibiotics used in this study. Therefore, the evolution of

antimicrobial resistance remains to be assessed on an annual basis in the future.
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7 CONCLUSION

This study aimed to investigate the prevalence, molecular characterization, clonal complex
distribution, and antimicrobial resistance profiles of L. monocytogenes in various food products
in the Republic of Kosovo. As the first comprehensive research of its kind conducted in the
country, it sought to provide foundational data on the occurrence and molecular diversity of L.
monocytogenes circulating in the food chain.

The study analyzed 995 food samples, identifying L. monocytogenes in 11.76% of them
substantially higher than EU averages. The highest contamination rates were found in raw
materials and food processing environments, while ready-to-eat (RTE) meat and milk products
also showed contamination rates exceeding EU levels. Molecular characterization revealed a
dominance of Lineage Il (66.66%) and a wide distribution of serotypes, particularly Ila, Ilc, and
IVDb. Fourteen distinct clonal complexes (CCs) and 21 sequence types (STs) were identified, with
CC9-ST9 emerging as the most prevalent, especially in meat products. In terms of antimicrobial
resistance, all isolates were resistant to clindamycin and showed significant multidrug resistance
(57.0%), with MARI values exceeding the threshold (>0.2) in several food categories.

This study provides novel and region-specific insights into the occurrence and genetic
diversity of L. monocytogenes in the Kosovar food chain, as well as the first detailed report of
antimicrobial resistance patterns of isolates in this region. These findings fill a critical knowledge
gap and establish a molecular and epidemiological baseline that can support food safety
surveillance and outbreak investigations in the country.

The results have significant implications for food safety management, public health policy,
and future outbreak preparedness. The identification of hypervirulent clonal complexes (e.g.,
CC2, CC4, and CC6) and the high rate of antimicrobial resistance underscore the importance of
incorporating molecular typing and routine antimicrobial susceptibility testing into national
monitoring programs.

Limitations of the study include the relatively small number of combined food product and
fish samples, which restricted the statistical significance of some subtype distributions.
Furthermore, clinical isolates were not included, limiting direct links to human listeriosis cases.

Future research should expand to include clinical isolates, longitudinal monitoring of
prevalent clonal complexes, and whole genome sequencing (WGS)-based analyses such as
cgMLST to enable high-resolution outbreak tracking. Additionally, assessing the impact of food

121



Characterization, Genetic Typing and Antimicrobial Resistance of Listeria monocytogenes from
Food Chain of Kosovo

processing and environmental stressors on resistance development would provide further insight

into the emergence of MDR strains.

122



Besart F. Jashari

8 REFERENCES

1. Aase, B.; Sundheim, G.; Langsrud, S.; & Rarvik, L. M. Occurrence of and a possible mechanism
for resistance to a quaternary ammonium compound in Listeria monocytogenes. International journal of
food microbiology 2000, 62(1-2), 57-63.

2. Arioli, S.; Montanari, C.; Magnani., M; Tabanelli, G.; Patrignani, F.; Lanciotti, R., et al. Modelling
of Listeria monocytogenes Scott A after a mild heat treatment in the presence of thymol and carvacrol:
effects on culturability and viability. J Food Eng. 2019;240:73-82.

3. Arslan, S.; Ozdemir, F. Prevalence and antimicrobial resistance of Listeria spp. in homemade white
cheese. Food Control 2008, 19, 360-363. https://doi.org/10.1016/j.foodcont.2007.04.0009.

4. Ashour, M. B.; Gee, S. J.; Hammock, B. D. Use of a 96-well microplate reader for measuring routine
enzyme activities. Anal. Biochem. 166 353-360, 1987. 10.1016/0003-2697(87)90585-9

5. Aureli, P.; Fiorucci, G. C.; Caroli, D.; Marchiaro, G.; Novara, O.; Leone, L.; & Salmaso, S. An
outbreak of febrile gastroenteritis associated with corn contaminated by Listeria monocytogenes. New
England Journal of Medicine 2000, 342(17), 1236-1241.

6. Bauer, A. W.; D. M. Perry; William, M. M. K. Single disc antibiotic sensitivity testing of
Staphylococci. A.M.A. Arch. Intern. Med. 104:208-216, 1959.

7. Bauer, A. W.; William, M. M. K.; Sheris, J. C.; Turck. M. Antibiotic susceptibility testing by a
standardized single disk method. Am. J. Clin. Pathol. 36:493-496, 1966.

8. Belias, A.; Bolten, S.; Wiedmann, M. Challenges and opportunities for risk- and systems-based
control of Listeria monocytogenes transmission through food. Compr. Rev. Food Sci. Food Saf. 2024,
23, e70071. https://doi.org/https://doi.org/10.1111/1541-4337.70071.

9. Berger, U, and Pietsch, U. The rate of healthy carriers of Listeria monocytogenes. Medical
Microbiology and Immunology, 1975. 161(1): p. 63-71. 25. D0i:10.1007/BF02120771.

10. Bille, J.; Catimel, B.; Bannerman, E.; Jacquet, C.; Yersin, M.N.; Caniaux, I.; Monget, D.; Rocourt,
J. API Listeria, a new and promising one-day system to identify Listeria isolates. Appl. Environ.
Microbiol. 1992, 58, 1857-1860. https://doi.org/10.1128/aem.58.6.1857-1860.1992.

11. Blair, J.M.A.; Webber, M.A.; Baylay, A.J.; Ogbolu, D.O.; Piddock, L.J.V. Molecular mechanisms
of antibiotic resistance. Nat Rev Microbiol 2015, 13:42-51 https://doi.org/10.1038/nrmicro3380.

12. Blondeau J. M. Fluoroquinolones: mechanism of action, classification, and development of
resistance. Survey of ophthalmology, 2004, 49 Suppl 2, S73-S78.
https://doi.org/10.1016/j.survophthal.2004.01.005

13. Boatemaa, S.; Barney, M.; Drimie, S.; Harper, J.; Korsten, L.; Pereira, L. Awakening from the
listeriosis crisis: Food safety challenges, practices and governance in the food retail sector in South
Africa. Food Control 2019. https://doi.org/10.1016/j.foodcont.2019.05.0009.

123



Characterization, Genetic Typing and Antimicrobial Resistance of Listeria monocytogenes from
Food Chain of Kosovo

14. Bojanowski, M., and Edwards R. Alluvial: R Package for Creating Alluvial Diagrams, 2016.

15. Borucki, M.K.; Call, D.R. Listeria monocytogenes Serotype ldentification by PCR. J. Clin.
Microbiol. 41. 2003. https://doi.org/10.1128/JCM.41.12.5537-5540.2003.

16. Bourdichon, F. Listeria monocytogenes: what have we learned from the last 30 years? New food
Mag. Food Saf. Suppl. 2014, 17, 3-7.

17. Brown, E.; Dessai, U.; McGarry, S.; and Gerner-Smidt, S. Use of whole-genome sequencing for
food safety and public health in the United States. Foodborne Pathog. Dis. 2019, 16(7):441-450.

18. Buchanan, R.L.; Gorris, L.G.M.; Hayman, M.M.; Jackson, T.C.; Whiting, R.C. A review of Listeria
monocytogenes: An update on outbreaks, virulence, dose-response, ecology, and risk assessments. Food
Control 2017, 75, 1-13. https://doi.org/10.1016/j.foodcont.2016.12.016.

19. Buermans, H.P.J.; den Dunnen, J.T. Next generation sequencing technology: Advances and
applications. Biochim. Biophys. Acta - Mol. Basis Dis. 2014.
https://doi.org/10.1016/j.bbadis.2014.06.015

20. Burall, L.S.; Grim, C.J.; Datta, A.R. A clade of Listeria monocytogenes serotype 4b variant strains
linked to recent listeriosis outbreaks associated with produce from a defined geographic region in the US.
PLoS One. 2017. https://doi.org/10.1371/journal.pone.0176912.

21. Cardenas-Alvarez, M. X.; Townsend Ramsett, M. K.; Malekmohammadi, S.; Bergholz, T. M.
Evidence of hypervirulence in Listeria monocytogenes clonal complex 14. Journal of medical
microbiology, 2019, 68(11), 1677-1685. https://doi.org/10.1099/jmm.0.001076.

22. Carlin, C.R.; Liao, J.; Weller, D.; Guo, X.; Orsi, R.; Wiedmann, M. Listeria cossartiae sp. Nov.,
listeria immobilis sp. nov., listeria portnoyi sp. nov. and listeria rustica sp. nov., isolated from agricultural
water and natural environments. Int. J. Syst. Evol. Microbiol. 2021.
https://doi.org/10.1099/ijsem.0.004795.

23. Carpentier, B.; Cerf, O. Review—Persistence of Listeria monocytogenes in food industry equipment
and premises. Int. J. Food Microbiol. 2011, 145, 1-8. https://doi.org/10.1016/j.ijfoodmicro.2011.01.005.
24. Carrique-Mas, J. J.; Hokeberg, I.; Andersson, Y.; Arneborn, M.; Tham W.; Danielsson-Tham, M.
L.; Giesecke, J. Febrile gastroenteritis after eating on-farm manufactured fresh cheese—an outbreak of
listeriosis?. Epidemiology & Infection, 2003, 130(1), 79-86.

25. Caruso, M.; Fraccalvieri, R.; Pasquali, F.; Santagada, G.; Latorre, L.M.; Difato, L.M.; Miccolupo,
A.; Normanno, G.; Parisi, A. Antimicrobial susceptibility and multilocus sequence typing of Listeria
monocytogenes isolated over 11 years from food, humans, and the environment in Italy. Foodborne
Pathog. Disease 2020, 17, 284—294. https://doi.org/10.1089/fpd.2019.2723.

26. Centers for Disease Control and Prevention (CDC). Burden of Foodborne Illness: Findings.
[accessed on 3 July 2022]; 2022a, Available online: http://www.cdc.gov/ foodborneburden/2011-

foodborne-estimates.html.

124



Besart F. Jashari

27. Centers for Disease Control and Prevention (CDC). Estimates of Foodborne Iliness in the United
States. Centers Dis. Control Prev. 2014, 68.

28. Centers for Disease Control and Prevention (CDC). Listeria outbreak linked to packaged salads
produced by Dole. [accessed on 3 July 2022]; 2021, Available online:
https://www.cdc.gov/listeria/outbreaks/packaged-salad-mix-12-21/index.html.

29. Centers for Disease Control and Prevention (CDC). Listeria Outbreak Linked to Queso Fresco and
Cotija  Cheese. [accessed on 10  April 2024]; 2024,  Available  online:
https://www.cdc.gov/listeria/outbreaks/cheese-02-24/index.html.

30. Centers for Disease Control and Prevention (CDC). Multistate outbreak of listeriosis linked to soft
cheeses distributed by Karoun Dairies, Inc. (final update). 2015,
https://lwww.cdc.gov/listeria/outbreaks/soft-cheeses-09-15/index.html 22 Chapter 1.

31. Centers for Disease Control and Prevention (CDC). Outbreak of Listeria infections linked to enoki
mushrooms. [accessed on 3 July 2022]; 2020, Available online:
https://www.cdc.gov/listeria/outbreaks/enoki-mushrooms-03-20/ 15.

32. Centers for Disease Control and Prevention (CDC). Outbreak of Listeria monocytogenes infections
associated with pasteurized milk from a local dairy - Massachusetts, 2007. MMWR Morb Mortal Wkly
2008. Rep 57:1097-1100.

33. Centers for Disease Control and Prevention (CDC). Vital Signs: Listeria Illnesses, Deaths, and
Outbreaks — United States, 2009-2011. MMWR. Morb. Mortal. Wkly. Rep. 2013, 62.

34. Charpentier, E.; Gerbaud, G.; Courvalin, P. Conjugative mobilization of the rolling-circle plasmid
plP823 from Listeria monocytogenes BM4293 among Gram-positive and Gram-negative bacteria. J
Bacteriol 1999, 181:3368-3374.

35. Chen, J.Q.; Regan, P.; Laksanalamai, P.; Healey, S.; Hu, Z. Prevalence and methodologies for
detection, characterization and subtyping of Listeria monocytogenes and L. ivanovii in foods and
environmental sources. Food Sci. Hum. Wellness, 2017. https://doi.org/10.1016/j.fshw.2017.06.002.

36. Chen, M.; Cheng, J.; Wu, Q.; Zhang, J.; Chen, Y.; Xue, L.; Lei, T.; Zeng, H.; Wu, S.; Ye, Q.; Bai,
J.; Wang, J. Occurrence, antibiotic resistance, and population diversity of Listeria monocytogenes isolated
from fresh aquatic products in China. Front. Microbiol. 2018a.
https://doi.org/10.3389/fmicb.2018.02215.

37. Chen, M.; Cheng, J.; Wu, Q.; Zhang, J.; Chen, Y.; Zeng, H.; Ye, Q.; Wu, S.; Cai, S.; Wang, J.; Ding,
Y. Prevalence, Potential Virulence, and Genetic Diversity of Listeria monocytogenes Isolates From
Edible Mushrooms in Chinese Markets. Front. Microbiol. 2018b.
https://doi.org/10.3389/fmicb.2018.01711.

125


https://www.cdc.gov/listeria/outbreaks/packaged-salad-mix-12-21/index.html
https://www.cdc.gov/listeria/outbreaks/cheese-02-24/index.html

Characterization, Genetic Typing and Antimicrobial Resistance of Listeria monocytogenes from
Food Chain of Kosovo

38. Chenal-Francisque, V.; Lopez, J.; Cantinelli, T.; Caro, V.; Tran, C.; Leclercg, A.; Lecuit, M.; Brisse,
S. Worldwide distribution of major clones of Listeria monocytogenes. Emerg. Infect. Dis. 2011, 17,
1110-1112. https://doi.org/10.3201/eid1706.101778.

39. Chenal-Francisque, V.; Maury, M.M.; Lavina, M.; Touchon, M.; Leclercg, A.; Lecuit, M.; Brisse,
S. Clonogrouping, a rapid multiplex PCR method for identification of major clones of Listeria
monocytogenes. J. Clin. Microbiol. 2015, 53, 3355-3358. https://doi.org/10.1128/JCM.00738-15.

40. Cheng, Y.; Dong, Q.; Liu, Y.; Liu, H.; Zhang, H.; Wang, X. Systematic review of Listeria
monocytogenes from food and clinical samples in Chinese mainland from 2010 to 2019. Food Qual.
Safety 2022, 6, fyac021. https://doi.org/10.1093/fqgsafe/fyac021.

41. Clinical and Laboratory Standards Institute. Performance Standards for Antimicrobial Susceptibility
Testing; 25th Informational Supplement. 2015. CLSI Document M100-S25, Clinical and Laboratory
Standards Institute, Wayne, PA.

42. Cole, M.B.; Jones, M.V.; Holyoak, C. The effect of pH, salt concentration and temperature on the
survival and growth of Listeria monocytogenes. J. Appl. Bacteriol. 1990, 69, 63-72.
https://doi.org/10.1111/j.1365-2672.1990.th02912.x.

43. Conrad, A. R.; Tubach, S.; Cantu, V.; Webb, L. M.; Stroika, S.; Moris, S.; Davis, M.; Hunt, D. C.;
Bradley, K. K.; Kucerova, Z.; Strain, E.; Doyle, M.; Fields, A.; Neil, K. P.; Gould, L. H.; Jackson, K. A.;
Wise, M. E.; Griffin, P. M.; Jackson, B. R. Listeria monocytogenes Iliness and Deaths Associated With
Ongoing Contamination of a Multiregional Brand of Ice Cream Products, United States, 2010-2015.
Clinical infectious diseases: an official publication of the Infectious Diseases Society of America, 2023,
76(1), 89-95. https://doi.org/10.1093/cid/ciac550.

44. Cossart, P.; Lebreton, A. A trip in the “new Microbiology” with the bacterial pathogen Listeria
monocytogenes. FEBS Lett. 2014, 588, 2437-2445.

45. Cummins, A.J.; Fielding, A.K.; McLauchlin, J. Listeria ivanovii infection in a patient with AIDS. J.
Infect. 28. 1994. https://doi.org/10.1016/S0163-4453(94)94347-8.

46. Dalmasso, M.; Jordan, K. Pulsed-field gel electrophoresis (PFGE) analysis of Listeria
monocytogenes. Methods  in molecular  biology  (Clifton, N.J.), 1157, 2014, 63-72.
https://doi.org/10.1007/978-1-4939-0703-8 5.

47. Dalton, C. B.; Austin, C. C.; Sobel, J.; Hayes, P. S.; Bibb, W. F.; Graves, L. M.; Swaminathan, B.,
Proctor, M. E.; & Griffin, P. M. An outbreak of gastroenteritis and fever due to Listeria monocytogenes
in milk. The New England  journal of medicine, 1997, 336(2), 100-105.
https://doi.org/10.1056/NEJM199701093360204.

48. Dangel, A.; Berger, A.; MesselhduRer, U.; Konrad, R.; Hormansdorfer, S.; Ackermann, N.; Sing, A.

Genetic diversity and delineation of Salmonella Agona outbreak strains by next generation sequencing,

126



Besart F. Jashari

Bavaria, Germany, 1993 to 2018. Eurosurveillance 24. 2019.
https://doi.org/https://doi.org/10.2807/1560-7917.ES.2019.24.18.1800303.

49. Daza Prieto, B.; Pietzka, A.; Martinovic, A.; Ruppitsch, W.; Zuber Bogdanovic, I. Surveillance and
genetic characterization of Listeria monocytogenes in the food chain in Montenegro during the period
2014-2022. Front Microbiol. 2024, 15, 1418333. https://doi.org/10.3389/fmicb.2024.1418333.

50. De Noordhout C.M.; Devleesschauwer B.; Angulo F.J.; Verbeke, G.; Haagsma J.; Kirk M.; Havelaar
A.; Speybroeck N. The global burden of listeriosis: A systematic review and meta-analysis. Lancet Infect.
Dis. 2014;14:1073-1082.

51. Disson, O.; Lecuit, M. Targeting of the central nervous system by Listeria monocytogenes.
Virulence, 2012, 3. https://doi.org/10.4161/viru.19586

52. Donnelly, C. W. Foodborne listeriosis in Foodborne Pathogens: Microbiology and Molecular
Biology 2001, (pp. 211-220). Caister Academic Press.

53. Doumith, M.; Buchrieser, C.; Glaser, P.; Jacquet, C.; Martin, P. Differentiation of the major Listeria
monocytogenes serovars by multiplex PCR. J. Clin. Microbiol. 2004.
https://doi.org/10.1128/JCM.42.8.3819-3822.2004.

54. Doumith, M.; Jacquet, C.; Gerner-Smidt, P.; Graves, L.M.; Loncarevic, S.; Mathisen, T.; Morvan,
A.; Salcedo, C.; Torpdahl, M.; Vazquez, J.A.; et al. Multicenter validation of a multiplex PCR assay for
differentiating the major Listeria monocytogenes serovars 1/2a, 1/2b, 1/2c, and 4b: Toward an
international standard. J. Food Prot. 2005, 68, 2648-2650. https://doi.org/10.4315/0362-028x-
68.12.2648.

55. Dufour, C. Application of EC regulation no. 2073/2005 regarding Listeria monocytogenes in ready-
to-eat foods in retail and catering sectors in Europe. Food Control, 2011, 22.
https://doi.org/10.1016/j.foodcont.2010.07.012.

56. Dussurget, O.; Pizarro-Cerdd, J.; Knobeloch, K.P.; Cossart, P. ISG15 counteracts Listeria
monocytogenes infection. 2015, Elife 4. https://doi.org/10.7554/eLife.06848.

57. Ebner, R.; Stephan, R.; Althaus, D.; Brisse, S.; Maury, M.; Tasara, T. Phenotypic and genotypic
characteristics of Listeria monocytogenes strains isolated during 2011-2014 from different food matrices
in Switzerland. Food Control 2015, 57, 321-326. https://doi.org/10.1016/j.foodcont.2015.04.030.

58. EC. Commission Regulation (EC) No 2073/2005 of 15 November 2005 on microbiological criteria
for foodstuffs. Off. J. Eur. Union 2005, 338, 1-26.

59. ECDC, 2022. Listeriosis: Annual Epidemiological Report for 2021. Eur. Cent. Dis. Prev. Control
Annual Epi.

60. EFSA, ECDC (European Food Safety Authority and European Centre for Disease Prevention and
Control). The European Union One Health 2022 Zoonoses Report. EFSA J. 2023, 21, e8442.
https://doi.org/10.2903/j.efsa.2023.8442.

127



Characterization, Genetic Typing and Antimicrobial Resistance of Listeria monocytogenes from
Food Chain of Kosovo

61. EFSA; Costa, G.; Di Piazza, G.; Koevoets, P.; lacono, G.; Liebana, E.; Pasinato, L.; Rizzi, V.; Rossi,
M. Guidelines for reporting Whole Genome Sequencing-based typing data through the EFSA One Health
WGS System. EFSA Support. Publ. 2022, 19, 7413E. https://doi.org/10.2903/sp.efsa.2022.EN-7413.
62. EN 1SO 11133:2014; Microbiology of food, animal feed and water — Preparation, production,
storage and performance testing of culture media. International Association for Standardization: Geneva,
Switzerland, 2017; Published (Amd.1:2018 and Amd.1:2020).

63. EN ISO 11290-1/2017; Microbiology of Food and Feeding Stuffs. Horizontal Method for the
Detection and Enumeration of Listeria monocytogenes and Listeria spp.—Part 1. Detection Method.
International Association for Standardization: Geneva, Switzerland, 2017; pp. 1-35.

64. EN ISO 20776-1/2019; Susceptibility Testing of Infectious Agents and Evaluation of Performance
of Antimicrobial Suscep-tibility Test Devices. Part 1: Broth Micro-Dilution Reference Method for
Testing the In Vitro Activity of Antimicrobial Agents Against Rapidly Growing Aerobic Bacteria
Involved in Infectious Diseases. International Association for Standardization: Geneva, Switzerland.
2019; Published (Edition 2).

65. Escolar, C.; Gomez, D.; Del Carmen Rota Garcia, M.; Conchello, P.; Herrera, A. Antimicrobial
Resistance Profiles of Listeria monocytogenes and Listeria innocua Isolated from Ready-to-Eat Products
of Animal Origin in Spain. Foodborne Pathog. Dis. 2017, 14, 357-363.
https://doi.org/10.1089/fpd.2016.2248.

66. EUCAST. The European Committee on Antimicrobial Susceptibility Testing. Breakpoint Tables for
Interpretation of MICs and Zone Diameters. 2024. Available online: http://www.eucast.org (accessed on
1 January 2024).

67. European Centre for Disease Prevention and Control, European Food Safety Authority, 2019. Multi-
country outbreak of Listeria monocytogenes sequence type 6 infections linked to ready-to-eat meat
products — 25 November 2019.

68. European Centre for Disease Prevention and Control. Listeriosis. In: ECDC. Annual
Epidemiological Report for 2022. Stockholm: ECDC; 2024.

69. European Food Safety Authority; European Centre for Disease Prevention and Control. The
European Union One Health 2021 Zoonoses Report. EFSA J. 2022;20(12):e07666. Published 2022 Dec
13. d0i:10.2903/j.efsa.2022.7666

70. Fagerlund, A.; Langsrud, S.; Mgretrg, T. In-Depth Longitudinal Study of Listeria monocytogenes
ST9 isolates from the Meat Processing Industry: Resolving Diversity and Transmission Patterns Using
Whole-Genome  Sequencing.  Appl. Environ. Microbiol. 2020, 86, e00579-20.
https://doi.org/10.1128/AEM.00579-20.

128



Besart F. Jashari

71. Fagerlund, A.; Langsrud, S.; Schirmer, B. C.; Mgaretrg, T., & Heir, E. Genome analysis of Listeria
monocytogenes sequence type 8 strains persisting in salmon and poultry processing environments and
comparison with related strains. PLOS ONE, 11(3), 2016, e0151117.

72. Farber, J.M.; Peterkin, P.1. Listeria monocytogenes, a food-borne pathogen. Microbiol. Rev. 1991,
55. https://doi.org/10.1128/mr.55.3.476-511.1991.

73. Farber, J.M.; Ross, W.H.; Harwig, J. Health risk assessment of Listeria monocytogenes in Canada.
Int. J. Food Microbiol. 1996, 30. https://doi.org/10.1016/0168-1605(96)01107-5.

74. Felix, B.; Capitaine, K.; Te, S.; Felten, A.; Gillot, G.; Feurer, C.; van den Bosch, T.; Torresi, M.;
Sreterne Lancz, Z.; Delannoy, S.; et al. Identification by high-throughput real-time PCR of 30 major
circulating Listeria monocytogenes clonal complexes in Europe. Microbiol. Spectr. 2023, 11, e0395422.
https://doi.org/10.1128/spectrum.03954-22.

75. Felix, B.; Feurer, C.; Maillet, A.; Guillier, L.; Boscher, E.; Kerouanton, A.; Denis, M.; Roussel, S.
Population genetic structure of Listeria monocytogenes strains isolated from the pig and pork production
chain in France. Front. Microbiol. 2018, 9, 684. https://doi.org/10.3389/fmich.2018.00684.

76. Felix, B.; Yann, S.; Federica, P.; Douarre, P.E.; Arnaud, F.; Radomski, N.; Ludovic, M.; Blanchard,
Y.; Aurélie, L.; Christophe, S. A European-wide dataset to uncover adaptive traits of Listeria
monocytogenes to diverse ecological niches. Sci. Data 2022, 9, 190. https://doi.org/10.1038/s41597-022-
01278-6.

77. Fleming, D. W.; Cochi, M. D.; MacDonald, K. L.; Brondum, J.; Hayes, P. S.; Plikaytis, B. D.;
Holmes, M. B.; Audurier, A.; Broome, C. V.; Reingold, A. L. Pasteurized milk as a vehicle of infection
in an outbreak of listeriosis. N Engl J Med. 1985;312:404-407.

78. Food Quality News 2017. Four ill and one dead from Listeria in salmon. https://
www.foodqualitynews.com/Article/2017/08/31/Listeria-outbreak-from-salmon-in Denmark.

79. Founou, L.L.; Founou, R.C.; Essack, S.Y. Antibiotic resistance in the food chain: A developing
country-perspective. Front. Microbiol. 2016, 7, 1881. https://doi.org/10.3389/fmich.2016.01881.

80. Fowlkes, E.B.; Mallows, C.L. A method for comparing two hierarchical clusterings. J. Am. Stat.
Assoc. 1983, 78. https://doi.org/10.1080/01621459.1983.10478008.

81. Fretz, R.; Pichler, J.; Sagel, U.; Much, P.; Ruppitsch, W.; Pietzka, A. T.; Stdger, A.; Huhulescu, S.;
Heuberger, S.; Appl, G.; Werber, D,; Stark, K.; Prager, R.; Flieger, A.; Karpiskova, R.; Pfaff, G.; and
Allerberger, F. Update: multinational listeriosis outbreak due to ‘quargel’, a sour milk curd cheese, caused
by two different L. monocytogenes serotype 1/2a strains, 2009-2010. Eurosurveillance, 2010, 15:16.

82. Friesema, I.H.M.; Verbart, C.C.; van der Voort, M.; Stassen, J.; Lanzl, M.1.; van der Weijden, C.;
Slegers-Fitz-James, I.A.; Franz, E. Combining Whole Genome Sequencing Data from Human and Non-
Human Sources: Tackling Listeria monocytogenes Outbreaks. Microorganisms, 2023, 11.
https://doi.org/10.3390/microorganisms11112617.

129



Characterization, Genetic Typing and Antimicrobial Resistance of Listeria monocytogenes from
Food Chain of Kosovo

83. FSIS, 2014. Compliance Guideline: Controlling Listeria monocytogenes in Post-lethality Exposed
Ready-to-Eat Meat and Poultry Products. Food Saf. Insp. Serv. FSIS-GD-2.

84. Gambarin, P.; Magnabosco, C.; Losio, M.N.; Pavoni, E.; Gattuso, A.; Arcangeli, G.; Favretti, M.
Listeria monocytogenes in ready-to-eat seafood and potential Hazards for the consumers. Int. J.
Microbiol. 2012. https://doi.org/10.1155/2012/497635.

85. Géndara, B., Alonso-Calleja, C., Carballo, J., & Capita, R. (2016). Exposure to sublethal
concentrations of biocides influences the susceptibility to antibiotics in Listeria monocytogenes. Food
Microbiology, 53(Part A), 135-141.https://doi.org/10.1016/j.fm.2015.09.001.Gaulin, C.; D. Ramsay, and
S. Bekal. Widespread listeriosis outbreak attributable to pasteurized cheese, which led to extensive cross-
contamination affecting cheese retailers, Quebec, Canada, 2008. J. Food Prot. 2012, 75:71-78.

86. Gillesberg Lassen, S.; Ethelberg, s.; Bjorkman, J. T.; Jensen, T.; Sgrensen, G.; Kvistkolm Jensen,
G.; Mdiller, L.;. Nielsen, E. M.; and Mglbak, K. Two listeria outbreaks caused by smoked fish
consumption — using whole-genome sequencing for outbreak investigations. Clin. Microbiol. Infect.
2016, 22:620-624.

87. Gilmour, M.W.; Graham, M.; Van Domselaar, G.; Tyler, S.; Kent, H.; Trout-Yakel, K.M.; Larios,
O.; Allen, V.; Lee, B.; Nadon, C. High-throughput genome sequencing of two Listeria monocytogenes
clinical isolates during a large foodborne outbreak. BMC Genomics, 2010, 11.
https://doi.org/10.1186/1471-2164-11-120.

88. Glaser, P.; Frangeul, L,; Buchrieser, C., et al. Comparative genomics of Listeria species. Science.
2001; 294(5543):849-852. doi:10.1126/science.1063447.

89. Gnanou Besse, N.; Lombard, B.; Guillier, L.; Francois, D.; Romero, K.; Pierru, S.; Bouhier, L.;
Rollier, P. Validation of standard method EN ISO 11290—Part 1—Detection of Listeria monocytogenes
in food. Int. J. Food Microbiol. 2019, 288, 13-21. https://doi.org/10.1016/j.ijfoodmicro.2018.03.024.
90. Godreuil, S.; Galimand, M.; Gerbaud, G.; Jacquet, C.; Courvalin, P. Efflux pump Lde is associated
with fluoroquinolone resistance in Listeria monocytogenes. Antimicrob Agents Chemother 2003,
47:704-708 https://doi.org/10.1128/AAC.47.2.704-708.2003.

91. GOmez, D.; Azon, E.; Marco, N.; Carramifiana, J.J.; Rota, C.; Arifio, A.; Yanguela, J. Antimicrobial
resistance of Listeria monocytogenes and Listeria Innocua from meat products and meat-processing
environment. Food Microbiol. 2014, 42, 61-65. https://doi.org/10.1016/j.fm.2014.02.017.

92. GOmez-Camarasa, C. Listeria and Erysipelothrix, in: Encyclopedia of Infection and Immunity.
2022. https://doi.org/10.1016/B978-0-12-818731-9.00079-3

93. GOmez-Laguna, J.; Cardoso-Toset, F.; Meza-Torres, J.; Pizarro-Cerda, J.; and Quereda, J. J.
Virulence potential of Listeria monocytogenes strains recovered from pigs in Spain. Vet Rec. 2020,
28;187(11):e101.

130



Besart F. Jashari

94. Goudet, J. and Jombart, T. Hierfstat: estimation and tests of hierachical F-statistics v 0.5—7. 2020.
Wein: CRAN.

95. Goulet, V.; de Valk, H.; Pierre, O.; Stainer, F.; Rocourt, J.; Vaillant, V.; Jacquet, C.; Desenclos, J.C.
Effect of prevention measures on incidence of human listeriosis, France, 1987-1997. Emerg. Infect. Dis.
2001, 7, 983-989. https://doi.org/10.3201/eid0706.010610.

96. Goulet, V.; King, L.A.; Vaillant, V. and de Valk, H. What is the incubation period for listeriosis.
BMC Infectious Diseases 2013, 13:11.

97. Goulet, V.; Rocourt, J.; Rebiere, I.; Jacquet, C.; Moyse, C.; Dehaumont, P.; Salvat, G.; Veit, P.
Listeriosis outbreak associated with the consumption of rillettes in France in 1993. J. Infect. Dis. 1988,
177. https://doi.org/10.1086/513814.

98. Granier, S.A.; Moubareck, C.; Colaneri, C.; Lemire, A.; Roussel, S.; Dao, T.T.; Courvalin, P.;
Brisabois, A. Antimicrobial resistance of Listeria monocytogenes isolates from food and the environment
in France over a 10-year period. Appl. Environ. Microbiol. 2011, 77, 2788-2790.
https://doi.org/10.1128/AEM.01381-10.

99. Gray, M.J.; Freitag, N.E.; Boor, K.J. How the Bacterial Pathogen Listeria monocytogenes Mediates
the Switch from Environmental Dr. Jekyll to Pathogenic Mr. Hyde. Infect Immun. 2006,
74:.https://doi.org/10.1128/iai.74.5.2505-2512.2006

100. Grif, K., et al., Incidence of fecal carriage of Listeria monocytogenes in three healthy volunteers: a
one-year prospective stool survey. European Journal of Clinical Microbiology and Infection Diseases,
2003. 22(1): p. 16-20.

101. Guillet, C.; Join-Lambert, O.; Le Monnier, A.; Leclercg, A.; Mechali, F.; Mamzer-Bruneel, M.F;
Bielecka, M.K.; Scortti, M.; Disson, O.; Berche, P.; Vazquez-Boland, J.; Lortholary, O.; Lecuit, M.
Human listeriosis caused by Listeria ivanovii. Emerg. Infect. Dis. 2010, 16.
https://doi.org/10.3201/eid1601.091155.

102. Guston, D. Food Standards Australia New Zealand, in: Encyclopedia of Nanoscience and Society.
2012, https://doi.org/10.4135/9781412972093.n134.

103. Halbedel, S.; Wilking H.; Holzer, A.; Kleta, S.; Fischer, M. A.; Lith, S.; Pietzka, A.; Huhulescu, S.;
Lachmann, R.; Krings, A.; Ruppitsch, W.; Leclercq, A.; Kamphausen, R.; Meincke, M.; Wagner-
Wiening, C.; Contzen, M.; Kraemer, I. B.; Al Dahouk, S.; Allerberger, F.; Stark, K.; and Flieger, A. Large
nationwide outbreak of invasive listeriosis associated with blood sausage, Germany, 2018-2019. Emerg
Infect Dis. 2020, 26(7):1456-1464.

104. Hamidi, A.; Bisha, B.; Goga, I.; Wang, B.; Robaj, A.; Sylejmani, D.S. A case report of sporadic
ovine listerial  meningoencephalitis in  Kosovo. Vet. Ital. 2020, 56, 205-211.
https://doi.org/10.12834/2166.12781.3.

131


https://doi.org/10.12834/2166.12781.3

Characterization, Genetic Typing and Antimicrobial Resistance of Listeria monocytogenes from
Food Chain of Kosovo

105. Hamon, M.; Bierne, H.; Cossart, P. Listeria monocytogenes: a multifaceted model. Nature reviews.
Microbiology, 2006, 4(6), 423-434. https://doi.org/10.1038/nrmicro1413.

106. Hanes, R. M.; Huang, Z. Investigation of Antimicrobial Resistance Genes in Listeria monocytogenes
from 2010 through to 2021. International journal of environmental research and public health, 2022,
19(9), 5506. https://doi.org/10.3390/ijerph19095506.

107. Hassoun, A.; Stankovic, C.; Rogers, A.; Duffy, E.; Zidan, M.; Levijoki, C.; ... & Mahajan, P. Listeria
and enterococcal infections in neonates 28 days of age and younger: is empiric parenteral ampicillin still
indicated?. Pediatric emergency care, 2014, 30(4), 240-243.

108. Heiman, K. E.; Garalde, V. B.; Gronostaj, M.; Jackson, K. A.; Beam, S.; Joseph, L.; Saupe, A.;
Ricotta, E.; Waechter, H.; Wellman, A.; Adams-Cameron, M.; Ray, G.; Fields, A.; Chen, Y.; Datta, A;
Burall, L.; Sabol, A.; Kucerova, Z.; Trees, E.; Metz, M.; Leblanc, P.; Lance, S.; Griffin, P. M.; Tauxe, R.
V.; and Silk, B.J. Multistate outbreak of listeriosis caused by imported cheese and evidence of cross-
contamination of other cheeses, USA, 2012. Epidemiol. Infect. 2016, 144:2698-2708.

109. Henri, C.; Félix, B.; Guillier, L.; Leekitcharoenphon, P.; Michelon, D.; Mariet, J. F.; Aarestrup, F.
M.; Mistou, M. Y.; Hendriksen, R. S.; Roussel, S. Population Genetic Structure of Listeria
monocytogenes Strains as Determined by Pulsed-Field Gel Electrophoresis and Multilocus Sequence
Typing. Applied and  environmental microbiology, 82(18), 2016, 5720-5728.
https://doi.org/10.1128/AEM.00583-16.

110. Hernandez-Milian, A.; Payeras-Cifre, A. What is new in Listeriosis? Biomed Res. Int. 2014.
https://doi.org/10.1155/2014/358051.Heuck, A.P.; Moe, P.C.; Johnson, B.B. The cholesterol-dependent
cytolysin ~ family  of  gram-positive  bacterial ~ toxins.  Subcell.  Biochem. 2010,
51.https://doi.org/10.1007/978-90-481-8622-8 20.

111. Hilliard, A.; Leong, D.; O’Callaghan, A.; Culligan, E.P.; Morgan, C.A.; DeLappe, N.; Hill, C.;
Jordan, K.; Cormican, M.; Gahan, C.G.M. Genomic Characterization of Listeria monocytogenes Isolates
Associated with Clinical Listeriosis and the Food Production Environment in Ireland. Genes 2018, 9,
171. https://doi.org/10.3390/genes9030171.

112. Hof, H. Listeria monocytogenes: a causative agent of gastroenteritis?. European journal of clinical
microbiology & infectious diseases: official publication of the European Society of Clinical
Microbiology, 2001, 20(6), 369-373.

113. Hoffmann, S.; Maculloch, B.; Batz, M. Economic burden of major foodborne illnesses acquired in
the United States, in: Economic Cost of Foodborne Ilinesses in the United States. 2015.

114. Jackson, K. A.; Gould, L. H.; Hunter, J. C.; Kucerova, Z.; Jackson, B. Listeriosis Outbreaks
Associated with Soft Cheeses, United States, 1998-20141. Emerging infectious diseases, 2018, 24(6),
1116-1118. https://doi.org/10.3201/eid2406.171051.

132



Besart F. Jashari

115. Jacquet, C.; Brouille, F.; Saint-Cloment, C.; Catimel, B.; Rocourt, J. La listeriose humaine en France
en 1998 - Donnees du Centre national de reference des Listeria. J. Pediatr. Pueric. 2000.
https://doi.org/10.1016/S0987-7983(00)88846-5.

116. Jacquet, C.; Doumith, M.; Gordon, J. I.; Martin, P. M.; Cossart, P.; and Lecuit, M. A molecular
marker for evaluating the pathogenic potential of foodborne Listeria monocytogenes. J. Infect. Dis.
2004, 189, 2094-2100. doi: 10.1086/420853.

117. Jankuloski, D.; Sekulovski, P.; Angelovski, L.; Kostova, S.; Ratkova, M.; Prodanov, M. Detection
of antimicrobial sensitiveness of isolates of Listeria monocytogenes from food chain using Vitek 2
Compact Biomerieux. Maced. Vet. Rev. 2010, 33, 13-18.

118. Jashari, B.; Capitaine, K.; Bisha, B.; Stessl, B.; Blagoevska, K.; Cana, A.; Jankuloski, D.; Felix, B.
Molecular characterization of Listeria monocytogenes in the food chain of the Republic of Kosovo from
2016 to 2022. Foods 2024, 13, 2883. https://doi.org/10.3390/foods13182883.

119. Jergensen, J.B.; Bland, R.; Waite-Cusic, J.; Kovacevié, J. Diversity and antimicrobial resistance of
Listeria spp. and L. monocytogenes clones from produce handling and processing facilities in the pacific
northwest. Food Control 2021, 123, 107665. https://doi.org/10.1016/j.foodcont.2020.107665.

120. Jovanovi¢, N.; Pustahija, T.; Vukovi¢, V.; Rajcevi¢, S.; Dragovac, G. Epidemiological
characteristics of human listeriosis in Vojvodina, Serbia, in the period 2005-2020. Arch. Vet. Med. 2022,
15, 73-86. https://doi.org/10.46784/e-avm.v15i2.306.

121. Junttila, J.R.; Niemel, S.I.; Hirn, J. Minimum growth temperatures of Listeria monocytogenes and
non-haemolytic listeria. J. Appl. Bacteriol. 1988, 65, 321-327.

122. Kamp HD, Higgins DE. A protein thermometer controls temperature-dependent transcription of
flagellar motility genes in Listeria monocytogenes. PL0oS Pathog. 2011;7: e1002153. doi:
10.1371/journal.ppat.1002153

123. Kapoor, G.; Saigal, S., & Elongavan, A. Action and resistance mechanisms of antibiotics: A guide
for clinicians. Journal of Anaesthesiology Clinical Pharmacology, 2017, 33(3), 300-305.

124, Kathariou, S. Listeria monocytogenes virulence and pathogenicity, a food safety perspective. J. Food
Prot. 2002. https://doi.org/10.4315/0362-028X-65.11.1811.

125. Kayode, A.J., Igbinosa, E.O., Okoh, A.l. Overview of listeriosis in the Southern African
Hemisphere—Review. J. Food Saf. 2020, 40, e12732. https://doi.org/10.1111/jfs.12732.

126. Kayode, A.J.; Okoh, A.l. Antimicrobial-Resistant Listeria monocytogenes in Ready-to-Eat Foods:
Implications for Food Safety and Risk Assessment. Foods 2023, 12, 1346.
https://doi.org/10.3390/foods12061346.

127. Kayode, A.J.; Okoh, A.l. Assessment of multidrug-resistant Listeria monocytogenes in milk and
milk  product and One Health perspective. PLoS ONE 2022, 17, e0270993.
https://doi.org/10.1371/journal.pone.0270993.

133



Characterization, Genetic Typing and Antimicrobial Resistance of Listeria monocytogenes from
Food Chain of Kosovo

128. Kayode, A.J.; Okoh, A.l. Assessment of multidrug-resistant Listeria monocytogenes in milk and
milk  product and One Health perspective. PL0S One 2022¢, 17, 1-21.
https://doi.org/10.1371/journal.pone.0270993.

129. Kayode, A.J.; Okoh, A.l. Assessment of the molecular epidemiology and genetic multiplicity of
Listeria monocytogenes recovered from ready-to-eat foods following the South African listeriosis
outbreak. Sci. Rep. 2022a, 12, 20129. https://doi.org/10.1038/s41598-022-20175-X.

130. Kayode, A.J.; Okoh, A.l. Incidence and genetic diversity of multi-drug resistant Listeria
monocytogenes isolates recovered from fruits and vegetables in the Eastern Cape Province, South Africa.
Int. J. Food Microbiol. 2022b. https://doi.org/10.1016/j.ijfoodmicro.2021.109513.

131. Kérouanton, A.; Marault, M.; Petit, L.; Grout, J.; Dao, T.T.; Brisabois, A. Evaluation of a multiplex
PCR assay as an alternative method for Listeria monocytogenes serotyping. J. Microbiol. Methods 2010,
80, 134-137. https://doi.org/10.1016/j.mimet.2009.11.008.

132. Kevenk, T.O.; Gulel, G.T. Prevalence, antimicrobial resistance and serotype distribution of Listeria
monocytogenes isolated from raw milk and dairy products. J. Food Safety. 2016, 36, 11-18.
https://doi.org/10.1111/jfs.12208.

133. Kim, H.; Bhunia, A.K. SEL, a selective enrichment broth for simultaneous growth of Salmonella
enterica, Escherichia coli O157:H7, and Listeria monocytogenes. Appl. Environ. Microbiol. 2008, 74.
https://doi.org/10.1128/AEM.02756-07.

134. Kim, S.; Chen, J.; Cheng, T.; Gindulyte, A.; He, J.; He, S.; ... & Bolton, E. E. PubChem 2019 update:
improved access to chemical data. Nucleic acids research, 2019, 47(D1), D1102-D1109.

135. King, N.; Lake, R. and Cressey, P. Risk Profile: Listeria monocytogenes in raw milk. Prepared for
the Ministry for Primary Industries under project MRP/12/01. 2014, Client report number: FW13052.
136. Kiss, R.; Tirczka, T.; Szita, G.; Bernath, S.; Csikd, G. Listeria monocytogenes food monitoring data
and incidence of human listeriosis in Hungary, 2004. Int. J. Food Microbiol. 2006, 112, 71-74.
https://doi.org/10.1016/j.ijfoodmicro.2006.06.013.

137. Kleta, S.; Hammerl, J.A.; Dieckmann, R.; Malorny, B.; Borowiak, M.; Halbedel, S., et al. Molecular
Tracing to Find Source of Protracted Invasive Listeriosis Outbreak, Southern Germany, 2012-2016.
Emerging Infectious Diseases. 2017;23(10):1680.

138. Koch, J.; Dworak, R.; Prager, R.; Becker, B.; Brockmann, S.; Wicke, A.; Wichmann Schauer, H.;
Hof, H.; Werber, D., and Stark, K. Large listeriosis outbreak linked to cheese made from pasteurized
milk, Germany, 2006-2007. Foodborne Pathogens and Disease 2010, 7:1581-1584.

139. Korsak, D.; Borek, A.; Daniluk, S.; Grabowska, A.; Pappelbaum, K. Antimicrobial susceptibilities
of Listeria monocytogenes strains isolated from food and food processing environment in Poland. Int. J.
Food Microbiol. 2012, 158, 203-208. https://doi.org/10.1016/j.ijfoodmicro.2012.07.016.

134



Besart F. Jashari

140. Kramarenko, T.; Roasto, M.; Meremée, K.; Kuningas, M.; Pdltsama, P.; Elias, T. Listeria
monocytogenes prevalence and serotype diversity in various foods. Food Control 2013, 30, 24-29.
https://doi.org/10.1016/j.foodcont.2012.06.047.

141. Krumperman, P.H. Multiple antibiotic resistance indexing of Escherichia coli to identify high-risk
sources of fecal contamination of foods. Multiple Antibiotic Resistance Indexing of Escherichia coli to
Identify High-Risk Sources of Fecal Contamination of Foods. Appl. Environ. Microbiol. 1983, 46, 165—
170. PMID: 6351743.

142. Kubicova, Z.; Roussel, S.; Felix, B.; Cabanova, L. Genomic diversity of Listeria monocytogenes
isolates from Slovakia (2010 to 2020). Front. Microbiol. 2021, 12, 729050.
https://doi.org/10.3389/fmich.2021.729050.

143. Kukleci, E.; Smulders, F.J.M.; Hamidi, A.; Bauer, S.; Paulsen, P. Prevalence of foodborne
pathogenic bacteria, microbial levels of hygiene indicator bacteria, and concentrations of biogenic amines
in ready-to-eat meat products at retail in the Republic of Kosovo. J. Food Prot. 2019, 82, 1135-1140.
https://doi.org/10.4315/0362-028X.JFP-19-060.

144, Kurpas, M.; Osek, J.; Moura, A.; Leclercg, A.; Lecuit, M.; Wieczorek, K. Genomic Characterization
of Listeria monocytogenes Isolated from Ready-to-Eat Meat and Meat Processing Environments in
Poland. Front Microbiol. 2020, 11, 1412. https://doi.org/10.3389/fmicb.2020.01412.

145, Lachtara, B.; Wieczorek, K.; Osek, J. Antimicrobial resistance of Listeria monocytogenes
serogroups lla and IVb from food and food-production environments in Poland. J. Vet. Res. 2023, 67,
373-379. https://doi.org/10.2478/jvetres-2023-0050.

146. Laksanalamai, P.; Joseph, L. A.; Silk, B. J.; Burall, L. S.; Tarr, C. L.; Gerner-Smidt, P.; and Datta,
A. R. Genomic characterization of Listeria monocytogenes strains involved in a multistate listeriosis
outbreak associated with cantaloupe in US. PLoSOne 2012, 7: e42448.

147. Lamont, R.F.; Sobel, J.; Mazaki-Tovi, S.; Kusanovic, J.P.; Vaisbuch, E.; Kim, S.K.; Uldbjerg, N.;
Romero, R. Listeriosis in human pregnancy: a systematic review. J Perinat Med. 2011 May;39(3):227-
36. doi: 10.1515/jpm.2011.035. Epub 2011 Apr 25. PMID: 21517700; PMCID: PMC3593057.

148. Leclercq, A.; Chenal-Francisque, V.; Dieye, H.; Cantinelli, T.; Drali, R.; Brisse, S.; Lecuit, M.
Characterization of the novel Listeria monocytogenes PCR serogrouping profile IVb-vl. Int. J. Food
Microbiol. 2011, 147. https://doi.org/10.1016/j.ijfoodmicro.2011.03.010.

149. Lee, S. H., Lee, S, Park, S. H., & Koo, O. K. (2023). Whole-genome sequencing of Listeria
monocytogenes isolated from the first listeriosis foodborne outbreak in South Korea. Frontiers in
microbiology, 14, 1182090. https://doi.org/10.3389/fmich.2023.1182090.

150. Li, X.; Zheng, J.; Zhao, W.; Wu, Y. Prevalence of Listeria monocytogenes in Milk and Dairy Product
Supply Chains: A Global Systematic Review and Meta-analysis. Foodborne pathogens and disease, 2024,
21(9), 526-535. https://doi.org/10.1089/fpd.2024.0029.

135



Characterization, Genetic Typing and Antimicrobial Resistance of Listeria monocytogenes from
Food Chain of Kosovo

151. Li, X.-P.; Wang, S.-F.; Hou, P.-B.; Liu, J.; Du, P.; Bai, L.; Fanning, S.; Zhang, H.-N.; Chen, Y.-Z,;
Zhang, Y.-K.; Kang, D.-M. Nosocomial cross-infection of hypervirulent Listeria monocytogenes
sequence type 87 in China. Ann. Transl. Med. 2020, 8. https://doi.org/10.21037/atm-19-2743.

152. Linnan, M. J., et al. Epidemic listeriosis associated with Mexican-style cheese*. New England
Journal of Medicine, 1988, 319(13), 823-828.

153. Liu, T.P,; Lin, L.C.; Chang, S.C.; Ou, Y.H.; Lu, J.J. Molecular Characteristics and Virulence Profile
of Clinical Listeria monocytogenes Isolates in Northern Taiwan, 2009-2019. Foodborne Pathog Dis.
2024, 21, 386-394. https://doi.org/10.1089/fpd.2023.0136.

154. Liu, Y.; Sun, W.; Sun, T.; Gorris, L.G.M.; Wang, X.; Liu, B.; Dong, Q. The prevalence of Listeria
monocytogenes in meat products in China: A systematic literature review and novel meta-analysis
approach. Int. J. Food Microbiol. 2020, 312. https://doi.org/10.1016/j.ijfoodmicro.2019.108358.

155. Luque-Sastre, L.; Arroyo, C.; Fox, E. M.; McMahon, B. J.; Bai, L.; Li, F.; Fanning, S. Antimicrobial
Resistance in Listeria Species. Microbiology spectrum, 2018, 6(4), 10.1128/microbiolspec.arba-0031-
2017. https://doi.org/10.1128/microbiolspec. ARBA-0031-2017.

156. Liuth, S.; Kleta, S.; Al Dahouk, S. Whole genome sequencing as a typing tool for foodborne
pathogens like Listeria monocytogenes - The way towards global harmonisation and data exchange.
Trends in Food Science & Technology. 2018;73:67-75.

157. Mackiw, E.; Stasiak, M.; Kowalska, J.; Kucharek, K.; Korsak, D.; Postupolski, J. Occurrence and
characteristics of Listeria monocytogenes in ready-to-eat meat products in Poland. J. Food Prot. 2020, 83,
1002-1009. https://doi.org/10.4315/JFP-19-525.

158. Maiden, M.C. Multilocus sequence typing of bacteria. Annu. Rev. Microbiol. 2006, 60, 561-588.
https://doi.org/10.1146/annurev.micro.59.030804.121325.

159. Mangen, M.J.; Bouwknegt, M.; Friesema, |.H.; Haagsma, J.A.; Kortbeek, L.M.; Tariq, L.; Wilson,
M.; van Pelt, W.; Havelaar, A.H. Cost-of-illness and disease burden of food-related pathogens in the
Netherlands, 2011. Int. J Food Microbiol. 2015, 196, 84-93.
https://doi.org/10.1016/j.ijfoodmicro.2014.11.022.

160. Manyi-Loh, C.E.; Okoh, A.l.; Lues, R. Occurrence and Multidrug Resistance in Strains of Listeria
monocytogenes Recovered from the Anaerobic Co-Digestion Sludge Contained in a Single Stage Steel
Biodigester: Implications for Antimicrobial Stewardship. Microorganisms 2023, 11, 725.
https://doi.org/10.3390/microorganisms11030725.

161. Margulies, M.; Egholm, M.; Altman, W.E.; Attiya, S.; Bader, J.S.; Bemben, L.A., et al. Genome
sequencing in microfabricated high-density picolitre reactors. Nature. 2005;437(7057):376-80.- CDC.
2022.  Listeriosis.  Centers for Disease Control and Prevention. Available at:

https://www.cdc.gov/listeria/index.html.

136



Besart F. Jashari

162. Martin, B.; Perich, A.; Gomez, D.; Yanguela, J.; Rodriguez, A.; Garriga, M.; Aymerich, T. Diversity
and distribution of Listeria monocytogenes in meat processing plants. Food Microbiol. 2014, 44, 119-
127. https://doi.org/10.1016/j.fm.2014.05.014.

163. Martinez Rios, V., & Dalgaard, P. (2018). New term for effect of temperature on pHMIN-values in
cardinal parameter growth models for Listeria monocytogenes. Abstract from 26th International ICFMH
Conference, Berlin, Berlin, Germany.

164. Matle, I.; Mbatha, K.R.; Madoroba, E. A review of Listeria monocytogenes from meat and meat
products: Epidemiology, virulence factors, antimicrobial resistance and diagnosis. Onderstepoort J. Vet.
2020, Res. 87. https://doi.org/10.4102/0jvr.v87i1.1869.

165. Maurella, C.; Gallina, S.; Ru, G., et al. Outbreak of febrile gastroenteritis caused by Listeria
monocytogenes 1/2a in sliced cold beef ham, Italy, May 2016. Euro Surveill. 2018; 23(10):17-00155.
doi:10.2807/1560-7917.ES.2018.23.10.17-00155.

166. Maury, M.M.; Bracg-Dieye, H.; Huang, L.; Vales, G.; Lavina, M.; Thouvenot, P.; Disson, O.;
Leclercqg, A.; Brisse, S.; Lecuit, M. Hypervirulent Listeria monocytogenes clones’ adaption to
mammalian gut accounts for their association with dairy products. Nat. Commun. 2019. 10.
https://doi.org/10.1038/s41467-019-10380-0.

167. Maury, M.M.; Tsai, Y.H.; Charlier, C.; Touchon, M.; Chenal-Francisque, V.; Leclercg, A
Criscuolo, A.; Gaultier, C.; Roussel, S.; Brisabois, A.; Disson, O.; Rocha, E.P.C.; Brisse, S.; Lecuit, M.
Uncovering Listeria monocytogenes hypervirulence by harnessing its biodiversity. Nat. Genet. 2016.
https://doi.org/10.1038/ng.3501.

168. Mclintyre, R. S.; Xiao, H. X.; Syeda, K.; Vinberg, M.; Carvalho, A. F.; Mansur, R. B.; Maruschak,
N.; & Cha, D. S. The prevalence, measurement, and treatment of the cognitive dimension/domain in
major depressive disorder. CNS drugs, 2015, 29(7), 577-589. https://doi.org/10.1007/s40263-015-0263-
X

169. Mead, P. S., et al. Food-related illness and death in the United States. Emerging Infectious Diseases,
1999, 5(5), 607-625.

170. Mehmeti, I.; Bytyqi, H.; Muji, S.; Nes, I.F.; Diep, D.B. The prevalence of Listeria monocytogenes
and Staphylococcus aureus and their virulence genes in bulk tank milk in Kosovo. J. Infect. Dev. Ctries.
2017, 11, 247-254. https://doi.org/10.3855/jidc.8256.

171. Meloni, D.; Piras, F.; Mureddu, A.; Fois, F.; Consolati, S.G.; Lamon, S.; Mazzette, R. Listeria
monocytogenes in five Sardinian swine slaughterhouses: Prevalence, Serotype and Genotype
Characterization. J. Food Prot. 2013, 76, 1863-1867. https://doi.org/10.4315/0362-028X.JFP-12-505.
172. Meloni, D.; Galluzzo, P.; Mureddu, A.; Piras, F.; Griffiths, M.; Mazzette, R. Listeria monocytogenes
in RTE foods marketed in Italy: prevalence and automated EcoRlI ribotyping of the isolates. International
journal of food microbiology, 2009, 129(2), 166-173.

137



Characterization, Genetic Typing and Antimicrobial Resistance of Listeria monocytogenes from
Food Chain of Kosovo

173. https://doi.org/10.1016/j.ijfoodmicro.2008.11.014 Mohapatra, R.K.; Mishra, S.; Tuglo, L.S;
Sarangi, A.K.; Kandi, V.; Al Ibrahim, A.A.; Alsaif, H.A.; Rabaan, A.A.; Zahan, M.K. Recurring food
source-based Listeria outbreaks in the United States: An unsolved puzzle of concern? Health Sci. Rep.
2024, 7, 1863. https://doi.org/10.1002/hsr2.1863.

174. Montero, D.; Bodero, M.; Riveros, G.; Lapierre, L.; Gaggero, A.; Vidal, R. M., and Vidal, M.
Molecular epidemiology and genetic diversity of Listeria monocytogenes isolates from a wide variety of
ready-to-eat foods and their relationship to clinical strains from listeriosis outbreaks in Chile. Front
Microbiol. 2015, 6:384.

175. Mook, P.; O'Brien, S.J.; Gillespie, I.A. Concurrent conditions and human listeriosis, England, 1999-
2009. Emerg Infect Dis. 2011;17(1):38-43. doi:10.3201/eid1701.101174.

176. Moura, A.; Criscuolo, A.; Pouseele, H.; Maury, M.M.; Leclercq, A.; Tar, C.; Bjorkman, J.T.;
Dallman, T.; Reimer, A.; Enouf, V.; et al. Whole genome-based population biology and epidemiological
surveillance of Listeria monocytogenes. Nat. Microbiol. 2016, 2, 16185.
https://doi.org/10.1038/nmicrobiol.2016.185.

177. Moura, A.; Tourdjman, M.; Leclercqg, A.; Hamelin, E.; Laurent, E.; Fredriksen, N.; Van Cauteren,
D.; Bracg-Dieye, H.; Thouvenot, P.; Vales, G.; et al. Real-time whole-genome sequencing for
surveillance of Listeria monocytogenes, France. Emerg. Infect. Dis. 2017, 23, 1462-1470.
https://doi.org/10.3201/eid2309.170336.

178. Mylonakis, Eleftherios et al. “Listeriosis during pregnancy: a case series and review of 222 cases.”
Medicine vol. 81,4 2002: 260-9. doi:10.1097/00005792-200207000-00002.

179. Nadon, C. A.; Woodward, D. L.; Young, C.; Rodgers, F. G.; Wiedmann, M. Correlations between
molecular subtyping and serotyping of Listeria monocytogenes. Journal of clinical microbiology, 2001,
39(7), 2704-2707. https://doi.org/10.1128/JCM.39.7.2704-2707.2001.

180. Nadon, C.;Van Walle, I.; Gerner-Smidt, P.; Campos, J.; Chinen, I.; Concepcion-Acevedo,
J.; Gilpin, B.; Smith, A. M.; Kam, K. M.; Perez, E.; Trees, E.; Kubota, K.; Takkinen, J.; Nielsen, E.
M.; Carleton, H.; FWD-NEXT Expert Panel. PulseNet International: Vision for the implementation of
whole genome sequencing (WGS) for global food-borne disease
surveillance. EuroSurveill. 2017;22(23):pii=30544. https://doi.org/10.2807/1560-
7917.ES.2017.22.23.30544.

181. Neoh, Hui-Min; Tan, X.E.; Sapri, H.F.; Tan, T.L. Pulsed-field gel electrophoresis (PFGE): A review
of the “gold standard” for bacteria typing and current alternatives. Infect. Genet. Evol. 2019.
https://doi.org/10.1016/j.meegid.2019.103935.

182. Nightingale, K.K.; Windham, K.; Wiedmann, M. Evolution and molecular phylogeny of Listeria
monocytogenes isolated from human and animal listeriosis cases and foods. J. Bacteriol. 2005, 187.
https://doi.org/10.1128/JB.187.16.5537-5551.2005.

138



Besart F. Jashari

183. Noll, M.; Kleta, S.; Al Dahouk, S. Antibiotic susceptibility of 259 Listeria monocytogenes strains
isolated from food, food-processing plants and human samples in Germany. J. Infect. Public Health 2018,
11, 572-577. https://doi.org/10.1016/j.jiph.2017.12.007.

184. Oevermann, A.; Zurbriggen, A.; Vandevelde, M. Rhombencephalitis caused by Listeria
monocytogenes in humans and ruminants: A zoonosis on the rise? Interdiscip. Perspect. Infect. Dis. 2010.
https://doi.org/10.1155/2010/632513.

185. Olaimat, A. N.; Holley, R. A. Factors influencing the microbial safety of fresh produce: A review.
Food Microbiology, 2012, 32(1), 1-19. https://doi.org/10.1016/j.fm.2012.04.016.

186. Olaimat, A.N.; Al-Holy, M.A.; Shahbaz, H.M.; Al-Nabulsi, A.A.; Abu Ghoush, M.H.; Osaili, T.M.;
Ayyash, M.M.; Holley, R.A. Emergence of antibiotic resistance in Listeria monocytogenes isolated from
food products: A comprehensive review. Compr. Rev. Food Sci. Food Safety 2018, 17, 1277-1292.
https://doi.org/10.1111/1541-4337.12387.

187. Olanya, O.M.; Hoshide, A.K.; ljabadeniyi, O.A.; Ukuku, D.O.; Mukhopadhyay, S.; Niemira, B.A;
Ayeni, O. Cost estimation of listeriosis (Listeria monocytogenes) occurrence in South Africa in 2017 and
its food safety implications. Food Control 2019, 102, 231-239.
https://doi.org/10.1016/j.foodcont.2019.02.007.

188. Ooi, S.T.; Lorber, B. Gastroenteritis due to Listeria monocytogenes. Clin. Infect. Dis. 2005, 40.
https://doi.org/10.1086/429324.

189. Orsi, R.H.; Bakker, H.C. de.; Wiedmann, M. Listeria monocytogenes lineages: Genomics, evolution,
ecology, and phenotypic characteristics. Int. J. Med. Microbiol. 2011.
https://doi.org/10.1016/j.ijmm.2010.05.002.

190. Orsi, R.H.; Liao, J.; Carlin, C.R.; Wiedmann, M. Taxonomy, ecology, and relevance to food safety
of the genus Listeria with a particular consideration of new Listeria species described between 2010 and
2022. MBio. 2024. https://doi.org/10.1128/mbio.00938-23.

191. Orsi, R.H.; Wiedmann, M. Characteristics and distribution of Listeria spp., including Listeria species
newly described since 2009. Appl. Microbiol. Biotechnol. 2016. https://doi.org/10.1007/s00253-016-
7552-2.

192. Osek, J.; Lachtara, B.; Wieczorek, K. Listeria monocytogenes in foods—From culture identification
to whole-genome characteristics. Food Sci. Nutr. 2022. https://doi.org/10.1002/fsn3.2910.

193. Osek, J.; Wieczorek, K. Listeria monocytogenes-How This Pathogen Uses Its Virulence
Mechanisms to Infect the Hosts. Pathogens (Basel, Switzerland), 2022, 11(12), 1491
https://doi.org/10.3390/pathogens11121491.

194. Osek, J.; Wieczorek, K. Why does Listeria monocytogenes survive in food and food-production
environments? J. Vet. Res. 2023. https://doi.org/10.2478/jvetres-2023-0068.

139



Characterization, Genetic Typing and Antimicrobial Resistance of Listeria monocytogenes from
Food Chain of Kosovo

195. Pagliano, P.; Arslan, F.; Ascione, T. Epidemiology and treatment of the commonest form of
listeriosis: Meningitis and bacteraemia. Le Infez. Med. 2017, 25, 210-216. PMID: 28956537.

196. Painset, A.; Bjorkman, J.T.; Kiil, K.; Guillier, L.; Mariet, J.F.; Felix, B.; Amar, C.; Rotariu, O.;
Roussel, S.; Perez-Reche, F.; et al. LISEQ—Whole-genome sequencing of a cross-sectional survey of
Listeria monocytogenes in ready-to-eat foods and human clinical cases in Europe. Microb. Genom. 2019,
5, e000257. https://doi.org/10.1099/mgen.0.000257.

197. Pérez-Trallero, E.; Zigorraga, C.; Artieda, J.; Alkorta, M.; Marimén, J.M. Two outbreaks of Listeria
monocytogenes infection, Northern Spain. Emerg. Infect. Dis. 2014, 20.
https://doi.org/10.3201/eid2012.140993.

198. Petrisic, N.; Kozorog, M.; Aden, S.; Podobnik, M.; Anderluh, G. The molecular mechanisms of
listeriolysin O-induced lipid membrane damage. Biochimica et Biophysica Acta (BBA) — Biomembranes,
Volume 1863, Issue 7, 2021, 183604. https://doi.org/10.1016/j.bbamem.2021.183604.

199. Pichler, J.; Much, P.; Kasper, S.; Fretz, R.; Auer, B.; Kathan, J.; Mann, M.; Huhulescu, S,
Ruppitsch, W.; Pietzka, A.; Silberbauer, K.; Neumann, C.; Gschiel, E.; de Martin, A.; Schuetz, A.; Gindl,
J.; Neugschwandtner, E., and Allerberger, F. An outbreak of febrile gastroenteritis associated with jellied
pork contaminated with Listeria monocytogenes. Wiener klinische Wochenschrift. 2009, 121:149-157.
200. Pietzka, A.; Allerberger, F.; Murer, A.; Lennkh, A.; Stoger, A.; Rosel, A.C.; Huhulescu, S;
Maritschnik, S.; Springer, B.; Lepuschitz, S. Whole genome sequencing based surveillance of L.
monocytogenes for early detection and investigations of listeriosis outbreaks. Front. Public Health 2019,
7, 139. https://doi.org/ 10.3389/fpubh.2019.00139.

201. Piffaretti, J.C.; Kressebuch, H.; Aeschbacher, M.; Bille, J.; Bannerman, E.; Musser, J.M.; Selander,
R.K.; Rocourt, J. Genetic characterization of clones of the bacterium Listeria monocytogenes causing
epidemic disease. Proc. Natl. Acad. Sci. U. S. A. 1989, 86. https://doi.org/10.1073/pnas.86.10.3818.
202. Portillo, F.G.-D.; Garrido, P.; Gautier, L.; Goebel, W.; Goémez-Lépez, N.; Hain, T.; Hauf, J.;
Jackson, D.; Jones, L.-M.; Kaerst, U.; Kreft, J.; Kuhn, M.; Kunst, F.; Kurapkat, G.; Maduefio, E.;
Maitournam, A.; Vicente, J.M.; Ng, E.; Nedjari, H.; Nordsiek, G.; Novella, S.; de Pablos, B.; Pérez-Diaz,
J.-C.; Purcell, R.; Remmel, B.; Rose, M.; Schlueter, T.; Simoes, N.; Tierrez, A.; Vazquez-Boland, J.-A.;
Voss, H.; Wehland, J.; Cossart, P. Comparative Genomics of Listeria Species. Science 2001, (80). 294.
https://doi.org/10.1126/science.1063447.

203. Pouillot, R.; Klontz, K. C.; Chen, Y.; Burall, L. S.; Macarisin, D., Doyle, M., Bally, K. M.; Strain,
E.; Datta, A. R.; Hammack, T. S., and Van Doren, J. M. Infectious dose of Listeria monocytogenes in
outbreak linked to ice cream, United States, 2015. Emerg. Infect. Dis. 2016, 22:2113-21109.

204. Prestinaci, F.; Pezzotti, P., & Pantosti, A. Antimicrobial resistance: a global multifaceted
phenomenon. Pathogens and Global Health, 2015, 109(7), 309-318.
https://doi.org/10.1179/2047773215Y.0000000030

140



Besart F. Jashari

205. Quereda, J.J.; Morén-Garcia, A.; Palacios-Gorba, C.; Dessaux, C.; Portillo, F.G.-D.; Pucciarelli,
M.G.; Ortega, A.D. Pathogenicity and virulence of Listeria monocytogenes: A trip from environmental
to medical microbiology. Virulence 2021, 12, 2509-2545.

206. Radoshevich, L.; Cossart, P. Listeria monocytogenes: Towards a complete picture of its physiology
and pathogenesis. Nat. Rev. 2018. Microbiol. https://doi.org/10.1038/nrmicro.2017.126.

207. Radoshevich, L.; Impens, F.; Ribet, D.; Quereda, J. J.; Nam Tham, T.; Nahori, M. A.; Bierne, H,;
Dussurget, O.; Pizarro-Cerda, J.; Knobeloch, K. P.; & Cossart, P. 1SG15 counteracts Listeria
monocytogenes infection. eLife, 2015, 4, e06848. https://doi.org/10.7554/eL ife.06848.

208. Ragon, M.; Wirth, T.; Hollandt, F.; Lavenir, R.; Lecuit, M.; Le Monnier, A.; Brisse, S. A new
perspective on Listeria monocytogenes evolution. PL0oS Pathog. 2008, 4, e1000146.
https://doi.org/10.1371/journal.ppat.1000146.

209. Relier, J.P. Listeriosis. J. Antimicrob. Chemother. 1979, 5, 51-57.
https://doi.org/10.1093/jac/5.Supplement_A.51.

210. Ricci, A.; Allende, A.; Bolton, D.; Chemaly, M.; Davies, R.; Fernandez Escdmez, P.S.; Girones, R.;
Herman, L.; Koutsoumanis, K.; Ngrrung, B.; Robertson, L.; Ru, G.; Sanaa, M.; Simmons, M.; Skandamis,
P.; Snary, E.; Speybroeck, N.; Ter Kuile, B.; Threlfall, J.; Wahlstrom, H.; Takkinen, J.; Wagner, M.;
Arcella, D.; Da Silva Felicio, M.T.; Georgiadis, M.; Messens, W.; Lindqvist, R. Listeria monocytogenes
contamination of ready-to-eat foods and the risk for human health in the EU. 2018. Volumel®6.
https://doi.org/10.2903/j.efsa.2018.5134.

211. Rippa, A.; Bilei, S.; Peruzy, M. F.; Marrocco, M. G.; Leggeri, P.; Bossu, T.; Murru, N. Antimicrobial
Resistance of Listeria monocytogenes Strains Isolated in Food and Food-Processing Environments in
Italy. Antibiotics (Basel, Switzerland), 2024, 13(6), 525.

212. Rocourt, J., et al. Epidemiology of Listeria monocytogenes in the general population. In Listeria,
Listeriosis, and Listeria monocytogenes (pp. 189-201). 2000, CRC Press.

213. Roedel, A.; Dieckmann, R.; Brendebach, H.; Hammerl, J.A.; Kleta, S.; Noll, M.; Al Dahouk, S.;
Vincze, S. Biocide-Tolerant Listeria monocytogenes Isolates from German Food Production Plants Do
Not Show Cross-Resistance to Clinically Relevant Antibiotics. Appl. Environ. Microbiol. 2019, 85,
e01253-19. https://doi.org/10.1128/AEM.01253-19.

214. Rogalla D, B.P. Listeria monocytogenes [WWW Document]. Treasure Isl. StatPearls Publ. 2024.
URL https://www.ncbi.nIm.nih.gov/books/NBK534838/ (accessed 12.5.24).

215. Roussel, S.; Michelon, D.; Lombard, B.; Lailler, R. Molecular typing of Listeria monocytogenes
strains isolated from food, feed and animals: State of play and standard operating procedures for pulsed
field gel electrophoresis (PFGE) typing, profile interpretation and curation. EFSA Support. Publ. 2014,
11, 702E. https://doi.org/10.2903/sp.efsa.2014.EN-702.

141



Characterization, Genetic Typing and Antimicrobial Resistance of Listeria monocytogenes from
Food Chain of Kosovo

216. Ruppitsch, W.; Pietzka, A.; Prior, K.; Bletz, S.; Fernandez, H.L.; Allerberger, F.; Harmsen, D.;
Mellmann, A. Defining and evaluating a core genome multilocus sequence typing scheme for whole-
genome sequence-based typing of Listeria monocytogenes. J. Clin. Microbiol. 2015, 53.
https://doi.org/10.1128/JCM.01193-15.

217. Ryser E T. Foodborne listeriosis. In: Ryser E T, Marth E H, editors. Listeria, listeriosis, and food
safety. 2nd ed. New York, N.Y: Marcel Dekker Inc.; 1999. pp. 299-358.

218. Salazar, J. K.; Carstens, C. K.; Bathija, V. M.; Narula, S. S.; Parish, M., and Tortorello, M. L. Fate
of Listeria monocytogenes in fresh apples and caramel apples. J. Food Prot. 2016, 79:696-702.

219. Salcedo, C.; Arreaza, L.; Alcala, B.; de la Fuente, L.; Vazquez, J.A. Development of a multilocus
sequence typing method for analysis of Listeria monocytogenes clones. J. Clin. Microbiol. 2003, 41, 757—
762. https://doi.org/10.1128/JCM.41.2.757-762.2003.

220. Saldivar, J.C.; Davis, M.L.; Johnson, M.G.; Ricke, S.C. Listeria monocytogenes adaptation and
growth at low temperatures: mechanisms and implications for foodborne disease. In Food and Feed Safety
Systems and Analysis; Academic Press: Cambridge, MA, USA, 2018; pp. 227-248.
https://doi.org/10.1016/b978-0-12-811835-1.00013-0.

221. Sanger, F.; Nicklen, S.; Coulson, A.R. DNA sequencing with chain-terminating inhibitors.
Proceedings of the National Academy of Sciences. 1977; 74(12):5463-7.

222. Sanlibaba, P.; Tezel, B.U.; Cakmak, G.A. Prevalence and Antibiotic Resistance of Listeria
monocytogenes Isolated from Ready-to-Eat Foods in Turkey. J. Food Qual. 2018, 2018, 7693782.
https://doi.org/10.1155/2018/7693782.

223. Sanlibaba, P.; Uymaz Tezel, B.; Cakmak, G.A.; Keskin, R.; Akgcelik, M. Occurrence of Listeria spp.
and antibiotic resistance profiles of Listeria monocytogenes from raw meat at retail in turkey. Italy J.
Food Sci. 2020, 32, 234-250. https://doi.org/10.14674/1JFS-1617.

224. Scallan, E.; Hoekstra, R. M.; Angulo, F. J.; Tauxe, R. V.; Widdowson, M-A.; Roy, S. L.; Jones, J.
L., and Griffin, P. M. Foodborne illness acquired in the United States — Major pathogens. Emerg. Infect.
Dis. 2011, 17:7-15.

225. Schardt, J.; Jones, G.; Miller-Herbst, S.; Schauer, K.; D’Orazio, S.E.F.; Fuchs, T.M. Comparison
between Listeria sensu stricto and Listeria sensu lato strains identifies novel determinants involved in
infection. Sci. 2017, Rep. 7. https://doi.org/10.1038/s41598-017-17570-0.

226. Schmidt, S. E.; Holub, G.; Sturino, J. M., & Matthew Taylor, T. Suppression of Listeria
monocytogenes Scott A in fluid milk by free and liposome-entrapped nisin. Probiotics and antimicrobial
proteins, 2009, 1, 152-158.

227. Schoder, D.; Guldimann, C.; Martlbauer, E. Asymptomatic Carriage of Listeria monocytogenes by
Animals and Humans and Its Impact on the Food Chain. Foods. 2022,
https://doi.org/10.3390/foods11213472.

142



Besart F. Jashari

228. Scortti, M.; Lacharme-Lora, L.; Wagner, M.; Chico-Calero, I.; Losito, P.; Vazquez-Boland, J.A.
Coexpression of virulence and fosfomycin susceptibility in Listeria: Molecular basis of an antimicrobial
in vitro-in vivo paradox. Nat. Med. 2006, 12, 515-517. https://doi.org/10.1038/nm1396.

229. Seeliger, H.P.R. Listeriosis - History and actual developments. Infection 1988, 16.
https://doi.org/10.1007/BF01639726.

230. Seeliger, H.P.R.; Jones, D. Genus Listeria Pirie. 1940, 383. In: 379 Bergey’s Manual of Systemic
Bacteriology, vol. 2, Sneath, Mair, Sharpe and Holt (Eds). Williams and Wilkins: Baltimore, MD; 1986.
231. Shotwell, M.S. Profdpm: An R package for MAP estimation in a class of conjugate product partition
models. J. Stat. Softw. 2013, 53. https://doi.org/10.18637/jss.v053.i08.

232. Sibanda, T.; Buys, E.M. Listeria monocytogenes Pathogenesis: The Role of Stress Adaptation.
Microorganisms 2022, 10, 1522. https://doi.org/10.3390/microorganisms10081522.

233. Silk, B. J.; Mahon, B. E.; Griffin, P. M.; Gould, L. H.; Tauxe, R. V.; Crim, S. M, ... & Henao, O.
L. Vital signs: Listeria illnesses, deaths, and outbreaks—United States, 2009-2011. Morbidity and
Mortality Weekly Report, 2013, 62(22), 448.

234. Silk, B.J.; Date, K.A.; Jackson, K.A.; Pouillot, R.; Holt, K.G.; Graves, L.M.; Ong, K.L.; Hurd, S.;
Meyer, R.; Marcus, R.; Shiferaw, B.; Norton, D.M.; Medus, C.; Zansky, S.M.; Cronquist, A.B.; Henao,
O.L.; Jones, T.F.; Vugia, D.J.; Farley, M.M.; Mahon, B.E. Invasive listeriosis in the foodborne diseases
active surveillance network (FoodNet), 2004-2009: Further targeted prevention needed for higher-risk
groups. Clin. Infect. Dis. 2012, 54. https://doi.org/10.1093/cid/cis268.

235. Smith, B.; Larsson, J. T.; Lisby, M.; Miller, L.; Madsen, S. B.; Engberg, J.; Bangsborg, J.;
Ethelberg, S., and Kemp, M. Outbreak of listeriosis caused by infected beef meat from a meals-on-wheels
delivery in Denmark 2009. Clin. Microbiol. Infect. 2011, 17:50-52.

236. Sosnowski, M.; Lachtara, B.; Wieczorek, K.; Osek, J. Antimicrobial resistance and genotypic
characteristics of Listeria monocytogenes isolated from food in Poland. Int J Food Microbiol. 2019, 289,
1-6. https://doi.org/10.1016/j.ijfoodmicro.2018.08.029.

237. Spickler, A R. Listeriosis. 2019. Available at:
https://lwww.cfsph.iastate.edu/Factsheets/pdfs/listeriosis.pdf. Accessed 22 June 2022.

238. Srinivasan, V.; Nam, H.M.; Nguyen, L.T.; Tamilselvam, B.; Murinda, S.E.; Oliver, S.P. Prevalence
of antimicrobial resistance genes in Listeria monocytogenes isolated from dairy farms. Foodborne Pathog.
Dis. 2005, 2, 201-211. https://doi.org/10.1089/fpd.2005.2.201.

239. Studenica, A.; Martlbauer, E.; Mulligi-Osmani, G. The prevalence of bacterial contaminants in
artisanal cheese sold in informal markets. The case of Kosovo. Food Sci. Appl. Biotechnol. 2022, 5, 77—
786. https://doi.org/10.30721/fsab2022.v5.i1.168.

143



Characterization, Genetic Typing and Antimicrobial Resistance of Listeria monocytogenes from
Food Chain of Kosovo

240. Takeuchi-Storm, N.; Hansen, L.T.; Nielsen, N.L.; Andersen, J.K. Presence and Persistence of
Listeria monocytogenes in the Danish Ready-to-Eat Food Production Environment. Hygiene 2023, 3, 18—
32. https://doi.org/10.3390/hygiene3010004.

241. Temple, M. E., & Nahata, M. C. Treatment of listeriosis. The Annals of pharmacotherapy, 2000,
34(5), 656-661. https://doi.org/10.1345/aph.19315.

242. Thévenot, D.; Delignette-Muller, M.L.; Christieans, S.; Vernozy-Rozand, C. Fate of Listeria
monocytogenes in experimentally contaminated French sausages. Int. J. Food Microbiol. 2005, 101, 189—
200. https://doi.org/10.1016/j.ijfoodmicro.2004.11.006.

243. Thomas, J.; N. Govender, K. M.; McCarthy, L. K.; Erasmus, T. J.; Doyle, M.; Allam, A.; Ismail, N.;
Ramalwa, P.; Sekwadi, G.; Ntshoe, A.; Shonhiwa, V.; Essel, N.; Tau, S.; Smouse, H. M.; Ngomane, B.;
Disenyeng, N. A.; Page, N. P.; Govender, A. G.; Duse, R.; Stewart, T.; Thomas, D.; Mahoney, M.;
Tourdjman, O.; Disson, P.; Thouvenot, M. M.; Maury, A.; Leclercg, M.; Lecuit, A. M.; Smith, and L. H.
Blumberg. Outbreak of listeriosis in South Africa associated with processed meat. N. Engl. J. Med. 2020,
382:632— 643.

244. Thomas, M.K.; Vriezen, R.; Farber, J.M.; Currie, A.; Schlech, W.; Fazil, A. Economic cost of a
Listeria monocytogenes outbreak in Canada, 2008. Foodborne Pathog. Dis. 2015, 12, 966-971.
https://doi.org/10.1089/fpd.2015.1965.

245. Thgnnings, S.; Knudsen, J.D.; Schgnheyder, H.C.; Sggaard, M.; Arpi, M.; Gradel, K.O.; @stergaard,
C.; Danish Collaborative Bacteraemia Network (DACOBAN). Antibiotic treatment and mortality in
patients with Listeria monocytogenes meningitis or bacteraemia. Clin. Microbiol. Infect. 2016, 22, 725-
730. https://doi.org/10.1016/j.cmi.2016.06.006.

246. Todd, E.C.D. and Notermans, S. Surveillance of listeriosis and its causative pathogen, Listeria
monocytogenes. Food Control 2011, 22:1484-1490.

247. Troxler, R.; von Graevenitz, A.; Funke, G.; Wiedemann, B.; Stock, I. Natural antibiotic
susceptibility of Listeria species: L. Grayi, L. Innocua, L. lvanovii, L. monocytogenes, L. Seeligeri and L.
Welshimeri strains. Clin. Microbiol. Infect. 2000, 6, 525-535. https://doi.org/10.1046/j.1469-
0691.2000.00168.x.

248. Vaillant, V.; De Valk, H.; Baron, E.; Ancelle, T.; Colin, P.; Delmas, M.C.; Dufour, B.; Pouillot, R.;
Le Strat, Y.; Weinbreck, P.; Jougla, E.; Desenclos, J.C. Foodborne infections in France. Foodborne
Pathog. Dis. 2005, 2. https://doi.org/10.1089/fpd.2005.2.221.

249. Valderrama, W.B.; Cutter, C.N. An ecological perspective of Listeria monocytogenes biofilms in
food processing facilities.  Crit. Rev. Food Sci. Nutr. 2013, 53, 801-817.
https://doi.org/10.1080/10408398.2011.561378.

250. Van Walle, 1.; Bjorkman, J. T.; Cormican, M.; Dallman, T.; Mossong, J.; Moura, A.; Pietzka, A.;
Ruppitsch, W.; Takkinen, J. European Listeria WGS typing group. Retrospective validation of whole

144



Besart F. Jashari

genome sequencing-enhanced surveillance of listeriosis in Europe, 2010 to 2015. Euro surveillance:
bulletin Europeen sur les maladies transmissibles = European communicable disease bulletin, 23(33),
2018, 1700798. https://doi.org/10.2807/1560-7917.ES.2018.23.33.1700798.

251. Vasseur, C.; Rigaud, N.; Hébraud, M., & Labadie, J. Combined effects of NaCl, NaOH, and biocides
(monolaurin or lauric acid) on inactivation of Listeria monocytogenes and Pseudomonas spp. J Food Prot,
2001, 64, 1442-1445.

252. Vazquez-Boland, J.A.; Kuhn, M.; Berche, P.; Chakraborty, T.; Dominguez-Bernal, G.; Goebel, W.;
Gonzélez-Zorn, B.; Wehland, J.; Kreft, J. Listeria pathogenesis and molecular virulence determinants.
Clin. Microbiol. Rev, 2001. https://doi.org/10.1128/CMR.14.3.584-640.2001.

253. Vines, A.; Swaminathan, B. Identification and characterization of nucleotide sequence differences
in three virulence-associated genes of Listeria monocytogenes strains representing clinically important
serotypes. Curr. Microbiol. 1998, 36, 309—318. https://doi.org/10.1007/s002849900315.

254, Vitullo, M.; Grant, K.A.; Sammarco, M.L.; Tamburro, M.; Ripabelli, G.; Amar, C.F.L. Real-time
PCRs assay for serogrouping Listeria monocytogenes and differentiation from other Listeria spp. Mol.
Cell. Probes 27, 2013. https://doi.org/10.1016/j.mcp.2012.10.001.

255. Wagner, M.; Eliskases-Lechner, F.; Rieck, P.; Hein, I.; Allerberger, F. Characterization of Listeria
monocytogenes isolates from 50 small-scale Austrian cheese factories. J. Food Prot. 2006, 69, 1297—
1303. https://doi.org/10.4315/0362-028X-69.6.1297.

256. Walker, S.J.; Archer, P.; Banks, J.G. Growth of Listeria monocytogenes at refrigeration
temperatures. J.  Appl. Bacteriol. 1990, 68, 157-162. https://doi.org/10.1111/j.1365-
2672.1990.th02561.x.

257. Walle, I. Van; Bjorkman, J.T.; Cormican, M.; Dallman, T.; Mossong, J.; Moura, A.; Pietzka, A.;
Ruppitsch, W.; Takkinen, J.; Mattheus, W.; Christova, I.; Maikanti-Charalampous, P.; Karpiskova, R.;
Halbedel, S.; Nielsen, E.M.; Koolmeister, M.; Mandilara, G.; Torreblanca, R.A.; Salmenlinna, S.; Lecuit,
M.; Leclercq, A.; Damjanova, I.; Delappe, N.; Sigmundsdottir, G.; Gattuso, A.; Griskevi¢ius, A.;
Ragimbeau, C.; Franz, E.; Brandal, L.T.; Kuch, A.; Borges, V.; Caplan, D.; Jernberg, C.; Alm, E.; Trkov,
M.; Tkacova, E.; Grant, K. Retrospective validation of whole genome sequencing enhanced surveillance
of listeriosis in Europe, 2010 to 2015. Eurosurveillance. 2018, https://doi.org/10.2807/1560-
7917.ES.2018.23.33.1700798

258. Wambogo, E. A.; Vaudin, A. M.; Moshfegh, A. J.; Spungen, J. H.; Van Doren, J. M.; & Sahyoun,
N. R. Toward a better understanding of listeriosis risk among older adults in the United States:
characterizing dietary patterns and the sociodemographic and economic attributes of consumers with
these patterns. Journal of Food Protection, 2020, 83(7), 1208-1217.

145



Characterization, Genetic Typing and Antimicrobial Resistance of Listeria monocytogenes from
Food Chain of Kosovo

259. Wang, L.; Li, Y.; Chu, J.; Xu, Z.; Zhong, Q. Development and application of a simple loop-mediated
isothermal amplification method on rapid detection of Listeria monocytogenes strains. Molecular biology
reports, 2012, 39(1), 445-449. https://doi.org/10.1007/s11033-011-0757-7

260. Wang, Y.; Luo, L.; Li, Q.; Wang, H.; Wang, Y.; Sun, H.; Xu, J.; Lan, R.; Ye, C. Genomic dissection
of the most prevalent Listeria monocytogenes clone, sequence type ST87, in China. BMC Genomics
2019, 20. https://doi.org/10.1186/s12864-019-6399-1.

261. War, J.M.; Nisa, A.U.; Wani, A.H.; Bhat, M.Y. Microbial Food-borne Diseases Due to Climate
Change, in: Climate Change and Microbes. 2022. https://doi.org/10.1201/9781003189725-7.

262. Ward, T.J.; Ducey, T.F.; Usgaard, T.; Dunn, K.A.; Bielawski, J.P. Multilocus genotyping assays for
single nucleotide polymorphism-based subtyping of Listeria monocytogenes isolates. Appl. Environ.
Microbiol. 2008, 74, 7629-7642. https://doi.org/10.1128/AEM.01127-08.

263. Wieczorek, K.; Bomba, A., Osek, J. Whole-genome sequencing-based characterization of Listeria
monocytogenes from fish and fish production environments in Poland. Int. J. Mol. Sci. 2020, 21.
https://doi.org/10.3390/ijms212494109.

264. Wieczorek, K.; Osek, J. Prevalence, genetic diversity and antimicrobial resistance of Listeria
monocytogenes isolated from fresh and smoked fish in Poland. Food Microbiology 2017, 64, 164-171.
https://doi.org/10.1016/j.fm.2016.12.022.

265. Wiedmann, M. Molecular subtyping methods for Listeria monocytogenes. J. AOAC Int. 85, 2002.
https://doi.org/10.1093/jaoac/85.2.524.

266. Wilson, A.; Gray, J.; Chandry, P.S.; Fox, E.M. Phenotypic and Genotypic Analysis of Antimicrobial
Resistance among Listeria monocytogenes lIsolated from Australian Food Production Chains. Genes
2018, 9, 80. https://doi.org/10.3390/genes9020080.

267. Winter, C. H.; Brockmann, S. O.; Sonnentag, S. R.; Schaupp, T.; Prager, R.; Hof, H.; Becker, B.;
Stegmanns, T.; Roloff, H. U.; Vollrath, G.; Kuhm, A. E.; Mezger, B. B.; Schmolz, G. K.; Klittich, G. B,;
Pfaff, G., and Piechotowski, I. Prolonged hospital and community-based listeriosis outbreak caused by
ready-to-eat scalded sausages. J. Hospital Infect. 2009, 73:121-128.

268. Wisniewski, P.; Zakrzewski, A.J.; Zadernowska, A.; Chajecka-Wierzchowska, W. Antimicrobial
resistance and virulence characterization of Listeria monocytogenes strains isolated from food and food
processing environments. Pathogens 2022, 11, 1099. https://doi.org/10.3390/pathogens11101099.

269. World Health Organization (WHO). Listeriosis—Australia. [accessed on 13 July 2022]; 2018,
Available online:https://www.who.int/emergencies/disease-outbreak-news/item/09-april-2018-
listeriosis-australia-en.

270. Wright, G.D. Q&A: Antibiotic resistance: where does it come from and what can we do about
it? BMC Biol 2010, 8:123 https://doi.org/10.1186/1741-7007-8-123.

146



Besart F. Jashari

271.Yin, Y.; Yao, H.; Doijad, S.; Kong, S.; Shen, Y.; Cai, X.; Tan, W.; Wang, Y.; Feng, Y.; Ling, Z,;
Wang, G.; Hu, Y.; Lian, K.; Sun, X.; Liu, Y.; Wang, C.; Jiao, K.; Liu, G.; Song, R.; Chen, X.; Pan, Z.;
Loessner, M.J.; Chakraborty, T.; Jiao, X. A hybrid sub-lineage of Listeria monocytogenes comprising
hypervirulent isolates. Nat. Commun. 2019. https://doi.org/10.1038/s41467-019-12072-1.

272. Zhang, H.; Yamamoto, E.; Murphy, J.; Locas, A. Microbiological safety of ready-to-eat fresh-cut
fruits and vegetables sold on the Canadian retail market. Int. J. Food Microbiol. 2020, 335.
https://doi.org/10.1016/j.ijfoodmicro.2020.108855.

273. Zhang, Y.; Yeh, E.; Hall, G.; Cripe, J.; Bhagwat, A.A.; Meng, J. Characterization of Listeria
monocytogenes isolated from retail foods. Int. J. Food Microbiol. 2007, 113, 47-53.

https://doi.org/10.1016/j.ijfoodmicro.2006.07.010.

147



Characterization, Genetic Typing and Antimicrobial Resistance of Listeria monocytogenes from
Food Chain of Kosovo

Tables

Table 1. Some of the features and characteristics of L. mONOCYtOgenes...........ccccvvvrvrvrveienen. 23
Table 2. L. MONOCYtOGENES GENOIMIC. .....veuveviiiitiitieieeieeee ettt bbb 24
Table 3. L. monocytogenes lineages, serotypes and potential SOUICES..........cccccvevvriieneerienennnnn 28
Table 4. Classification of Listeria monocytogenes serogroups based on triplexes..................... 30
Table 5. Microbiological criteria for L. monocytogenes in RTE foods according to Regulation
(EC) NO. 2073/2005. .....cueeieieiieite ettt b e bbbttt b e bbb s beaneene e e s 35
Table 6. Listeriosis outbreaks associated with Listeria monoCytOgenes...........ccecveververiesvennnnn 44
Table 7. Antibiotics in the literature employed to treat listeriosis, their cellular targets, and
FESISTANCE MECNANISITIS. ...eiutiiieitie ettt st et ere et e et e s st e sbeesteeseesbeenbesneesreeneennes 49
Table 8. Samples tested during the period 2016-2022.............ccooeriiieieieiene e, 53
Table 9. Primers and probes for the detection of GenoListeria targeted genes. ...........ccccoeeeneee. 65
Table 10. The list of primers and probes used for MLST of L. monocytogenes. ............cccc....... 67
Table 11. Mastermix preparation for L. monocytogenes MLST — PCR (abcZ, bglA, dapE, dat,
IhkA), (Ragon et al., 2008). .......ccoueirieiiiieii ettt sraenteeneenes 68
Table 12. Mastermix preparation for L. monocytogenes MLST — PCR (cat, Idh) (Ragon et al.,
p{0 [0 ) RSP RUR PSR TRP 68
Table 13. PCR CONTITIONS .....oiuiiiiieieciie ettt esneenseeneennees 68
Table 14. Preparation of the master mix for the identification of triplexes and duplexes.......... 71
Table 15. GenoListeria multiplex scheme (Felix et al., 2023)..........cccocviiiiininineneeee, 72
Table 16. AlleliC Profile. ..o 74
Table 17. The obtained OD values of the 114 iSOIates. .........ccccoveiiiiriieeee e, 77
Table 18. L. monocytogenes isolates from food chain product over the years. ...........ccccccevvenee. 81
Table 19. The table presents the distribution of different L. monocytogenes lineages and
serotypes across various sample types of food categories. .........cccovvvevieeieiiie i 83

Table 20. The number of samples per food category and the number of samples positive for L.
monocytogenes in food chain and environmental samples in Kosovo between 2016 and 2022. 85
Table 21. The molecular characteristics of L. monocytogenes isolated from food products...... 90
Table 22. Genetic characteristics of L. monocytogenes isolates originating from food products.

..................................................................................................................................................... 97
Table 23.Antimicrobial susceptibility of L. monocytogenes distributed across phylogenetic
lineages and fOOU CALEYOTIES. ......cviirieie ettt et et e sre e ste e enes 99
Table 24. The minimum inhibitory concentration (MIC) distribution of the 114 L.
MONOCYLOGENES SEIAINS. ...eiiuviiitieiiee it et e et et e et s e et et e e e s st e et e e s be e e beesaeeebeesteeebeesraeanees 105

Table 25. Genetic profiles of antibiotic resistant of L. monocytogenes isolates and
antimicrobial-resistance phenotypes/indices of L. monocytogenes strains from food samples.110
Table 26. Multiple antibiotic resistance phenotypes of L. monocytogenes (MARPS) strains. . 113

148



Besart F. Jashari

Figures

Figure 1. The 30 Listeria species and subspecies type strains are described (Carlin et al., 2021).

Figure 2. Genome maps of L. monocytogenes EGDe and L. innocua CLIP 11262 (Glaser et al.,
200L). ettt £ b bR R Rt R £ e R e e e bbb e b beeneene et nes 24
Figure 3. Circular genome map of the L. monocytogenes FSCNUO0110 chromosome. The genome
is 2,933,635 with an average GC content of 37.99%. Generated with Proksee
(https://proksee.cal) (Lee et al., 2023). ......coveieeiiiieceece e 25
Figure 4. Illustrating the human infection cycle of L. monocytogenes. This figure was taken from
Servier Medical art (https://smart.servier.com (accessed March 1, 2022), (Sibanda et al., 2022).

..................................................................................................................................................... 38
Figure 5. The intracellular life cycle of L. monocytogenes and the use of its various virulence
factors (PetrisiC et al., 2021). ......ooiiiiiiieie e 39
Figure 6. Data from the European Union One Health 2022 Zoonoses Report — Foodborne
OUthreaks and related CASES. ........ciuiieirieie ettt bbb 42
Figure 7. Some of samples of food products for microbiological testing..........c...ccccceevvevvennne. 54
Figure 8. Testing of the samples was performed by ISO 11290 part one, the detection method.
..................................................................................................................................................... 56
Figure 9. Demi Fraser Broth after INCUDALION. ..o 56
Figure 10. Listeria Fraser Droth. ... e 57
Figure 11. L. monocytogenes on ALOA and LOA. ..o 57
Figure 12. Rhamnose and XYI0SE tESL........cc.ciiiiiiieiieie ettt 58
Figure 13. a. Reagents of API test, b. Interpretation of API results, bl and b3 negative, b2
POSITIVE. ...ttt ettt e e s b e et e e s e e et e et e e aa e e ae et e eRe e teen b e eae e ehe e teene e e teenteareenreerennes 59
Figure 14. a. CAMP test and b. B-HEMOIYSIS. .....covoiiiiiiiiie e, 60
Figure 15. Colony of L. monocytogenes in ALOA surrounded by a distinct area of dark halo-like
PIECIPITALION. ...ttt b bbbt b bt e et e bbbttt ne e nes 61
Figure 16. Listeria monocytogenes in RAPID’L. Mono agar blue pale blue, grey-blue to dark
blue) colonies without a Yellow halo. ... 61
Figure 17. Storage of isolates for molecular tesSting. ..........cccccovvvieiievi e 62
Figure 18. Antisera for serotyping of L. MONOCYtOQENES. .......cceeveiveeiriiieieeie e 62
Figure 19. a. Water bath; b. Eppendorf 5415R refrigerated centrifuge; c. Thermomixer. ......... 63
FIQUIE 20. QUDIL. .....oieeeeeee ettt e e esbe et e e ne e s teeaesreenreennennes 64

Figure 21. a. MIC 4 real-time PCR thermocycler Bio Molecular System (Upper Coomera,
Australia); b. Rotorgen Q real-time PCR thermocycler QIAGEN (Hilden, Germany); c.

QuantStudio 5 real-time PCR thermocycler Thermo Fisher Scientific, (Waltham, USA).......... 70
Figure 22. https://bigsdb.pasteur.fr/listeria, accessed on 25 March 2024............c.ccoovvvvvrennne. 73
Figure 23. Antimicrobial susceptibility plate for testing L. monocytogenes isolates. ................ 76
Figure 24. Spectrophotometer OD MeaSUrEMENT..........cccveiiieiieiieeieeeieesie e be e 77
Figure 25. Sensititre™ GPN3F plates (Thermo Scientific, Rockville, MD, USA).................... 78
Figure 26. Reading of Sensititre™ GPN3F PIALES. ........ccccceeveveeeeeeeee e, 79

149



Characterization, Genetic Typing and Antimicrobial Resistance of Listeria monocytogenes from
Food Chain of Kosovo

Figure 27. Map showing the geographical location of the sites from which L. monocytogenes was
0] F- (=10 TSSOSO PPURURPRPRRPIN 82
Figure 28. The graphic presentation of the four serotypes of L. monocytogenes identified in the
{0010 Jor=11=T0 o] 4 TS TSSOSO 83
Figure 29. The figure shows bar chart comparing the distribution of L. monocytogenes serotypes
N LINEAGE 1 ANA Tl ...ttt 84
Figure 30. a. Distribution of L. monocytogenes over the years in meat products, milk products,
fish products, and combined products; b. map showing the geographic location of sampling sites.
Regional location of the sampling sites among business operators in Kosovo, with purple bars in
the southeast (SE), brown in the southwest (SW), green in the northwest (NW), and blue in the

NOFNEAST (NE). ... ettt et et e e e e e teetesreesreennennes 86
Figure 31. L. monocytogenes identified DY PFGE. ...t 87
Figure 32. Amplification plots of molecular Serogroups. ........cccoovreririeieiere e 88
Figure 33. Amplification plots of Clonal COmMPIEXES. ... 89

Figure 34. Graphical distribution of L. monocytogenes clonal complexes in the food chain..... 94
Figure 35. a. The minimum spanning tree (MST) of multilocus sequence typing (MLST) clonal
complexes (CCs) of the 117 L. monocytogenes strains included in the study panel. Each CC is
indicated by a circular node whose size reflects the number of strains. The CCs used to build the
MST were obtained by an MLST alternative method, which provides only the CC, to build the
MST; the smallest ST allelic code within the CC was used. The numbers along the node
connecting the lines indicate the number of allelic differences between them. The color reflects
the food chain category: ready to eat food in blue, food products consumed cooked in orange,
raw material in grey, and food contact sample in yellow. Each delimited area groups the CCs
belonging to the same molecular serotype, indicated in a black frame; b. strain distribution
according to the lineage and type of f00d SECLON. ......cceeiiiiiiiiieie e 95
Figure 36. Spanning tree of Sequence typing of iSOlates. ..........cccevvveviiic i, 98
Figure 37. a. Strains resistant against nine emergency antimicrobials LEVO, CIP, PEN, RIF,
SYN, TET, ERY, STR, and GEN, shown in respective colors for each CC-STs. b. Four
antibiotics, which L. monocytogenes, are naturally resistant (intrinsic resistance) to DAP, CLI,

OXA+, and AXO, shown in respective colors for each CC-STS......cccoceviveviiinnieeie e 101
Figure 38. A pie chart displays that all isolates are sensitive to VAN, SXT, LZD, GAT, and AMP.
................................................................................................................................................... 102
Figure 39. Sankey chart—correlation of antibiotics to CC-ST and phylogenetic lineage | and I1.
................................................................................................................................................... 103
Figure 40. Graph showing the ratio of resistant and sensitive isolates. ..........c..ccccceeveiiernenne. 104
Figure 41. Minimum inhibitory concentration (MIC) values of isolates.............ccccoceevvernnnne. 109

150



