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INTRODUCTION

Chapter 1: Introduction

Wild boar meat infested with foodborne parasites can cause human disease due to
consumption of raw or insufficiently cooked meat or meat products (Ruiz-Fons 2017, EFSA
2018). One of these parasites is the nematode species Trichinella spp. (EFSA 2018). To
reduce the risk for consumers of human ftrichinellosis after oral infection, the European
Implementing Regulation (EU) No. 2015/1375 makes official Trichinella inspection mandatory
for wild boars and other susceptible species intended for human consumption (European
Commission 2015). According to Annex |, Chapter | of the Implementing Regulation (EU) No.
2015/1375, official Trichinella examination needs to be performed by a method of artificial
digestion, while the magnetic stirrer technique is determined as reference detection method
(European Commission 2015). In the framework of these examinations, mesocercariae of the
trematode Alaria (A.) alata as well as nematode larvae other than Trichinella spp. appeared as
incidental findings in the past few years in Germany and Europe (Méhl et al. 2009, Marucci et
al. 2013, Karadjian et al. 2020b).

Amongst the broad spectrum of nematodes other than Trichinella spp. found during artificial
digestion, non-zoonotic (e.g. Angiostrongylus vasorum) and potentially zoonotic helminths
(e.g. Toxocara (To.) cati, Ascaris suum, Uncinaria (U.) stenocephala) can be identified
(Karadjian et al. 2020b). However, at the beginning of this thesis, a standardized approach for
a reliable detection and characterization of these parasites was not available. For this reason,
the first aim of this work was to develop a standardized method based on both morphological
examination and molecular analysis for a reliable identification of various nematode larvae
found during official Trichinella inspection.

However, this thesis mainly focusses on A. alata mesocercariae (AM), which is a larval stage
of the trematode A. alata living in the intestine of a definitive host (e.g. fox, dog, wolf) (Odening
1961). A. alata has a complex three-host life cycle that can be extended by a paratenic host
such as wild boar and potentially humans (Odening 1961). Even though no case reports of
human infection with A. alata due to consumption of raw or undercooked AM infested wild boar
meat exist so far, clinical human disease caused by A. alata through consumption of viable AM
infested meat cannot be excluded (Odening 1961). For this reason, the Federal Office for the
Environment (FOEN) and the Federal Office of Public Health (FOPH) in Bern, Switzerland
(Gottstein 2013) as well as the Committee on Biological Agents (ABAS) in Germany (Federal
Ministry of Labour and Social Affairs 2020) classified A. alata as zoonotic parasite of risk group
2.

To date, data on the prevalence of AM in wild boars from Germany are scarce. Therefore, the
second aim of this work was to conduct a prevalence study on A. alata in wild boars from the
German federal state of Brandenburg to obtain long-term prevalence data and better evaluate

temporal and spatial variations in this area over a longer period of time. The federal state of
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Brandenburg was selected due to a comparably high AM prevalence determined in this state
during the national zoonosis monitoring in 2015 (BVL 2016).

For direct detection and isolation of viable AM from meat samples, the A. alata mesocercariae
migration technique (AMT) is available (Riehn et al. 2010). Further, an Alaria spp.-specific PCR
exists (Riehn et al. 2011) to confirm the preliminary diagnosis based on morphological
examination. However, molecular methods can be relatively work-intensive, time-consuming
and highly costly compared to other detection methods such as matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) (Mayer-Scholl et al.
2016). Further, many diagnostic laboratories do not carry out a large number of different PCR
assays to identify a specific microorganism but use MALDI-TOF MS in routine diagnostics.
Therefore, the third aim of this thesis was to develop a standardized MALDI-TOF-based
method for reliable identification of AM in wild boar meat. This assay might further be applied
by routine laboratories and therefore allows for a comprehensive overview of the AM

occurrence in wild boars hunted in different regions of Germany.



LITERATURE REVIEW

Chapter 2: Literature review

2.1 Official Trichinella inspection and incidental findings

Official Trichinella inspection is mandatory for livestock and game intended for human
consumption according to the European Regulation (EU) 2015/1375 (European Commission
2015) and subsequent amendments such as the European Regulations (EU) 2020/1478
(European Commission 2020) and 2021/519 (European Commission 2021). During these
examinations, incidental findings such as Alaria alata mesocercariae (AM) and larval
nematodes different from the Trichinella genus are commonly detected (Mohl et al. 2009,
Marucci et al. 2013, Karadjian et al. 2020b).

2.1.1 Trichinoscopy

The traditional compressorium technique or trichinoscopy was the only disposable method for
Trichinella testing before artificial digestion was established in the 1970s (Webster et al. 2006,
Riehn et al. 2010). As stipulated in Annex |, Chapter Ill of the Commission Regulation (EC)
2075/2005, this technique rests on the compression of small pieces of musculature between
two thin glasses followed by microscopic investigation (30-40 x magnification or, in case of
suspect areas, 80-100 x magnification) for Trichinella larvae (European Commission 2005).
Concretely, in case of domestic pigs, 28 oat-kernel-size pieces are taken from each diaphragm
pillar if both are present. Otherwise, 56 oat-kernel-size pieces are taken from the one existent
pillar. In case of wild boars, additionally, seven oat-kernel-size pieces are taken from four
defined muscle groups each, giving 28 additional muscle pieces and a total number of 84
pieces (European Commission 2005). However, this method shows a lower sensitivity than
digestion methods (Forbes et al. 2003, Ramisz and Balicka-Ramisz 2006, Webster et al. 2006)
and does not reliably identify non-encapsulated larvae such as Trichinella (T.) pseudospiralis
as they do not form a collagen capsule in their nurse cells (Webster et al. 2006, Pozio and
Zarlenga 2013). Nevertheless, the compressorium technique was used for AM detection in
several studies in the 20™ century (M6hl et al. 2009) and beyond (Jaksi¢ et al. 2002).

2.1.2 Artificial digestion

Artificial digestion by magnetic stirrer method (DIN EN ISO 18743:2015) is the reference
detection method as stipulated in Annex |, Chapter | of the Commission Implementing
Regulation (EU) 2015/1375 (European Commission 2015) in connection with Commission
Implementing Regulation (EU) 2020/1478 (European Commission 2020). However, according
to Annex |, Chapter Il of the Implementing Regulation (EU) No. 2015/1375, further techniques
based on artificial digestion are permitted for official Trichinella inspection (European

Commission 2015). The reference detection method is based on HCl/pepsin digestion of
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muscle tissue with a magnetic stirrer and aims for the release of Trichinella larvae from meat
followed by morphological identification using a stereomicroscope (15-40 x magnification)
(Gamble et al. 2000). In preparation for artificial digestion, fat and fascial tissues need to be
removed from the samples as they cannot be digested and do not incorporate Trichinella larvae
(Gamble et al. 2000).

2.2 Helminths other than Trichinella found during official meat inspection

A multitude of larval helminths which are not part of the Trichinella genus (e.g. A. alata,
Toxocara (To.) canis, To. cati, Metastrongylus spp., Ascaris suum, Uncinaria (U.)
stenocephala) are commonly found during artificial digestion (Mohl et al. 2009, Marucci et al.
2013, Karadjian et al. 2020b). The mentioned larval nematodes live in different organs and
tissues (e.g. liver, lungs, intestinal lumen, blood and lymph vessels) and can falsely be
identified as Trichinella spp. when infesting the musculature (Marucci et al. 2013). Thus, unlike
the adult stage, there is a lack of typical morphological criteria of these larvae, which makes
morphological identification extremely difficult and necessitates specialized knowledge in
parasitology (Marucci et al. 2013, Karadjian et al. 2020b). Moreover, as assumed by Marucci
et al. (2013) and Karadjian et al. (2020b), nematode larvae other than Trichinella spp. might
become damaged by HCl/pepsin digestion, which makes morphological identification even

harder.

2.2.1 Selection of nematodes and pathogenicity

In the following, only a selection of nematodes other than Trichinella spp. which are found
during official laboratory-based meat inspection is presented. Here, the focus is on Toxocara
spp. as larvae of this genus are most frequently found during artificial digestion (Marucci et al.
2013, Karadjian et al. 2020b).

The adult stages of To. canis and To. catilive in the small intestine of canids respectively felids
(Glickman and Schantz 1981). Larval nematodes of the Toxocara genus are commonly found
during official Trichinella examination, which is presumably due to their tendency to migrate in
non-end hosts (larva migrans) (Marucci et al. 2013). Marucci et al. (2013) detected To. canis
or To. cati in six carnivorous birds, one domestic pig and one badger from lItaly during artificial
digestion. Further, Karadjian et al. (2020b) found To. cati in 14 wild boar samples from France
(7), Luxembourg (2) and Germany (5). The frequent occurrence of Toxocara spp. in these
hosts can be explained by the intake of Toxocara infested small rodents as well as Toxocara
eggs contaminating cat or dog faeces (Marucci et al. 2013). The ingestion of Toxocara larvae
by humans can cause human toxocariasis, which is one of the most frequently reported
helminthozoonosis worldwide (Magnaval et al. 2001). Human toxocariasis can vary widely from

asymptomatic infections to serious clinical disease, which includes visceral larva migrans
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(VLM), ocular larva migrans (OLM), “common” and “covert” toxocariasis as well as neurological
toxocariasis (Magnaval et al. 2001, Pawlowski 2001). The VLM syndrome typically occurs in
children with contact to puppies at home and is characterized by stomach pains, fever,
anorexia, cough, wheeze and hepatomegaly caused by pulmonary and hepatic larval migration
(Magnaval et al. 2001). The OLM picture characteristically appears on one side in children and
young adults and is marked by vision loss and eye pain connected with several inflammatory
eye diseases such as uveitis, endophthalmitis, papillitis or chorioretinitis (Gillespie et al. 1993,
Magnaval et al. 2001). While the “common toxocariasis” occurred in adults in the Midi-
Pyrenees region of France (Glickman et al. 1987, Magnaval et al. 2001), the “covert
toxocariasis” manifests in children (Taylor et al. 1988). Both syndroms are characterized by
unspecific clinical symptoms such as stomach pains, fever, dyspnoea, weakness, headache
and many more (Magnaval et al. 2001). Also, some authors reported neurological toxocariasis
caused by Toxocara larvae invading the brain (Wang et al. 1983, Hill et al. 1985, Russegger
and Schmutzhard 1989, Rittinger and Hadidi 1991, Kumar and Kimm 1994, Komiyama et al.
1995, Duprez et al. 1996). Neurological toxocariasis can remain asymptomatic or cause
several symptoms such as subtile neurological deficiencies, local or generalized spasms,
abnormal behaviour or eosinophilic meningoencephalitis (Pawlowski 2001).

Other helminths quite commonly found by Karadjian et al. (2020b) are Metastrongylus spp.
and Ascaris suum, which both have zoonotic potential (Nejsum et al. 2012, Calvopina et al.
2016). Nematodes of the Metastrongylus genus are parasites of the respiratory tract of wild
boars and domestic pigs, which are widely spread in wild boars (Garcia-Gonzalez et al. 2013).
These final hosts become infected with Metastrongylus spp. by ingestion of earthworms, an
intermediate host, carrying the infective larvae (Hobmaier 1929). As an ingestion by
earthworms is an essential part of its life cycle and obligatory for its further development,
Metastrongylus spp. is less prevalent in domestic pigs kept indoor (Hobmaier 1929, Garcia-
Gonzalez et al. 2013). Calvopina et al. (2016) reported a human infection with Metastrongylus
salmi in the United States, which induced serious respiratory distress, pleural effusion, cough
with bloody sputum and exhaustion. However, human infection with Metastrongylus spp. might
be extremely rare presumably as it is caused by ingestion of earthworms which carry the
infective L3 larvae or by mucus secretions of an infested earthworm (Calvopina et al. 2016).
Ascaris suum is commonly found in wild boars and domestic pigs even if kept indoor
(Roepstorff and Nansen 1994, De-La-Muela et al. 2001, Popiotek et al. 2010, Castagna et al.
2019). The definitive hosts become infected with Ascaris suum by ingestion of faecally
excreted infective eggs (Nejsum et al. 2012). The Ascaris species infecting humans by
ingestion of infective eggs is Ascaris lumbricoides, which is closely related to Ascaris suum
and can hardly be differentiated from the porcine species (Nejsum et al. 2012). Clinical

symptoms of human ascariosis included diarrhea, mild hypersensitivity, pneumonia, bloody
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sputum and fever (Koino 1922, Phillipson and Race 1967, Lord and Bullock 1982). Despite the
host specific nature of Ascaris spp., cases of human infection with Ascaris suum by ingestion
of infective eggs have sporadically been reported (Jaskoski 1961, Phillipson and Race 1967,
Crewe and Smith 1971, Roepstorff et al. 2011). In some cases, children were infected with
Ascaris suum by eating pig manure, which had been dispensed in the garden (Phillipson and
Race 1967, Crewe and Smith 1971, Roepstorff et al. 2011). Even though Ascaris suum and
Ascaris lumbricoides both are more suited to their specific host, cross-infections can occur
(Koino 1922, Takata 1951, Galvin 1968).

Also, U. stenocephala and Angiostrongylus vasorum were observed during artificial digestion
by Karadjian et al. (2020b). Larvae of hookworms of dogs and cats such as U. stenocephala
and Ancylostoma spp. may induce human skin disease by percutaneous infection, which is
known as cutaneous larva migrans (CLM), “creeping eruptions” (Bowman et al. 2010) and —
more specifically — as hookworm-related cutaneous larva migrans (HrCLM) (Caumes and
Danis 2004). In general, this skin disease is characterized by typical serpiginous, raised,
erythematous, pruritic tracks and papules caused by subcutaneously migrating larvae (Davies
et al. 1993, Zimmermann et al. 1995, Klose et al. 1996, Blackwell and Vega-Lopez 2001,
Beattie and Fleming 2002, Galanti et al. 2002, Diba et al. 2004). HrCLM cases have been
reported in different European countries such as Germany, Italy, France, Denmark and the UK
(Astrup 1945, Jelinek et al. 1994, Zimmermann et al. 1995, Klose et al. 1996, Blackwell and
Vega-Lopez 2001, Galanti et al. 2002, Diba et al. 2004, Herrmann et al. 2004). While most of
the registered HrCLM cases can be seen as imported infections from tropical or subtropical
countries (e.g. Africa, the Caribbean, South-east Asia, South America) (Davies et al. 1993,
Jelinek et al. 1994, Blackwell and Vega-Lopez 2001), some cases reported from Germany and
France were considered autochthonous due to extreme weather conditions including high
temperatures and humidity (Zimmermann et al. 1995, Klose et al. 1996, Herrmann et al. 2004).
Angiostrongylus vasorum is a metastrongyloid parasite that lives in the right heart and
pulmonary vessels of dogs, foxes and several other mammals belonging to the families
Canidae and Mustelidae (Bolt et al. 1994, Koch and Willesen 2009, Morgan and Shaw 2010).
Several Angiostrongylus species are known to be zoonotic (Angiostrongylus cantonensis,
Angiostrongylus costaricensis) or potentially zoonotic (Angiostrongylus mackerrasae,
Angiostrongylus malaysiensis, Angiostrongylus siamensis) (Spratt 2015). In the case of
Angiostrongylus cantonensis, humans are accidental hosts and might become infected by
ingestion of intermediate (e.g. snails, slugs) or paratenic hosts (e.g. prawns, crabs, frogs,
lizards) carrying infective L3 larvae. Also, the consumption of vegetables (e.g. lettuce)
contaminated with L3 larvae leaving infested snails might be a source of human infection with
Angiostrongylus cantonensis (Spratt 2015). However, cases of human infection with

Angiostrongylus vasorum have not been reported yet.
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2.2.2 Molecular-based identification

Studies on the molecular identification of nematodes other than Trichinella which are detected
during official meat inspection are scarce. Marucci et al. (2013) investigated short DNA
sequences to identify larval nematodes found during artificial digestion at the species, genus
or family level. The authors examined the 18S ribosomal RNA (rRNA) gene, the internal
transcribed spacer | (ITS1) gene, the cytochrome ¢ oxidase | (COIl) gene and the 12S rRNA
gene, which serve as marker genes (Marucci et al. 2013). Using these molecular assays,
Marucci et al. (2013) identified 11 of 18 isolates. Concretely, eight isolates were determined at
the species level (To. cati, To. canis), two at the genus level (Panagrolaimus sp.,
Metastrongylus sp.) and one isolate at the superfamily level (Filarioidea) (Marucci et al. 2013).
Larval nematodes of the remaining seven isolates were not analyzed due to degraded DNA
presumably caused by artificial digestion (Marucci et al. 2013). The 18S gene was the
preferred marker gene as a PCR product was generated from larvae of all 11 isolates that
could be identified (Marucci et al. 2013). However, these 18S PCR products did not allow
species identification for the 11 isolates due to structural damage and DNA degradation of
some larvae presumably caused by artificial digestion. Therefore, for these isolates, other
marker genes such as ITS1, COl and 12S rRNA were needed for species identification
(Marucci et al. 2013). Karadjian et al. (2020b) described an approach for the identification of
larval nematodes found during artificial digestion which combines both morphological
examination and molecular-based assays targeting several genes (18S rRNA, ITS2, cox /, 28S

rRNA). This work is part of this thesis and will be presented in chapter 4.

2.3 Taxonomy and morphology of Alaria alata

The species A. alata belongs to the genus Alaria, which is part of the family Diplostomidae. Its
superfamily Diplostomoidea belongs to the order Strigeida within the subclass Digenea. This
subclass in turn is part of the class Trematoda within the phylum Platyhelmintha (Olson et al.
2003, Deplazes et al. 2012).

The adult stage of A. alata was described by Goeze (1782) for the first time.

The adult trematode measures about 3-6 x 1-2 mm (Hiepe 1985). Its body is clearly divided
into two parts, showing a short, cylindrical posterior body section and a double-sized, leaf-like
or cone-shaped anterior body which usually has ear-shaped appendages containing groups of
glands (Hiepe 1985). The anterior body section shows an oral sucker, a ventral sucker as well
as an elliptical to tongue-shaped tribocytic organ which serves for attachment to the host tissue
and extra-intestinal digestion (Hiepe 1985, Lucius et al. 1988, Deplazes et al. 2012). The
ventral sucker is smaller than the oral sucker (Hiepe 1985, Lucius et al. 1988). The gonads of

the female flukes are situated in pairs in the anterior body section, the lobed testicles of the

11
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male parasites lie one behind the other in the posterior body segment (Hiepe 1985, Lucius et
al. 1988, Mohl et al. 2009).

The eggs measure 110-140 x 70-80 um and are greenish-grey colored (Hiepe 1985, Lucius et
al. 1988).

The mesocercarial stage of A. alata is known as Distomum musculorum suis or Duncker’scher
Muskelegel (DME) (Duncker 1896, Odening 1961). A. alata mesocercariae (AM) are
surrounded by a thin cyst wall and measure 0.4-0.7 x 0.2 mm (Deplazes et al. 2012). They are
longitudinally oval shaped, transparent and drawn in a grid pattern. In the anterior body region,
there are several head glands whose excretory ducts end at the edge of the oral sucker. A
short intestine begins at the oral sucker and ends blindly with horseshoe-shaped legs. In
between lies the ventral sucker (Hiepe 1985).

The metacercariae of Alaria spp. also measure 0.4-0.7 x 0.2 mm. They have a roundish shape,

a thin wall and are nearly transparent (Mohl et al. 2009).

2.4 Life cycle of Alaria alata

Alaria spp. have a three-host life cycle. The adult flukes live in the intestine of the definitive
hosts and produce eggs. These are excreted with the feces and hatch in water after two weeks,
releasing miracidiae, which develop further in a water snail host, e.g. Planorbis species
(Odening 1961, Hiepe 1985). In this host, the miracidiae reproduce and maturate for
approximately one year (reviewed by Moéhl et al. (2009)). Then, they actively leave the water
snail and enter the second intermediate host in the water. In this second intermediate host
(e.g. adult frog, tadpole or another amphibian), the cercariae develop into mesocercariae
(Odening 1961). This AM infested second intermediate host can further be ingested by a
definitive as well as a paratenic host (Odening 1961). In previous studies, several Canidae
(e.g. European wolf, dog, red fox, raccoon dog), Felidae (e.g. Eurasian lynx, domestic cat) and
Mustelidae (e.g. stoat, weasel, European otter) were identified as definitive host of A. alata in
a wide range of countries (Odening 1961, Shimalov et al. 2000, Shimalov and Shimalov 2001,
Castro et al. 2009, Al-Sabi et al. 2013, Ozolina et al. 2018, Ozolina et al. 2020a). After ingestion
of an AM infested paratenic or second intermediate host by a definitive host, the mesocercariae
go through a somatic migration (Odening 1961). After passing the lungs, they evolve into
metacercariae, which migrate via the trachea into the oral cavity of the definitive host. From
there, they are swallowed into the small intestine where they develop into adult trematodes
and achieve sexual maturity (Odening 1961). The life cycle of A. alata is complete when eggs
are released from the definitive host’s intestine in the environment (Moéhl et al. 2009).

By contrast, amphibians, reptiles, birds and mammals such as wild boars, European minks,
badgers, cats as well as potentially humans play a role as paratenic hosts in the developmental

cycle of A. alata (Odening 1961, Deplazes et al. 2012, Tabaran et al. 2013, Takeuchi-Storm et
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al. 2015, Renteria-Solis et al. 2018). Here, larval trematodes go through the intestinal wall into
the muscles of the anterior body region and/or settle down in or on several organs having a
high affinity to adjacent fat tissue (Odening 1961, Odening 1963, Hiepe 1985, Riehn et al.
2010). In these paratenic hosts, they do not develop any further, but can survive several host

changes without any loss of infectivity (Odening 1961, Hiepe 1985).

2.5 Occurrence of Alaria alata in Europe

A. alata has already been found in a number of host species (e.g. red fox, wild boar, raccoon,
raccoon dog, grey wolf, Eurasian lynx, golden jackal, amphibian) in many European countries
such as Germany (Loos-Frank and Zeyhle 1982, Lucius et al. 1988, Riehn et al. 2012,
Renteria-Solis et al. 2013, Voelkel et al. 2019), Austria (Duscher 2011, Paulsen et al. 2012,
Sailer et al. 2012), Denmark (Al-Sabi et al. 2013, Takeuchi-Storm et al. 2015), Croatia (Jaksi¢
et al. 2002), Hungary (Széll et al. 2013, Berger and Paulsen 2014), Latvia (Ozolina et al. 2018,
Ozolina et al. 2020a, Ozolina et al. 2020b, Ozolina et al. 2020c), Lithuania (Bruzinskaité-
Schmidhalter et al. 2012), Poland (Gorski et al. 2006, Bilska-Zajgc et al. 2020, Strokowska et
al. 2020), Czech Republic (Paulsen et al. 2013), Serbia (lli¢ et al. 2016, Gavrilovi¢ et al. 2019),
The Netherlands (Borgsteede 1984), France (Portier et al. 2014, Patrelle et al. 2015), Portugal
(Eira et al. 2006), Italy (Gazzonis et al. 2018), Bulgaria (Riehn et al. 2014), Ireland (Wolfe et
al. 2001, Murphy et al. 2012) and Belarus (Shimalov and Shimalov 2002). Also, several authors
reported findings of A. alata in South America, concretely in wild carnivores in Brazil (Ruas et
al. 2008, Vieira et al. 2008, Lima et al. 2013) and in domestic cats in Uruguay (Castro et al.
2009). Further, A. alata was observed in Corsac foxes in Uzbekistan, Central Asia (Yong et al.
2019) as well as in red foxes in Japan, East Asia (Machida et al. 1975). However, these findings

outside Europe are not part of this literature review.

2.5.1 Occurrence of Alaria alata in definitive hosts

In several European studies, the prevalence of A. alata in red foxes and other wild animals
such as raccoon dogs, grey wolves, lynx, otters, American minks and golden jackals was
examined. In Germany, the prevalences of adult trematodes found in the intestine of foxes
varied widely depending on the richness of lakes and wetlands in the study area. For example,
Loos-Frank and Zeyhle (1982) reported an A. alata frequency of 0.08% (3/3573) in red foxes
in the Southwest of Germany (Baden-Wirttemberg), while Lucius et al. (1988) showed a
prevalence of 29.70% (30/101) in red foxes in the North of Germany (Schleswig-Holstein).
Both authors pointed out that the prevalence of A. alata is highly associated with a watery area
where foxes can ingest AM infested intermediate hosts (Loos-Frank and Zeyhle 1982, Lucius
et al. 1988). In other European countries, the prevalence of A. alata in red foxes was reported
from Austria (0.16% (1/610) in the south, 22.06% (15/68) in the east (Duscher 2011)), Denmark
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(34.4%, Al-Sabi et al. (2013)), Hungary (49.2% (413/840) in 2008-2009 and 55.2% (426/772)
in 2012-2013 (Széll et al. 2013)), Lithuania (94.8% (255/269) (BruZinskaité-Schmidhalter et al.
2012)), Latvia (87.4% (471/539) (Ozolina et al. 2018)), Poland (13.6% (Gorski et al. 2006)),
The Netherlands (10.9% (15/137) (Borgsteede 1984)), Portugal (27.4% (Eira et al. 2006)),
Ireland (27.3% (Wolfe et al. 2001) as well as 26% and 21% in 2009 and 2010, respectively
(Murphy et al. 2012)), Serbia (49.4% (85/172) (lli¢ et al. 2016)) and southern Belarus (42.6%
(Shimalov and Shimalov 2002)). Further, relatively high A. alata prevalences in raccoon dogs
were reported from Denmark (69.7% (Al-Sabi et al. 2013)), Lithuania (96.5% (82/85)
(Bruzinskaité-Schmidhalter et al. 2012)) and Latvia (83.9% (345/411) (Ozolina et al. 2018)).
Also, A. alata adults were found in wolves in Latvia (92.9% (39/42) (Ozolina et al. 2018)) and
Poland (26.3% (Gorski et al. 2006)) with widely varying prevalences. Moreover, A. alata was
observed in Eurasian lynx in Latvia (1.7% (4/231) (Ozolina et al. 2020a)), in golden jackals in
Serbia (30.0% (18/60) (lli¢ et al. 2016) as well as in otters (2.6%) and American minks (12.5%)
in Poland (Gérski et al. 2006).

Further, two studies from Lithuania and Latvia examined the prevalence of A. alata
metacercariae in red foxes (35.6% (37/104) respectively 10.7% (50/468)) and raccoon dogs
(86.8% (45/53) respectively 49.5% (165/333)) (Bruzinskaité-Schmidhalter et al. 2012, Ozolina
et al. 2018). Additionally, Ozolina et al. (2018) detected A. alata metacercariae in a grey wolf
(2.4% (1/42)) in Latvia.

Also, eggs of A. alata were found in the feces from foxes in Ireland (10.1% (Wolfe et al. 2001))
and southern Belarus (55.3% (Shimalov and Shimalov 2002).

2.5.2 Occurrence of Alaria alata in intermediate hosts

Only few studies reported the occurrence of AM in second intermediate hosts such as brown
frogs and water frogs. Patrelle et al. (2015) investigated the prevalence of AM in water frogs
of the sensu lato group (e.g. Pelophylax ridibundus, Pelophylax lessonae, hybrid Pelophylax
esculentus) and brown frogs of the sensu lato group (e.g. Rana dalmatina, Rana temporaria)
in the northeast of France. In this study, the prevalence of AM in brown frogs was 54.1%
(53/98), while the prevalence in water frogs was 11.5% (6/52). Further, no significant
discrepancies between the AM prevalences of tadpoles and adult frogs were determined in
this survey (Patrelle et al. 2015). Also, in the framework of another project, Voelkel et al. (2019)
collected water frogs of the Pelophylax genus from watery areas around Leipzig, Saxony,
Germany and detected AM in 13 of 15 specimens (86.7%). During another study on several
amphibians from Latvia, 27.7% (108/390) of all examined animals were tested positive for AM
(Ozolina et al. 2020c). Here, AM were found in European water frogs (Pelophylax esculentus
complex) including tadpoles (58.8%; 47/80) and adults (22.4%; 57/255), in adult common frogs
(Rana temporaria) (15.8%; 3/19) and in adult moor frogs (Rana arvalis) (33.3%; 1/3). In
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contrast to Patrelle et al. (2015), Ozolina et al. (2020c) further showed in their study that within
the group of European water frogs, the AM prevalence was significantly higher in tadpoles
(58.8%) than in adults (22.4%). The authors assumed that tadpoles might have a higher risk
of infection by A. alata cercariae because of an increased activity and a thinner skin compared
to adult frogs (Ozolina et al. 2020c).

2.5.3 Occurrence of Alaria alata mesocercariae in paratenic hosts

Several European studies investigated the occurrence of AM in paratenic hosts, especially in
wild boars. Since AM are commonly found in the framework of official Trichinella inspection of
wild boar meat (Mohl et al. 2009), the AM prevalence in wild boars is of major interest with
regard to consumer protection. While most studies used the AMT or a modified migration
technique (Paulsen et al. 2012, Riehn et al. 2012, Sailer et al. 2012, Paulsen et al. 2013,
Renteria-Solis et al. 2013, Berger and Paulsen 2014, Riehn et al. 2014, BVL 2016, Dolle 2016,
Gazzonis et al. 2018, Bilska-Zajac et al. 2020, Strokowska et al. 2020, Ozolina et al. 2020a,
Ozolina et al. 2020b), other surveys applied artificial digestion (Portier et al. 2014, Gavrilovi¢
et al. 2019) or trichinoscopy (JakSi¢ et al. 2002) for isolation of AM from wild boar meat. The
difference in sensitivity of the mentioned isolation techniques, which is described in detail in
chapter 2.9.2 of this thesis, should be taken into account when interpreting the following data.
In Croatia, an AM occurrence of 1.8% (3/210) was detected in wild boars (Jaksi¢ et al. 2002).
In northern Serbia, the presence of AM in wild boars and domestic pigs kept outdoors was
examined (Gavrilovi¢ et al. 2019). Here, the AM occurrence was 3% (6/200) in wild boars and
2.8% (2/72) in domestic pigs (Gavrilovi¢ et al. 2019). In France, Portier et al. (2014) found an
AM prevalence of 0.6% (169/27,582) in wild boars in the Rhine valley. In this study, the yearly
AM prevalence significantly increased from 1.5% (13/856) in 2007 to 6.6% (36/546) in 2011
(Portier et al. 2014). In two studies, the occurrence of AM in wild boars in the eastern parts of
Austria was observed (Paulsen et al. 2012, Sailer et al. 2012). While Paulsen et al. (2012)
reported a prevalence of 6.7% (30/451), Sailer et al. (2012) detected AM frequencies of 2.0%
(10/490) and 5.5% (4/73). In Hungary, the AM occurrence in wild boars was 1.6% (5/316)
(Berger and Paulsen 2014). In Latvia, Ozolina et al. (2020b) found an AM prevalence of 43.9%
(213/485) in wild boars. Further, highly different data on the AM occurrence in wild boars was
reported in two studies from Poland. While Bilska-Zajgc et al. (2020) determined an AM
frequency of 4.2% (151/3589) mainly in the south of the country, Strokowska et al. (2020)
showed an AM prevalence of 44.3% (98/221) in the northeast of Poland. As assumed by
Strokowska et al. (2020), this high prevalence is associated with the richness of waterbodies
in the study area. Also, Bilska-Zajgc et al. (2020) explained their comparably low AM
prevalence by an area of investigation which is rather poor in waterbodies. Paulsen et al.

(2013) demonstrated an AM frequency of 6.8% (15/221) in wild boars in southern parts of
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Czech Republic which are rich in watery areas. In northern Italy, Gazzonis et al. (2018)
observed an AM occurrence of 1% (1/100) in wild boars. In the southeast of Bulgaria, Riehn
et al. (2014) found one A. alata mesocercaria each in two wild boars. Ozolina et al. (2020a)
reported the first findings of AM in a Eurasian lynx in Latvia. This fact suggests that the
Eurasian lynx might act as both definitive and paratenic host for A. alata (Ozolina et al. 2020a).
Further, Renteria-Solis et al. (2013) detected AM in 11 tongue samples from raccoons in
Germany. Here, the authors demonstrated that raccoons can serve as paratenic host for A.
alata (Renteria-Solis et al. 2013).

In Germany, data on the AM prevalence in wild boars are scarce. In 2015, wild boars were
tested for the presence of AM in eight German federal states during a national zoonosis
monitoring (BVL 2016). In this study, 4.7 % (45/949) of all sampled wild boars tested positive
for AM (BVL 2016). Another survey from East Germany determined an AM prevalence of 3.3%
(243/7303) in wild boars in the federal state of Saxony (Dolle 2016).

Further, during a 2-year study from the east of Germany (Brandenburg, Saxony-Anhalt), Riehn
et al. (2012) found that 11.5% (33/286) of all tested wild boar samples were AM positive.

2.6 Pathogenicity of Alaria spp. and human infections

To date, some cases of human alariosis caused by mesocercariae of Alaria americana or not
further determined Alaria species have been reported (Fernandes et al. 1976, Freeman et al.
1976, McDonald et al. 1994, Kramer et al. 1996). The latter is closely related to A. alata and
can be found in Canada (Smith 1978) and in the United States (Davidson et al. 1992).
McDonald et al. (1994) published two cases of intraocular infection with Alaria spp.
mesocercariae. Both patients had signs of unilateral diffuse subacute neuroretinitis caused by
a mesocercaria of Alaria spp. and presumably A. americana in the retina and the vitreous,
respectively. Both persons were probably infected due to consumption of undercooked
infested frog legs in local Asian restaurants in California, United States (McDonald et al. 1994).
Another case report described a human infection with mesocercariae leading to pulmonary
disease and subcutaneous granuloma on the chest (Kramer et al. 1996). The patient was
presumably infected by consumption of rare wild goose meat during a hunting trip in Canada
(Kramer et al. 1996). Further, Fernandes et al. (1976) and Freeman et al. (1976) reported a
serious generalized human infection with A. americana most presumably caused by eating
insufficiently cooked frog legs during a hiking trip in Ontario, Canada. This patient developed
serious bilateral pneumonia, extensive interstitial hemorrhage and skin petechiae (Fernandes
et al. 1976, Freeman et al. 1976). The patient died nine days after presence of the first
symptoms because of a pulmonary bleeding which was likely caused by a disseminated

intravascular coagulation. During autopsy, several thousands of A. americana mesocercariae
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were detected in the abdominal cavity and several organs (e.g. lungs, liver, heart, kidneys,
brain) (Fernandes et al. 1976, Freeman et al. 1976).

However, no cases of human infection with A. alata have been reported so far. Nevertheless,
Odening (1961) showed that primates can serve as paratenic hosts for A. alata. Here, clinical
symptoms were not described (Odening 1961). However, this trematode was recently
classified as a zoonotic parasite of risk group 2 by the Federal Office for the Environment
(FOEN) and the Federal Office of Public Health (FOPH) in Bern, Switzerland (Gottstein 2013)
as well as the Committee on Biological Agents (ABAS) in Germany (Federal Ministry of Labour
and Social Affairs 2020). However, using a specific equation based on the AM prevalence in
wild boars, the probability that wild boars were not tested and the probability that AM in wild
boar meat were inactivated, Ozolina et al. (2020b) demonstrated that the probability for
humans to become infected with AM through consumption of wild boar meat ranges between
0.2% and 2.2%.

2.7 Tenacity of Alaria alata mesocercariae in different matrices

To date, data on the tenacity of AM in different matrices are scarce. As demonstrated by
Gonzalez-Fuentes et al. (2015), AM in Ringer’s solution died after storage for 3 minutes at
60.0 £ 2 °C, but they did survive preservation at 4.0 + 2 °C for up to 13 days.

Further, some studies investigated the survival of AM at freezing temperatures in meat (Hiepe
1985, Portier et al. 2011, Gonzalez-Fuentes et al. 2015). However, no generally valid
statement can be derived from these surveys due to different study designs.

According to Hiepe (1985), AM survive up to eight weeks frozen at — 20 °C in pork. Also, Portier
et al. (2011) investigated the cryo-resistance of A. alata in wild boar meat. During these
investigations, meat was defrosted after a defined number of days of freezing and then
examined by artificial digestion (Portier et al. 2011). In this study, Portier et al. (2011) found
that AM survive at least five days after freezing at — 18 °C + 2 °C. After 10 to 19 days post-
freezing, AM could no longer be detected using artificial digestion (Portier et al. 2011).
However, Riehn et al. (2010) reported that artificial digestion is not suitable for AM detection.
As their investigations have shown, AM become highly damaged by the HCl/pepsin digestion
followed by a loss of characteristic movement and a high mortality rate (Riehn et al. 2010). For
this reason, it cannot be excluded that AM survive significantly longer in frozen wild boar meat,
but were simply not detected by artificial digestion as assumed by Portier et al. (2011). Further,
Gonzalez-Fuentes et al. (2015) found that AM in frozen wild boar meat (— 18 °C) did not survive
longer than 2 hours when a core temperature of — 13.7 °C was reached. As assumed by
Gonzalez-Fuentes et al. (2015), their different results compared to those by Hiepe (1985) and

Portier et al. (2011) might be due to different tissue thickness around the AM. For example,
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Gonzalez-Fuentes et al. (2015) used an average sample weight of 60 + 0.5 g, while Portier et
al. (2011) worked with samples of 100 + 2 g (Gonzalez-Fuentes et al. 2015).

Moreover, Gonzalez-Fuentes et al. (2015) examined the survival of AM in wild boar meat using
microwave treatment (power of 8 kW, frequency of 2450 + 30 MHz). They observed a
maximum survival time of 90 seconds with an average internal core temperature of 63.0 £ 0.05
°C in the investigated AM-spiked meat samples (Gonzalez-Fuentes et al. 2015). However,
Gonzalez-Fuentes et al. (2015) described an uneven heat distribution within the meat pieces
as the samples were partially raw in the core, while their surface was predominantly denatured.
Due to this fact, the authors presumed that AM nearby the core might survive the microwave
treatment (Gonzalez-Fuentes et al. 2015).

Another survey investigated the tenacity of AM in homemade German meat products such as
raw ham, salami and a small raw type sausage known as “Knackwurst” (Gonzalez-Fuentes et
al. 2014). Here, the authors found that no viable AM could be detected in any of the raw hams
during or after defined production steps such as curing, equalization, cold smoking and drying.
However, viable AM were observed in salami and “Knackwurst” sausages after 24 hours of
preparation (fermentation/ripening), but not in the final meat products after the subsequent

drying process (Gonzalez-Fuentes et al. 2014).

2.8 Risk of human exposure to AM infested wild boar meat

In general, it cannot be excluded that AM infested wild boar meat or meat products are placed
on the market for human consumption.

However, based on the results of the survival studies mentioned in chapter 2.7, the risk for
consumers of human infection with AM through consumption of the examined raw sausage
types (salami and “Knackwurst’) (Gonzalez-Fuentes et al. 2014) infested with AM is
considered low (BfR 2017). However, due to a multitude of different raw sausage types, a
generally valid statement regarding the risk for consumers by AM infested raw sausage
products is currently not possible (BfR 2017). Further, the fact that AM are still viable 24 hours
after raw sausage preparation gains in significance when these sausages are consumed
directly after production without heating (Gonzalez-Fuentes et al. 2014). Even though it is
recommended to properly cook these sausages before consumption, eating raw sausage
products directly after preparation is not unusual among consumers (Gonzalez-Fuentes et al.
2014). Therefore, special procedure guidelines regarding heating, freezing and handling of raw
wild boar meat might be useful to reduce the risk for consumers of human infection by AM
infested meat or meat products (Gonzalez-Fuentes et al. 2014, Gonzalez-Fuentes et al. 2015).
Further, according to Portier et al. (2011), AM infested meat should undergo the same
procedure used for inactivation of Trichinella spp. larvae, which means heating to a core
temperature of 71 °C (Gamble et al. 2000).
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2.9 Specific methods for detection of Alaria alata mesocercariae

2.9.1 Alaria alata mesocercariae migration technique (AMT)

As reported by Riehn et al. (2010), artificial digestion is not an appropriate method for the
identification of AM in meat due to a lack of sensitivity. Therefore, the Alaria alata
mesocercariae migration technique (AMT) was developed as a more sensitive method for
detection of AM (Riehn et al. 2010). Briefly, 30 g of the sample material are cut into pieces of
about 0.5 cm edge length and carried over to a plastic sieve which is positioned in a glass
funnel fixed in a stand (Riehn et al. 2010). Then, the sample pieces are submerged in warm
tap water of 46-48 °C for 90 minutes of larval migration and sedimentation. Afterwards, 20 ml
of the sedimented sample liquid is investigated in a Petri dish using a trichinoscope or a
stereomicroscope (15-20 x magnification) (Riehn et al. 2010). A. alata mesocercariae are
detected by their characteristic movement and morphological structures (Mohl et al. 2009).
According to preliminary results by Riehn et al. (2010), the duration of sedimentation might be
shortened from 90 to 30 minutes as more than 95% of the AM were identified within the first
30 minutes of migration (Riehn et al. 2010). These findings were confirmed by Ozolina and
Deksne (2017) who found that a reduction of the sedimentation time from 90 to 30 minutes is

enough to obtain qualitative results for the presence of AM in muscle samples.

2.9.2 Comparison of AMT and artificial digestion for AM detection in meat

Finally, Riehn et al. (2010) showed that the sensitivity of their newly developed AMT to identify
AM in wild boar meat is almost 60% higher than that of the official digestion method for
Trichinella testing. Also, Riehn et al. (2012) found that 11.5% of wild boar samples tested
negative for AM during artificial digestion were actually AM positive using AMT. Further,
Ozolina and Deksne (2017) reported 21.7% of false negative samples by the use of official
Trichinella inspection method compared to AMT. In addition, Ozolina et al. (2020b) observed
that the AM prevalence in wild boars was significantly higher using AMT than artificial digestion.
These results can be explained by the affinity of AM to fat tissue (Odening 1961, Riehn et al.
2010) which is not examined during artificial digestion. Here, muscles from predilection sites
is used from which adipose and connective tissue is removed before testing (Gamble et al.
2000). Moreover, Riehn et al. (2010) demonstrated that AM can die or get damaged by
HCl/pepsin digestion, which implies a loss of their characteristic movement and morphological
changes. In addition, Ozolina and Deksne (2017) assumed that the low sensitivity of artificial
digestion for AM detection is due to an inadequate mesh size of the sieves used for the
digestion method compared to the size of AM. For this reason, their larger size compared to

Trichinella larvae might reduce the number of AM caught in the sieves.
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2.9.3 Conventional polymerase chain reaction (PCR)

2.9.3.1 General description

Polymerase chain reaction (PCR) is an in vitro method that enables the production of millions
of copies of certain nucleotide sequences enzymatically (Saiki et al. 1985, Mullis and Faloona
1987, Saiki et al. 1988). Even small amounts of DNA can thus be made accessible for analysis.
PCR is performed in a thermal cycler that allows exponential amplification of a defined DNA
sequence (Mullis and Faloona 1987, Singh et al. 2014). By detection of a specific gene
segment, this method enables molecular identification of a specific microorganism. Concretely,
the double stranded target DNA is separated in two single strands (initial denaturation;
temperature of 90-95°C for 3-5 minutes). This first step is followed by 20-35 cycles including
denaturation, annealing and extension, whereby the number of PCR cycles goes by the
concentration of DNA in the complete PCR reaction mix and the expected output of amplified
DNA (Saiki et al. 1985, Saiki et al. 1988, Singh et al. 2014). The cyclic repetition of the
individual reaction steps allows the initial amount of DNA to be amplified by a factor of about
107 (Saiki et al. 1988). After denaturation of the double stranded DNA molecule by heating to
90-95°C (30-55 seconds), the complementary forward and reverse primers bind at the 3’
flanking regions of the single stranded DNA template (annealing; temperatures between 50-
65°C for 30-55 seconds) (Saiki et al. 1985, Mullis and Faloona 1987, Saiki et al. 1988, Singh
et al. 2014). In the next step, the new DNA strand is extended by a thermostable DNA
polymerase adding complementary deoxyribonucleotide triphosphates (dNTPs) (extension;
temperature of approximately 72°C for 30-55 seconds) (Saiki et al. 1988, Joshi and Deshpande
2010, Singh et al. 2014). As a result, this procedure produces a copy of the initial double-
stranded DNA sequence including both an old and a new DNA single strand which both, in
turn, can be applied as a template for further copies (Joshi and Deshpande 2010). After the
last cycle, the extension temperature of 72°C is held for another 5-15 minutes to complement
the overhanging ends of the PCR product (Joshi and Deshpande 2010, Singh et al. 2014).
This PCR product consisting of a multitude of copies of the target DNA sequence is finally
stored at 4°C in the thermal cycler. In the end, the generated PCR product is visualized as a
fluorescent band using agarose gel electrophoresis followed by ultraviolet transillumination of
the agarose gel colored by a fluorescence dye (Singh et al. 2014). In the framework of this

thesis, the nucleic acid dye GelRed™ was used for staining the agarose gel.

2.9.3.2 PCR targeting Alaria spp.
For molecular identification of AM, Riehn et al. (2011) developed a conventional PCR which is
based on the amplification of a 303 base pair (bp) region within the complete small subunit

ribosomal RNA gene (ssrDNA) and the partial (D1-D3) large subunit ribosomal RNA gene
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(IsrDNA) of the A. alata genome. These two ribosomal RNA genes were previously applied to
estimate the phylogeny of the subclass Digenea by Olson et al. (2003).
Further, A. alata could recently be identified by Bilska-Zajac et al. (2020) using 18S rDNA and

cytochrome C oxidase subunit | (COIl) gene amplification followed by sequence analysis.

2.9.4 Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS)

In recent years, matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS) has become a standard technique for identification and characterization of
bacteria and yeast in diagnostic laboratories (Croxatto et al. 2012, Wieser et al. 2012, Shannon
et al. 2018) and has further been applied to virus identification (Calderaro et al. 2014, Calderaro
et al. 2016, lles et al. 2020). Also, this technology has become increasingly popular in
parasitology research. For instance, in the field of parasitic helminths, several studies
described the application of MALDI-TOF MS for identification of Trichinella spp. (Mayer-Scholl
et al. 2016, Karadjian et al. 2020a), cyathostomins (Bredtmann et al. 2017), Anisakis spp.
(Marzano et al. 2020), Fasciola spp. (Sy et al. 2021) as well as cercariae of trematodes such
as A. alata (Huguenin et al. 2019).

Since the MALDI-TOF technique allows a fast characterization of a multitude of
microorganisms, it might be applied in diverse fields such as medical diagnostics,
environmental monitoring or food quality control (Croxatto et al. 2012).

In preparation of the MALDI-TOF measurements, some microorganisms can be directly
spotted onto a target plate without any preliminary treatment (Croxatto et al. 2012). In case of
more robust microorganisms (e.g. bacterial spores, yeast, viruses), a preliminary treatment
using strong organic acids and/or alcohols is necessary (Croxatto et al. 2012). In a next step,
the samples are spotted onto a target plate and blended with a special MALDI matrix, leading
to their crystallization within this matrix (Giebel et al. 2010, Croxatto et al. 2012). For MALDI-
TOF analysis of proteins, a-cyano-4-hydroxycinnamic acid (CHCA) is known to be an
appropriate matrix which is commonly used (Fenselau and Demirev 2001, Croxatto et al.
2012). For this reason, CHCA matrix was selected for the MALDI-TOF project presented in
chapter 6 of this thesis.

After inserting the spotted target plate into the mass spectrometer, the mixture of sample and
matrix is irradiated by UV laser shots. The laser’s energy is absorbed by the matrix, resulting
in desorption of the crystallized proteins which are then vaporized and ionized (Giebel et al.
2010, Croxatto et al. 2012, Wieser et al. 2012). In an electric field, the mainly singly charged
ions are accelerated in accordance with their mass and electric charge, indicating that smaller
ions move faster than larger ones (Giebel et al. 2010, Croxatto et al. 2012, Wieser et al. 2012).

These ions fly through a vacuum tube where their time of flight is measured by a detector at
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the end of the tube (Giebel et al. 2010, Wieser et al. 2012). This time of flight goes by the mass
(m) and charge (z) of the biomolecule to be analyzed, indicating that molecules with varying
m/z are split by their different flying times (Croxatto et al. 2012). The time-of-flight analysis
finally allows accurate calculation of the protein mass, resulting in protein spectra
characterized by both the mass-to-charge ratio (m/z) and the ion intensity representing a
fingerprint of any species (Giebel et al. 2010, Croxatto et al. 2012, Wieser et al. 2012). These
spectra normally ranging from 1000 to 20 000 m/z are compared with those of known isolates
stored in a reference spectra database using a specific matching algorithm which allows
identification of the unknown microorganism (Demirev et al. 1999, Giebel et al. 2010, Croxatto
et al. 2012, Wieser et al. 2012).
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Chapter 3: Aims of this thesis

In the past few years, parasites other than Trichinella spp. including AM have commonly been
found during official Trichinella examination using artificial digestion (Méhl et al. 2009, Marucci
et al. 2013, Karadjian et al. 2020b). This involves trematodes as well as nematodes.

The broad spectrum of nematode larvae other than Trichinella spp. reaches from non-zoonotic
(e.g. Angiostrongylus vasorum) to potentially zoonotic nematodes (e.g. To. cati, Ascaris suum,
U. stenocephala) (Karadjian et al. 2020b). A single method to easily and reliably identify all
different nematode species found during Trichinella inspection has not been described yet.
Therefore, the first aim presented in this thesis was to develop a morphology- and molecular-
based strategy for identification of nematode larvae other than Trichinella recovered from
muscle samples during mandatory Trichinella testing. Even though this method is based on
both morphological and molecular inspection, a specialized knowledge of parasitology is not
necessarily needed for its application. Further, this standardizable technique enables not only
a reliable identification of larval nematodes incidentally found during official Trichinella
examination, but can also be used to identify isolated nematode larvae in general (Karadjian
et al. 2020b).

During the past two decades, AM frequently appeared during official meat inspection of wild
boars in many European countries (Mohl et al. 2009). However, data on the prevalence of AM
in wild boars from Germany are still rare. Therefore, the second aim of this work was to
generate long-term prevalence data on AM in wild boars in the German federal state of
Brandenburg and to better estimate the risk for human consumption of wild boar meat infested
with viable AM.

To date, AM found during artificial digestion are initially identified by morphological examination
using the stereomicroscope. This preliminary diagnosis is currently confirmed by a molecular-
based technique (Riehn et al. 2011). However, molecular tools such as the Alaria spp.-specific
PCR (Riehn et al. 2011) are quite time-consuming, labor-intensive and expensive. By contrast,
in recent years, MALDI-TOF-based assays have become increasingly popular in diagnostic
laboratories because of their rapidity, simplicity and cost-effectiveness (Wieser et al. 2012).
Therefore, the third and also the main aim of this thesis was to develop a method for a fast
and reliable identification of AM in wild boar meat by MALDI-TOF mass spectrometry.
Concretely, a protein extraction protocol for one or more AM was established and an AM-
specific reference spectra database was created.

In future, this technique should allow all routine laboratories applying MALDI-TOF MS a rapid

and reliable identification even of one single A. alata mesocercaria.
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Abstract

Since 2002, Alaria (A.) alata mesocercariac (AM) have been found during routine Trichinella inspection of wild boars in many
European countries. To date, human infection with AM through consumption of undercooked or raw AM infested wild boar meat
cannot be excluded. In Germany, data on the parasite’s prevalence in wild boars are scarce. To better understand temporal and
spatial fluctuations of this parasite, this study investigated the prevalence of AM in wild boars in the German federal state of
Brandenburg during three hunting seasons from 2017 to 2020. In total, 28.3% (100/354, 95% CI: 23.3-33.3%) of all wild boars
sampled in eight counties of Brandenburg were tested positive for AM by Alaria alata mesocercariae migration technique
(AMT). AM were detected in wild boars from seven different counties. Samples from one county (Havelland) tested completely
negative for AM (0/16). Prevalences of the seven AM positive counties of Brandenburg ranged from 11.5 (3/26, 95% CI: 2.5—
30.1%) in Markisch-Oderland to 64.1% (25/39, 95% CI: 47.2-78.8%) in Uckermark. An association between sex and A. alata
positivity could not be determined. A statistically significant increase in frequency of older AM positive wild boars was observed
(p=0.001). For a nationwide assessment of the prevalence of A. alata in wild boars and the risk for consumers of ingesting viable
AM by consumption of raw or undercooked AM infested wild boar meat, further long-term studies in different regions of
Germany are needed.

Keywords Alaria alata - Prevalence - Wild boars - Germany - Epidemiology

Introduction carnivores which serve as definitive hosts (Odening 1961).
These adult worms excrete eggs which hatch in water and

Wild boar meat infested with foodborne parasites can lead to  release miracidiae. These develop further in a water snail host,
human infection if consumed raw or undercooked (Ruiz-Fons  e.g. Planorbis species (Odening 1961; Hiepe 1985). In this
2017; EFSA 2018). One of these parasites, Alaria (A.) alata  host, the miracidiae reproduce and mature for about 1 year
mesocercariac (AM), are a larval stage of the trematode (reviewed by Mohl et al. (2009)) before they actively leave
A. alata which have been detected during routine Trichinella  the water snail as cercariae and enter the second intermediate
examination of wild boars in many European countries since ~ hosts in the water. In these second intermediate hosts (e.g.
2002 (Mahl et al. 2009; BfR 2017). adult frogs, tadpoles or other amphibia), the cercariae develop
A. alata is a parasite which has a complex three-host life ~ into mesocercariac (Odening 1961). These AM infested sec-
cycle. The adult trematodes live in the intestine of several  ond intermediate hosts can further be ingested by definitive as
well as paratenic hosts (Odening 1961). In case of A. alata,

Section Editor: Elizabeth Marie Warburton amphibians, reptiles, birds and mammals such as wild boars,
minks, badgers as well as potentially humans rank among

> Annette Johne paratenic hosts in the developmental cycle (Odening 1961;
annette.johne@bfr.bund.de Deplazes et al. 2012; Takeuchi-Storm et al. 2015; Renterfa-
Carolyn Késtner Solis et al. 2018). In these hosts, larval trematodes go through
carolyn kaestner@bfr.bund.de the intestinal wall into the muscles of the anterior body region

and/or settle down in or on several organs having a high af-

Department for Biological Safety, German Federal Institute for Risk finity to adjacent fat tissue (Odening 1961; Odening 1963;

Assessment (BfR), Diedersdorfer Weg 1, 12277 Berlin, Germany
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Hiepe 1985). In these paratenic hosts, larval trematodes do not
develop any further but can survive several host changes with-
out any loss of infectivity (Odening 1961; Hiepe 1985). After
ingestion of an AM infected paratenic or second intermediate
host by a definitive host, the mesocercariac go through a so-
matic migration. After passing the lungs, they evolve into
metacercariae and later into adult trematodes in the small in-
testine where they achieve sexual maturity (Odening 1961).

As wild boars are paratenic hosts of A. alata, human infec-
tion with this trematode through consumption of undercooked
or raw wild boar meat or raw meat products cannot be exclud-
ed (BfR 2017). Further, A. alata has already been classified as
zoonotic parasite of risk group 2 by the Federal Office for the
Environment (FOEN) and the Federal Office of Public Health
(FOPH) in Bern, Switzerland (Gottstein 2013).

The consumption of game meat in Germany has risen over
the past decade. According to the German Hunting
Association (2019a) which collects data relating to game in
Germany, to date, 60% of all Germans consume game meat at
least once a year. This amounts to a 25% increase compared to
2009 (German Hunting Association 2019a). The most popular
game meat in Germany is wild boar meat and more than 14
tons of wild boar meat were consumed during the hunting
season 2018/2019 alone (German Hunting Association
2019a). Traditionally, game meat is consumed fully cooked.
However, cooking methods are altering showing a trend to-
wards consumption of inadequately cooked game meat with a
pink core as well as raw sausage products (Richomme et al.
2010; Franssen et al. 2017; BfR 2018).

To date, no case reports of human alariosis caused by
A. alata exist. However, some cases of human infection with
Alaria spp. respectively A. americana mesocercariae have
been reported. McDonald et al. (1994) published two cases
of intraocular infection with Alaria spp. mesocercariac. Both
patients probably became infected by consumption of
undercooked infested frog legs in local Asian restaurants in
California, United States (McDonald et al. 1994). Another
case report described a human infection with most likely
Alaria spp. mesocercariae leading to pulmonary disease and
subcutaneous granuloma on the chest (Kramer et al. 1996).
The patient was presumably infected through the consumption
of raw wild goose meat during a hunting trip in Canada
(Kramer et al. 1996). Further, Freeman et al. (1976) reported
a serious generalized human infection with A. americana after
consumption of insufficiently cooked frog legs. The patient
developed serious bilateral pneumonia and died of pulmonary
bleeding. Also, Odening (1961) demonstrated by experimen-
tal infection of a rhesus monkey that primates function as
paratenic hosts of A. alata. Therefore, clinical disease in
humans due to consumption of viable meat or meat products
infested with A. alata cannot be excluded (Odening 1961).

Article 28 (6) of the Implementing Regulation of the
European Commission (EU) 2019/627 (2019) details that
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carcasses infected with parasites have to be declared unfit
for human consumption. Therefore, regionally high A. alata
prevalences can result in financial losses for hunters and re-
duce their motivation for hunting (personal communication
hunters, expert discussion in October 2016, BfR), increasing
e.g. wild boar population densities. This in turn can have det-
rimental effects on animal disease control and increase crop
damage (Massei and Genov 2004).

In 2015, wild boars were tested for the occurrence of
A. alata in eight German federal states within the framework
of'the national zoonosis monitoring (BVL 2016). In this study,
4.7% (45/949) of all sampled wild boars tested positive for
A. alata using the A. alata mesocercariae migration technique
(AMT) (Riehn et al. 2010). The monitoring also demonstrated
regional differences between prevalences in different federal
states. For example, the prevalence of Brandenburg was 8.0%
(13/163) and therefore almost twice as high as the average
prevalence (BVL 2016).

Therefore, the aim of this study was to collect long-term
data on the occurrence of A. alata in wild boars from
Brandenburg to gain a better understanding of temporal and
spatial fluctuations in this federal state over time.

Materials and methods
Study design

Using the Epitools Epidemiological Calculator by Sergeant
(2018), a required sample size of 114 wild boars was calcu-
lated with a confidence level of 95% based on the prevalence
of 8.0% determined for the German federal state of
Brandenburg during the national zoonosis monitoring in
2015 (BVL 2016). Further, the average annual hunting bag
of Brandenburg from 2008/09 to 2018/19 (71708 wild boars
(German Hunting Association 2019b)) was used as an estima-
tion of the population size.

The sampling was carried out during hunts organized by
the German Federal Forest Service, the Frankenforder
Forschungsgesellschaft mbH, and the German Institute for
Federal Real Estate (BImA). All animals were legally hunted
for human consumption and access to post-mortem sampling
was kindly provided by the German Federal Forest Service.

Animal age was defined by the hunters based on teeth
eruption, teeth replacement, and physical appearance
(Habermehl 1961; Bier et al. 2020). Further, wild boars were
divided in three age groups (0, 1, 2). Wild boars younger than
1 year belong to age group 0 and 1 year old animals are part of
age group 1. All wild boars aged 2 years or older belong to age
group 2 (Game Management Directive of the German federal
states of Brandenburg and Mecklenburg-Western Pomerania
2001; Portier et al. 2014; Bier et al. 2020).
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Laboratory examinations

After each hunt, the whole tongue and about 30 g of abdom-
inal fat tissue were taken from all sampled wild boars, refrig-
erated at 4 °C and investigated as a pooled sample with the
A. alata mesocercariae migration technique (AMT) (Riehn
et al. 2010) within a maximum of 7 days after the hunt.
Using a stereomicroscope, vital AM were identified by their
characteristic morphology and movement and quantified.
Further, the parasite load per sample was determined
(Table 1).

The morphological identification of the larvae was con-
firmed by an Alaria spp. specific PCR (Riehn et al. 2011).
All AM were stored in ethanol absolute at —20 °C. DNA
extraction of a single larva was performed using the
QIAamp DNA Mini Kit (QIAGEN, 51306) following an
adapted Quick-Start Protocol. DNA elution was performed
in two consecutive steps with 25 pl of distilled water incubat-
ed on the column at room temperature for 3 to 5 min before
centrifugation at 8000 rpm in each step. Then, a PCR targeting
a 303 bp fragment of the A. alata genome was performed as
described by Richn et al. (2011).

Statistical analysis

To assess the effect of sex, age group and hunting season on
the prevalence of A. alata, the x*-test according to Pearson
using the software SPSS v. 26 (SPSS Inc., Chicago, IL, USA)
was performed. A value of p < 0.05 was considered as statis-
tically significant. Further, prevalence ratios (PRs) produced
by a robust Poisson regression were evaluated to estimate the
strength of association (Martinez et al. 2017).

Wilson score intervals were used as confidence intervals
for the prevalences. The confidence intervals for the preva-
lence ratios (PRs) were based on the Poisson regression. Both
intervals are confidence intervals of 95%.

Results

In this study, a total of 354 wild boars were sampled during
the hunting seasons 2017/2018, 2018/2019 and 2019/2020 in
eight counties of the German federal state of Brandenburg. In
total, 28.3% (100/354, 95% CI: 23.3-33.3%) of all sampled
wild boars in the German federal state of Brandenburg tested
positive for A. alata. Among all A. alata positive wild boars,
the number of AM isolated by AMT ranged from zero to 908
AM per sample (pooled tongue and abdominal fat tissue)
which resulted in a mean parasite load of 9.60 AM per animal.
The mean parasite loads of all AM positive counties reached
from 0.23 AM per sample in Mérkisch-Oderland to 62.18 AM
per sample in Uckermark. AM were detected in wild boars
from seven of the eight counties. All samples from county
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Havelland tested negative for AM (0/16). Prevalences of the
seven AM positive counties of Brandenburg ranged from 11.5
(3/26, 95% CI: 2.5-30.1%) in Mirkisch-Oderland to 64.1%
(25/39, 95% CI: 47.2-78.8%) in Uckermark (Table 1).

In the hunting season 2017/2018, the prevalence was
26.1% (29/111, 95% CI: 18.3-35.3%). In the following hunt-
ing season (2018/2019), the prevalence increased to 30.2%
(16/53, 95% CI: 18.3-44.3%) and decreased again to 28.9%
(55/190, 95% CI: 22.6-36.0%) during the hunting season
2019/2020. Statistically significant differences could not be
identified (Table 1; p = 0.824).

Further, no association between sex and A. alata positivity
was determined (Table 1; p = 0.564).

However, the prevalence increased with age: 19.6% (29/
148, 95% CI: 13.5-26.9%) of all animals of age group 0 were
A. alata positive. The prevalence rose up to 31.5% (41/130,
95% CI: 23.7-40.3%) in age group 1 and finally to 45.5% (25/
55, 95% CI: 32.0-59.5%) in age group 2. The correlation
between age and frequency of AM positive wild boars was
statistically significant (Table 1; p = 0.001). With a PR value
of 2.32 (CI: 1.50-3.59; Table 1), wild boars of age group 2
had a prevalence of A. alata that was 2.32 times greater than
wild boars of age group 0 (Table 1).

Discussion

Wild boar meat is the most popular game meat in Germany
(German Hunting Association 2019a) and can pose a risk of
human infection with several foodborne parasites (Ruiz-Fons
2017). Due to a lack of knowledge on recent prevalence data
of A. alata in German wild boars, the aim of this study was to
examine the occurrence of A. alata in wild boars in the
German federal state of Brandenburg over a longer period of
time. The federal state of Brandenburg was chosen for this
study because of a comparatively high prevalence (8.0%) of
A. alata during the zoonosis monitoring in 2015.

In this survey, the average prevalence of A. alata in wild
boars from Brandenburg between 2017 and 2020 was 28.3%
(100/354) (Table 1). Compared to some other European prev-
alence studies of A. alata in wild boars, the total prevalence of
our study is clearly higher than those found in France (0.6% or
169/27,582) (Portier et al. 2014), Italy (1.0% or 1/100)
(Gazzonis et al. 2018), Czech Republic (6.8% or 15/221)
(Paulsen et al. 2013), Austria (6.7% or 30/451) (Paulsen et al.
2012) and northern Serbia (3% or 6/200) (Gavrilovi¢ et al.
2019). The average prevalence of 4.7% determined in the
German national zoonosis monitoring in 2015 (BVL 2016) falls
into the mid-range of prevalences mentioned above.

Interestingly, prior studies conducted in the Eastern parts of
Germany all showed relatively high prevalences in compari-
son to other European countries. However, the A. alata prev-
alence of 28.3% detected in our study was nearly 2.5 times
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Table 1 Prevalence of Alaria alata in wild boars in total and by counties, hunting season, sex, and age group
Variable Category No. positive/no. tested ~ Prevalence in % Range of parasite load (mean p- PR (95% CI)
animals (95% CI) parasite load) value
Total 100/354 28.25(23.26-33.25) 0-908 (9.60)
County Dahme-Spreewald  29/66 43.94 (31.74-56.70) 0-149 (8.12)
Havelland 0/16 0.00 (0.00-20.59) 0
Mirkisch-Oderland 3/26 11.54 (2.45-30.15)  0-4(0.23)
Oberhavel 13/89 14.61 (8.01-23.68)  0-29 (1.25)
Oder-Spree 9/44 20.45 (9.80-35.30)  0-53 (1.98)
Ostprignitz-Ruppin  15/53 28.30 (16.79-42.35) 0-67 (2.68)
Teltow-Flaming 515 33.33 (11.82-61.62) 0-9 (1.07)
Uckermark 25/39 64.10 (47.18-78.80) 0-908 (62.18)
Hunting 2017/2018 29/111 26.13 (18.25-35.32) 0.824 Reference value
season 2018/2019 16/53 30.19 (18.34-44.34) 1.155
(0.690-1.934)
2019/2020 55/190 28.95 (22.61-35.95) 1.108
(0.755-1.627)
Sex Male 39/145 26.90 (19.88-34.89) 0.564 Reference value
Female 56/188 29.79 (23.35-36.87) 1.107
(0.783-1.566)
Age group 0 29/148 19.59 (13.53-26.91) 0.001 Reference value
1 41/130 31.54 (23.67-40.27) 1.610
(1.065-2.433)
2 25/55 45.45 (31.97-59.45) 2.320(1.500-3.588)

Note: For statistical analysis, we performed the X -test according to Pearson. The sex and age group of 21 wild boars as well as the origin (county) of six
wild boars were not recorded and could therefore not be used for the analysis

higher than the prevalence of 11.5% demonstrated by Riehn
et al. (2012) and even more than 3.5 times higher than the
prevalence of 8.0% determined during the national zoonosis
monitoring in 2015 (BVL 2016).

Smaller detection rates in other studies might be due to the
use of less sensitive methods that were not explicitly devel-
oped for AM detection. In the studies from France and north-
ern Serbia for example, all AM were detected by artificial
digestion with a magnetic stirrer as used for routine
Trichinella inspection (Gavrilovi¢ et al. 2019). This method
is not as sensitive as the AMT described by Riehn et al. (2010)
as the mesocercariae can be damaged during digestion
(Gavrilovi¢ et al. 2019; Portier et al. 2014). According to
Riehn et al. (2012), 11.5% (33/286) of all wild boars which
tested negative for A. alata by artificial digestion were actually
AM positive by AMT. Therefore, the true prevalences in the
studies in both these countries are presumably higher than
determined (Portier et al. 2014). Further, the examination of
muscle samples which are not entirely suitable for AM testing
could be another reason for smaller detection rates found in
other studies. However, in most of the mentioned studies,
samples from diaphragm or tongue which both are appropriate
tissues (Riehn et al. 2010) were used for AM examination
(Riehn et al. 2012; Portier et al. 2014; Gazzonis et al. 2018;
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Gavrilovi¢ et al. 2019). In two studies, mixed samples includ-
ing diaphragm muscle, glandular and adipose tissue were test-
ed for AM (Paulsen et al. 2012; Paulsen et al. 2013). These
sample tissues are also suitable for AM detection due to the
affinity of AM to fat, connective and glandular tissue as
described by Odening (1961) and Riehn et al. (2010). For this
reason, the selection of inappropriate sample material used for
AM detection is not an explanation for the lower prevalences
found in the studies mentioned above compared to our results.

The current study area, the federal state of Brandenburg, is
very rich in lakes, rivers and wetlands (Knittel 2020). This
landscape structure offers beneficial conditions for the devel-
opment and spread of A. alata as the parasite’s life cycle is
associated with intermediate hosts living in or close to surface
waters. This could be an explanation for the relatively high
prevalence in Brandenburg compared to some of the studies
mentioned above.

To find a potential explanation for the wide variation of the
prevalence of 28.3% in our study compared to the prevalence
of 11.5% determined by Richn et al. (2012), weather data of
Brandenburg provided by the Climate Data Center were ana-
lyzed. We focused on the annual average of both the air tem-
perature and the precipitation level from 2007 to 2009 and
from 2015 to 2017, the time frames of the two studies.
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These were chosen due to the 2-year life cycle of A. alata. As
reviewed by Mohl et al. (2009), miracidiae maturate for about
1 year in a water snail host before releasing cercariae in the
water. Therefore, it should take about 2 years until weather
conditions can lead to a noticeable effect on the prevalence of
A. alata in paratenic hosts such as wild boar.

There were no significant differences in the average tem-
perature during the two studies (10.13 °C vs 9.99 °C) (Climate
Data Center 2020a, b).

Between 2007 and 2009, the average annual total precipi-
tation was 663 mm (Climate Data Center 2020c) in compari-
son to 600 mm between 2015 and 2017 (Climate Data Center
2020d). This variation, however, does not explain the higher
prevalence we found in our study indicating that a more in-
depth knowledge of both the regional landscape structure as
well as the local weather conditions are necessary to under-
stand the size of the parasitic biomass in an area. Further, the
higher prevalence in our study compared to the prevalence
determined by Riehn et al. (2012) could be justified by an
increasing prevalence of finals hosts (e.g. raccoon dogs) in
this area. Thus, in the hunting years 2017/18, 2018/19, and
2019/20 which are included in our study, an annual number of
7207, 6572 respectively 6210 raccoon dogs were shot in the
federal state of Brandenburg (German Hunting Association
2021). This is a clear rise compared to the hunting years
2009/10 and 2010/11 which were included in the study by
Riehn et al. (2012). In these years, an annual number of
5860 respectively 5654 raccoon dogs were shot in
Brandenburg (German Hunting Association 2021). Raccoon
dogs are known to serve as definitive hosts of A. alata (Thiess
2006). Therefore, a growing number of raccoon dogs might be
one plausible explanation for the prevalence increase of AM
in wild boars in Brandenburg we observed in our survey.

In this study, differences between the prevalences of the
eight sampled counties were apparent: While the county
Havelland (western part of Brandenburg) had an occurrence
0f'0.0% (0/16), the prevalence in Dahme-Spreewald (southern
part of Brandenburg) was 43.9% (29/66) and in the county
Uckermark (northeastern part of Brandenburg) even 64.1%
(25/39) (Table 1). These results of a heterogeneous distribu-
tion of AM positive wild boars are in line with the findings of
the prevalence studies in France (Portier et al. 2014), Austria
(Paulsen et al. 2012) and Czech Republic (Paulsen et al.
2013). Due to the small sample size in the county
Havelland, the determined occurrence of 0.0% is most proba-
bly not representative and needs further verification.

In our survey, a statistically significant correlation between
prevalence and age group of the sampled wild boars could be
observed. We found a continuous increase of the prevalences
of A. alata between wild boars of age groups 0 (19.6%), 1
(31.5%) and 2 (45.5%). Similarly, Paulsen et al. (2013) ob-
served a significantly lower prevalence of A. alata in wild
boars at the age of 1 year and younger (4/22; 18.2%) in
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comparison to those older than 1 year (11/16; 68.8%). In
agreement with Paulsen et al. (2013), it can be assumed that
the probability for wild boars to become infected with A. alata
by eating AM infested prey increases with age.

Similar to the findings in previous studies of Paulsen et al.
(2013) and Richn et al. (2012), a statistically significant asso-
ciation between sex and prevalence of A. alata could not be
determined.

In conclusion, the regionally very high occurrence of AM
in wild boar in Brandenburg, Germany, and the unclear path-
ogenicity highlight that both further research and discussions
on the pathogenicity of the parasite as well as the suitability of
cold or heat treatment to kill AM in wild boar meat are needed.
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Abstract: Alaria (A.) alata mesocercariae (AM) have increasingly appeared as incidental findings
during the mandatory inspection of wild boars for Trichinella in many European countries. An Alaria
spp--specific PCR is available for the identification of AM; however, it is time- and cost-intensive.
Therefore, we propose a rapid and cost-efficient MALDI-TOF assay for the identification of AM in
wild boar meat that can be applied in routine diagnostics. In this study, a fast and methodologically
simple protocol for the protein extraction of AM from different host species in different countries
was established, and an AM-specific reference spectra database was created as part of the ongoing
development of an existing Trichinella spp. database. A formic acid protein extraction was performed
after pooling 10 AM from the same host individual. In total, 61 main spectra profiles (MSPs) from
different host individuals were stored in an AM-specific MSP library. The cluster analysis of these
61 MSPs indicated a possible variation within the A. alata species with a tentative association with
the geographical origin of the host, but not the host species. This MALDI-TOF assay allows for a fast
verification of the AM isolates, which is the next step in the development of a universal database for
the identification of several parasites isolated from meat.

Keywords: Alaria alata; MALDI-TOF MS; diagnostics; detection; identification; trematodes; wild
boars; foodborne parasitology

1. Introduction

To ensure that meat from livestock or game is safe for human consumption, Euro-
pean legislation lays down rules for mandatory Trichinella testing such as Commission
Implementing Regulation (EU) No. 2015/1375 [1] and subsequent amendments such as
Commission Implementing Regulation (EU) No. 2020/1478 [2]. During the inspection of
game meat, wide varieties of parasites, which do not belong to the Trichinella genus, are
frequently detected [3].

One such parasite is Alaria (A.) alata, whose mesocercariae (AM) have been found
with increased frequency in wild boars in Europe during the past few years [4-13].

The adult worms of this parasite live in the intestine of carnivores (e.g., foxes, dogs)
and have a complex three-host life cycle that includes wild boars as paratenic hosts [14,15]
resulting in possible exposure of humans to the parasite through the consumption of wild
boar meat. To date, no human infections caused by the species A. alata have been reported.
However, Odening [14] demonstrated that primates can function as paratenic hosts for A.
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alata. In addition, A. alata was recently classified as a zoonotic parasite of risk group 2 by
the Federal Office for the Environment (FOEN) and the Federal Office of Public Health
(FOPH) in Bern, Switzerland [16], as well as the Committee on Biological Agents (ABAS)
in Germany [17]. However, based on a specific formula, Ozolina et al. [10] demonstrated
that the probability for humans becoming infected with AM through consumption of wild
boar meat ranges between 0.2% and 2.2%.

To assess the risk of human infection with this parasite and better understand regional
and spatial fluctuations of AM in wild boars, several studies on the prevalence of A. alata in
Germany and other European countries were conducted. In Germany, prevalences between
4.7 and 28.3% were described in different regions [4,11,18]. Further studies were reported
from France (0.6%) [7], Italy (1.0%) [13], northern Serbia (3%) [19], Austria (6.7%) [20] and
Czech Republic (6.8%) [6]. However, significantly higher prevalences were observed in
north-eastern Poland (44.3%) [12] and in Latvia (43.9%) [10].

As the artificial digestion technique, which is the gold standard method for Trichinella
testing, is not sufficiently sensitive for AM detection in meat, Riehn et al. [21] developed
the A. alata mesocercariae migration technique (AMT) followed by the morphological
identification of AM, which, however, requires a professional expertise in parasitology.
Therefore, a confirmation of the AMT results using standardized detection methods, such
as molecular or protein-based tools, is absolutely essential for the reliable identification of
AM. Molecular methods for AM detection include a specific PCR targeting a 303 base pair
(bp) sequence within the complete small subunit ribosomal RNA gene (ssTDNA) and the
partial (D1-D3) large subunit ribosomal RNA gene (IsrDNA) of the A. alata genome [22]
as well as a 185 rDNA and cytochrome C oxidase subunit I (COI) PCR followed by
sequence analysis [23]. However, molecular techniques can be relatively work-intensive,
time-consuming and expensive [24].

In recent years, matrix-assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF MS) has evolved as a routine method for the identification of
different microorganisms in many laboratories [25-27]. The advantage of the MALDI-TOF
technique is that once a robust, generalized protein extraction protocol and a database
incorporating a variety of protein spectra from different microorganisms have been estab-
lished, there is no need to perform a multitude of different assays to identify the pathogen,
resulting in fast and cost-effective identification [25]. In routine diagnostics, MALDI-TOF
MS has become a standard tool for identification of bacteria and yeast [25-27] and has also
been applied in parasitology research [28-31]. However, in the field of foodborne parasitol-
ogy, only two studies have demonstrated the use of this technique in the framework of
official meat inspection for Trichinella spp. [24,32].

Therefore, the aim of this study was to establish a rapid, cost-efficient and method-
ologically simple protocol for protein extraction of AM and to create an AM-specific main
spectra profile (MSP) library as an add-on development to an existing Trichinella spp.
database.

2. Materials and Methods
2.1. Sample Collection

A total of 61 AM samples from different host individuals were collected during
a prevalence study from 2017 to 2020 in Brandenburg, Germany [11], in collaboration
with the Food Inspection and Veterinary Department, Administrative District Gorlitz
(State of Saxony, Germany), the LADR GmbH Medical Care Center North in Flintbek
(State of Schleswig-Holstein, Germany), the local veterinary office in Brodnica (Brodnica,
Poland) and the Institute of Food Safety, Animal Health and Environment (BIOR) in Riga,
Latvia [10,33,34].

All sampled animals were hunted according to each country’s hunting regulations, or
other permits if necessary.

During the period from 2017 to 2019, amphibians were collected with special per-
mission (26/2017-E; 06.05.2017, 14/2018-E; 10.05.2018 and 21,/2019-E-07.05.2019) that was
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granted by the Latvian authorities for the collecting and euthanizing of amphibians for
scientific purposes (26/2017-E, 14/2018-E, 21/2019-E—Nature Conservation Agency of
Latvia).

Adult frogs and tadpoles were gathered from shallow portions using a standard
O-frame net with a diameter of 0.6 m, 5-mm mesh size and a handle length of 1.5 m. The
collected samples were placed in a disposable box with water (300 mL) and transported to
the laboratory within 8 h and kept at +4 °C until further procedures. Euthanasia was per-
formed in the laboratory by a blow to the head as per European Union requirements and the
Federation of European Laboratory Animal Science Association regulations (FELASA) [35],
under the supervision of a FELASA-certified specialist.

All muscle samples from Saxony, Schleswig-Holstein and Poland were taken from the
diaphragm, pharynx or masticatory musculature (Mm. masseter, temporalis, pterygoidei)
of wild boars (Sus scrofa) that were examined during routine Trichinella inspection and
transported to the German Federal Institute for Risk Assessment (BfR) in cooling boxes
(Table 1). There, the muscle samples were refrigerated at +4 & 2 °C before being analyzed
with the A. alata mesocercariae migration technique (AMT) [21] within 2448 h after arrival
in the laboratory.

Table 1. List of Alaria alata mesocercariae included in this study. The 8th column of this table gives the log score values for

comparison of at least two main spectra profiles created from the same host individual.

Year of

Host

Host Tissue Used for

Number

Log Scores for

No. Sample Number Sampling Species Origin of the Host 'AM Isolation of MSPs MgeI:l; iri)_lrgstthe
1 A. alata 0573928a 2018 wild boar Germany, Brandenburg tongue 2 2.474
2 A. alata 0573941 2018 wild boar Germany, Brandenburg tongue 1 no value
3 A. alata 0573944 2018 wild boar Germany, Brandenburg tongue 1 no value
4 A. alata 0574243 2018 wild boar Germany, Brandenburg tongue 2 2.592-2.593
5 A. alata 0662088 2019 wild boar Germany, Brandenburg foreleg muscles 1 no value
6 A. alata 0667797 2019 wild boar Germany, Brandenburg tongue 1 no value
7 A. alata 0667798 2019 wild boar Germany, Brandenburg tongue 3 2.062-2.599
8 A. alata 078901 2019 wildboar  Germany, Brandenburg ~ ‘0nue abdominal fat 5 2.383-2.660
9 A. alata 078902 2019 wild boar Germany, Brandenburg tongue, ?ilécstlgginal fat 5 2.316-2.638
10 A. alata 078924a 2019 wildboar  Germany, Brandenburg ~ ‘on8u® abdominal fat 5 2.011-2.562
11 A. alata 078925 2019 wild boar Germany, Brandenburg tongue, ?il;glltl)éninal fat 1 no value
12 A. alata 078939 2019 wild boar  Germany, Brandenburg ~ {on8u® abdominal fat 4 2.308-2.550
13 A. alata 078946 2019 wild boar ~ Germany, Brandenburg tongue, ?ilggigerninal fat 1 no value
14 A. alata 078954 2019 wildboar  Germany, Brandenburg ~ ‘0n8u® abdominal fat 5 2.318-2.623
15 A. alata 078957 2019 wildboar  Germany, Brandenburg ~ ‘on8u® abdominal fat 4 2.127-2.430
16 A. alata 078966 2019 wild boar Germany, Brandenburg tongue, ?izggéninal fat 1 no value
17 A. alata 078987 2019 wild boar Germany, Brandenburg tongue, ?il;glltl)éninal fat 5 2.341-2.767
18 A. alata 079025a 2019 wildboar  Germany, Brandenburg ~ ‘0nue abdominal fat 2 2.625-2.632
19 A. alata 079028 2019 wildboar  Germany, Brandenburg ‘08¢, abdominal fat 4 2.337-2.647
20 A. alata 106797 2019 wildboar  Germany, Brandenburg ~ {on8u® abdominal fat 5 2.013-2.597
21 A. alata 106799 2019 wild boar Germany, Brandenburg tongue, %t;gltl)éninal fat 1 no value
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Table 1. Cont.

Log Scores for

Year of Host . . Host Tissue Used for Number

No Sample Number Sampling Species Origin of the Host 'AM Isolation of MSPs Mg;’rsn ‘fsri)_lngstthe

22 A. alata 170238 2019 wild boar Germany, Brandenburg tongue, iiik;gl(l)éninal fat 1 no value

23 A. alata 193732 2019 wild boar Germany, Brandenburg tongue, etail;ggéninal fat 1 no value

tongue, abdominal fat

24 A. alata 2019030127 2020 wild boar  Germany, Brandenburg tissue, diaphragm, 3 2.488-2.681
chewing muscles

25 A. alata 78953 2019 wildboar  Germany, Brandenburg ~ ‘0nue abdominal fat 5 2.108-2.675

26 A. alata BZ41794 2019 wild boar Germany, Saxony tongue, foreleg muscles 1 no value

27 A. alata BZ41796 2019 wild boar Germany, Saxony tongue, foreleg muscles 1 no value

28 A. alata GOER36711 2018 wild boar Germany, Saxony diaphre?gm, stomach, 1 no value
chewing muscles

29 A. alata GOER23024 2019 wild boar Germany, Saxony diap hra.gm, stomach, 5 2.012-2.491
chewing muscles

30 A.alata GOER23025 2019 wild boar Germany, Saxony diaphragm, stomach, 5 2.368-2.545
chewing muscles

31 A. alata GOER32365b 2019 wild boar Germany, Saxony diap hrégm, stomach, 3 2.492-2.707
chewing muscles

32 A.alata GOER32505 2018 wild boar Germany, Saxony diaphragm, stomach, 1 no value
chewing muscles

33 A. alata GOER33512 2019 wild boar Germany, Saxony diap hra.grn, stomach, 4 2.468-2.575
chewing muscles

diaphragm, chewing
34 A. alata GOER36908 2019 wild boar Germany, Saxony muscles, abdominal fat 5 2.167-2.497
tissue

35 A. alata GOER481 2018 wild boar Germany, Saxony dlaphra'gm, stomach, 1 no value
chewing muscles

3  A.alata GOER37662 2019 wild boar Germany, Saxony diaphragm, stomach, 4 2.455-2.619
chewing muscles

37 A.alata GOER37673 2020 wild boar Germany, Saxony diaphragm, stomach, 4 2.305-2.587
chewing muscles

38 A. alata GOER37676 2020 wild boar Germany, Saxony diap hra.gm, stomach, 1 no value
chewing muscles

39 A.alata GOER44948 2020 wild boar Germany, Saxony diaphragm, stomach, 3 2.668-2.747
chewing muscles

40 A alata GOER925 2020 wild boar Germany, Saxony diaphragm, stomach, 5 2.000-2.508
chewing muscles

. Germany, .

41 A. alata SH05721106 2019 wild boar Schleswig-Holstein diaphragm 1 no value

42 A. alata 1537008 2019 wild boar Poland, Brodnica diaphragm 5 2.175-2.579

43 A. alata 422-24178 2020 wild boar Latvia, Altiksnes diaphragm 1 no value

44 A. alata 424-40513 2020 wild boar Latvia, Balvu diaphragm 1 no value

45 A. alata 420-1-39905 2020 wild boar Latvia, Burtnieku diaphragm 2 2.428-2.444

46 A. alata 231-88191-2 2018 wild boar Latvia, Daugavpils diaphragm, tongue 1 no value

47 A. alata 401-31537 2020 wild boar Latvia, Jaunpiebalgas diaphragm 1 no value

48 A. alata 417-39359 2020 wild boar Latvia, Jaunpiebalgas diaphragm 1 no value

49 A. alata 11 2020 wild boar Latvia, Jekabpils diaphragm 2 2.520-2.523

50 A. alata 252-4404 2019 wild boar Latvia, Kocénu diaphragm, tongue 1 no value

51 A. alata 184-72509-2 2018 wild boar Latvia, Kocénu diaphragm 1 no value

52 A. alata 408-33448 2020 wild boar Riga, Limbazu diaphragm 1 no value

53 A. alata 245-191 2019 wild boar Latvia, Rézeknes diaphragm, tongue 1 no value

54 A. alata 418-1-39881 2020 wild boar Latvia, Rjienas diaphragm 9 2.181-2.745

55 A. alata 151.3-18 2018 corfnmon Latvia, Neretas serous coat of the 1 no value

rog internal organs
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Table 1. Cont.

Year of

Host

Host Tissue Used for

Number

Log Scores for

No. Sample Number Sampling Species Origin of the Host 'AM Isolation of MSPs Mg;’lsn ‘fsri)_lngstthe

56 A. alata 152.1-18 2018 corfr;cr)réon Latvia, Neretas head 1 no value

57 A. alata 10-18 2018 water frog Latvia, Balvu serous coat of the 1 no value
internal organs

58 A. alata 16.7-18 2018 water frog Latvia, Balvu inner organs 1 no value

59 A. alata 20-18 2018 water frog Latvia, Balvu serous coat of the 1 no value
internal organs

60 A. alata 132.1-18 2018 water frog Latvia, Dobeles head 1 no value

61 A alata 238-87828 2018 lynx Latvia, Siguldas “’“gr‘;is‘iilfef:rent 1 no value

A., Alaria; AM, A. alata mesocercariae; MSP, main spectrum profile. Note: Sample nos 1-25 came from the prevalence study in Brandenburg,
Germany, sample nos 2642 originating from official Trichinella testing were collected by the BfR, Germany, and sample nos 43-61 were
gathered by BIOR, Latvia, for research purposes.

During the prevalence study in Brandenburg, whole tongue and about 30 g of abdom-
inal fat tissue were collected from wild boars during hunts, refrigerated at +4 & 2 °C and
transported to the BfR within 3 h.

Prior to examination at the BfR using the AMT [21], all samples were refrigerated at
+4 £ 2 °C. The average storage time was 24-48 h, but a few samples were kept for up to
7 days when the number of collected samples could not be processed faster.

Viable AM were detected and provisionally identified based on morphological char-
acteristics, considering the number of glandular cells, body shape, size and movement
characteristics using the stereomicroscope at 20 x to 100 x magnification [15].

All collected AM were stored separately for each host individual in ethanol absolute
(Fa. Merck, Darmstadt, Germany) at —20 °C.

All AM from the wild boars, European water frogs (Pelophylax esculentus complex),
common frogs (Rana temporaria) and the Eurasian lynx (Lynx lynx) from Latvia were isolated
from the diaphragm, tongue, head and inner organs. While AMT [21] was used for the
detection of AM in wild boars and the Eurasian lynx, the compression method [36,37] was
applied for the isolation of AM from European water frogs and common frogs at BIOR in
Riga, Latvia for research purposes. These AM were then transported to the BfR in cooling
boxes and stored in ethanol absolute at —20 °C after arrival in our laboratory (Table 1).

In addition to the AM samples, three further samples containing Opisthioglyphe ranae
larvae from European water frogs from Latvia were provided by BIOR and included in
this study to verify that the developed MALDI-TOF technique also allows for a reliable
differentiation between trematode species. These samples were also transported to the BfR
in cooling boxes and stored in ethanol absolute at —20 °C after arrival.

2.2. Molecular Species Identification of the Samples

For DNA extraction, the QIAamp® DNA Mini Kit (QIAGEN, Hilden, Germany, 51306)
following an adapted Quick-Start Protocol was used. For the elution step, 25 uL. of DNA-
free water were used and incubated at room temperature for 3 to 5 min before centrifugation
at 8000 rpm. This elution step was repeated once. Apart from the elution step, the protocol
was performed according to the manufacturer’s instructions.

The DNA extracts from all 61 AM samples were tested by the Alaria spp.-specific
PCR [22]. All PCR-positive samples were used for the creation of main spectra profiles
(MSPs) and stored in the AM-specific MSP library.

Further, the 18S PCR protocol published by Karadjian et al. [3] for the identification
of nematodes was applied to 20 randomly selected AM samples, followed by a sequence
analysis to determine the suitability of the PCR for the detection and identification of
A. alata.
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In addition, the three samples containing Opisthioglyphe ranae larvae were examined us-
ing this 18S PCR [3], followed by a sequence analysis, giving a total of 23 larvae-containing
samples that were tested by this PCR.

Both the Alaria spp.-specific PCR and the 185 PCR were carried out using the protocols
published by Riehn et al. [22] and Karadjian et al. [3], respectively.

All PCR products generated by the 185 PCR [3] were sent to Eurofins Genomics
(Ebersberg, Germany) for sequence analysis.

2.3. Development of a Protein Extraction Protocol for MALDI-TOF Mass Spectrometry

In general, the AM needed to be fixed in alcohol as handling of the motile larvae was
neither practical nor repeatable.

To find a suitable method for protein extraction, several protein sample preparation
protocols were tested:

(i) A protocol published by Mayer-Scholl et al. [24] was tested for AM protein ex-
traction but did not result in the generation of reproducible and recognizable protein
spectra.

(ii) A single AM was spotted onto the target, followed by air drying, the addition of
70% formic acid and saturated «-cyano-4-hydroxy-cinnamic acid (HCCA). This protocol
did not lead to high-quality protein spectra.

(iii) Finally, we developed a working protocol for protein extraction which allows for
the generation of main spectra profiles.

To create MSPs, 10 AM isolated from the same host individual and stored in ethanol
absolute at —20 °C were used. These AM were washed three times in 96% ethanol and
transferred in 10 pL of 96% ethanol in a 0.2 mL Eppendorf tube. The tube was incubated
with an open lid in a thermoblock at 50 °C for approximately 30 min or until the liquid had
evaporated. The dried AM were visually controlled by light microscopy. For cell disruption,
10 pL of 70% formic acid were added to the dried larvae and mixed by pipetting slowly up
and down at least 20 times. Subsequently, the sample was incubated for 10 min at room
temperature before spotting onto the target.

Further, the described protocol was optimized for the use of only one single AM using
3 uL of 70% formic acid for cell disruption. All other steps were performed as described
above. For optimization, the AM from the same samples as were used for the protocol
based on 10 AM were applied.

To verify that the protein extraction protocol based on one single AM is replicable,
a total of 38 samples containing one AM each were examined by the BfR. These AM
samples came from five different German wild boars (Saxony (2), Brandenburg (3)) and
were included in the AM-specific database.

2.4. Generation of an AM-Specific MSP Library

An amount of 1 uL of each protein sample was spotted onto the target plate eight
times (MSP 96 target polished steel (MicroScout Target) plate; Bruker Daltonics, Bremen,
Germany). For calibration of the MALDI-TOF measurement, 1 pL of Bacterial Test Standard
(Bruker Daltonics, Bremen, Germany) was spotted onto the target two times. The air-dried
spots were overlaid with 0.8 uL of saturated «-cyano-4-hydroxy-cinnamic acid (HCCA)
matrix solution (Bruker Daltonics, Bremen, Germany) and dried completely.

The MALDI-TOF MS measurements were carried out using the MALDI-TOF Microflex
LT (Bruker Daltonics, Bremen, Germany) with a range of 2000-20,000 m/z (mass to charge
ratio). A total of 24 single spectra per protein sample were acquired from eight spots,
whereby each spot was measured three times.

For each single spectrum, 200 laser shots in 40 shot steps from different positions of
the target spot (random walk motion) were automatically generated using AutoXecute
acquisition mode in FlexControl software (Bruker Daltonics, Bremen, Germany), which was
slightly adapted in initial laser power (45%) and maximal laser power (65%). The quality
of each spectrum was assessed with FlexAnalysis software (Bruker Daltonics, Bremen,
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Germany). The spectra with peak deviations exceeding 500 ppm were not transferred to
the MSP library. All high-quality spectra were added to the database using Biotyper 3
software (Bruker Daltonics, Bremen, Germany).

2.5. Evaluation of Generated Protein Spectra by Log Score Values

Log score values are used to measure the reliability of genus and species identification.
These values are generated by the comparison of an unknown spectrum with the MSP
library as well as the matched peak intensities. The following cutoff scores recommended
by Bruker were utilized for sample identification: 0 to 1.699 indicates “no reliable identifi-
cation”; 1.7 to 1.999 means “probable genus identification”; 2.0 to 2.299 represents “secure
genus identification and probable species identification”; and 2.3 to 3.0 indicates a “highly
probable species identification”.

2.6. Modification of the MSP Identification Method in Biotyper 3 Software

To verify the repeatability of the method, one to nine main spectra from the same host
individual were created, depending on the number of AM available, and saved in a MSP
database (database 1) (Table 1). However, during these investigations using the protein
extraction protocol based on one and 10 AM, slight shifts of the protein spectra of the
AM from the same sample on the x-axis (mass to charge ratio) were observed. Therefore,
the matching of these spectra against one or more already created MSPs from the same
sample led to log scores of partially less than 2.0. To solve this problem, the settings of
the MSP Identification Method in the Biotyper 3 software were modified as recommended
by Bruker (personal communication with the Bruker service department). The aim was
that all spectra of AM result in log scores of at least 2.0 compared with the AM-specific
MSP library, and that all spectra of Trichinella spp. generated by Mayer-Scholl et al. [24]
and Karadjian et al. [32] also give log scores of at least 2.0 compared with the Trichinella
MSP library. Conversely, AM spectra compared with the Trichinella MSP library as well
as Trichinella spp. compared with the AM-specific MSP database should give log scores
of less than 1.7. For adaption, single parameters were slightly varied and compared with
the resulting score values of the AM and Trichinella spp. spectra matched against both the
AM- and the Trichinella-specific MSP library. Exactly 100 samples of Trichinella (T.) spiralis,
T. pseudospiralis, T. britovi, T. nativa, Hyostrongylus rubidus, Trichuris spp. and an unknown
nematode all included in the Trichinella database, as well as all AM samples contained in
the AM-specific MSP library, were compared with both the AM-specific database and the
Trichinella MSP library.

Finally, the following settings of the MSP Identification Method were modified: de-
sired mass tolerance of the adjusted spectrum—400 ppm, furthermore accepted mass tol-
erance of a peak—-800 ppm and parameter of the intensity correction function—zero. The
remaining parameters (frequency threshold for spectra adjusting, frequency threshold for
score calculation and max. mass error of the raw spectrum) were not changed.

2.7. Cluster Analysis

All of the main spectra were compared using MALDI Biotyper 3 software, and their
log score values were converted into a cross table in an Excel spreadsheet using a Biotyper
Conversion program created by Holger Brendebach (Department of Biological Safety,
Federal Institute for Risk Assessment, Berlin, Germany). Based on this cross table, a heat
map of the MSPs was created displaying the described cutoff values with different colors
(Figure 1). An MSP dendrogram cluster analysis was performed with a correlation distance
measurement and single linkage using MALDI Biotyper 3 software (Figure 2). In the
MSP dendrogram, a distance level of zero indicates complete similarity and 1000 means
complete dissimilarity (Figure 2).
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Figure 1. Heat map of 61 A. alata main spectra profiles (MSP) based on log scores. Each MSP represents one host individual. The presented figure is sorted by host species, country and
region of origin. Nos 1 to 54 are wild boars, nos 55 and 56 are common frogs, nos 57 to 60 are water frogs and no. 61 is a lynx. Further information about the A. alata samples are listed in
Table 1.
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Figure 2. MSP dendrogram cluster analysis of 61 A. alata main spectra profiles representing one host individual each.

2.8. Validation of the Developed Protocol Based on 10 AM

To guarantee the reproducibility of our method, the 10 AM protocol was tested in
two different laboratories: the BIOR in Riga, Latvia and the BfR in Berlin, Germany. For
validation, both laboratories tested seven samples (nos 1-7) containing 10 AM each. AM
sample nos 1-3 came from the same wild boar from Saxony, Germany; AM samples nos
4-7 were from three different wild boars from Latvia and sample nos 4 and 5 came from
the same wild boar. All wild boars from Germany and Latvia had already been included in
the AM-specific database.

3. Results
3.1. Origin of the Samples

In total, 61 AM samples were identified morphologically as A. alata using the stere-
omicroscope. For all samples, these results were confirmed by the Alaria spp.-specific
PCR [22].

The 61 AM positive muscle samples came from naturally AM infected wild boars (1 = 54),
European water frogs (n = 4), common frogs (1 = 2) and a Eurasian lynx (n = 1). 41 wild boars
originated from Germany (Brandenburg (25/41), Saxony (15/41) and Schleswig-Holstein
(1/41)), one wild boar came from Poland (Brodnica). 19 samples originated from different
regions in Latvia and were isolated from wild boars (12/19), European water frogs (4/19),
common frogs (2/19) and a Eurasian lynx (1/19) (Table 1).
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3.2. Molecular Analysis of the Samples

From the 61 Alaria-specific PCR positive samples, 20 were further confirmed as A.
alata by 185 PCR [3] followed by sequencing. In addition, the three samples containing
Opisthioglyphe ranae larvae were examined by 185 PCR [3] and identified as such (99%
identity each).

Interestingly, the 18S sequencing protocol by Karadjian et al. [3] described for identifi-
cation of nematodes showed complete correlation for the detection of trematodes. However,
in all examinations, the fragment length of the PCR products from trematodes was about
750 bp and therefore 100 bp larger than the fragment length of the nematodes described by
Karadjian et al. [3] (650 bp).

3.3. Creation of Main Spectra Profiles (MSPs)

From all 61 AM samples, a total of 148 main spectra were initially generated using
this newly developed MALDI-TOF technique (database 1) (Table 1). After the modification
of the MSP Identification Method, 61 of the original 148 main spectra remained. These
61 MSPs represent one host individual each and were included in the newly established
AM-specific reference spectra database (database 2).

3.4. Cluster Analysis of the Created MSPs

For a cluster analysis of these AM main spectra, a heat map was created where two
clusters with different regional origins of AM were observed (Figure 1). The large German
cluster contained all wild boar spectra from Germany (nos 1-40) and Poland (no. 42),
which showed mainly log scores of at least 2.0. Within this cluster, three main spectra from
wild boars from Brandenburg (no. 24 and no. 25) and Saxony (no. 38) demonstrated slight
differences (some with log scores between 1.7 to 1.9) (Table 1, Figure 1). In addition, the
main spectrum from the German federal state of Schleswig-Holstein (no. 41) presented
many score values of 1.7 to 1.9 when compared with the rest of the German cluster, and
therefore clearly differed from this cluster. The small Latvian cluster was formed by all
the Latvian main spectra from the four different host species: wild boar, common frog,
European water frog and Eurasian lynx (nos 43-61). However, two wild boar spectra
(no. 46 and no. 51) showed major differences (log scores of 0.7 to 1.9) and were therefore
excluded from this cluster. Apart from these two main spectra (no. 46 and no. 51), most
wild boar spectra from Latvia were approximately in agreement with the results of the
German cluster (nos 43, 45, 47, 48, 49, 50, 52 and 53) or showed only slight variations (no. 44
and no. 54) (Figure 1).

The results described in the heat map are nearly mirrored in the MSP dendrogram
depicted in Figure 2. Here, the two clusters can be seen more prominently. The small
cluster contained five Latvian spectra from wild boars (no. 46 and no. 51), common frogs
(no. 55 and no. 56) and the Eurasian lynx (no. 61) (Figure 2). The big cluster contained two
subclusters including 17 (cluster 1), respectively 39 (cluster 2) main spectra. In difference to
Figure 1, the first subcluster included both Latvian (wild boars (10), European water frogs
(4)) and German (wild boars (3), nos 24, 38 and 39) main spectra, while the second subcluster
was formed only by wild boar main spectra from Germany (Saxony, Brandenburg and
Schleswig-Holstein) (38) and Poland (Brodnica) (1) (Figure 2).

3.5. Sensitivity, Reproducibility and Repeatability of this MALDI-TOF Technique

Further, the three Opisthioglyphe ranae samples tested negative for AM using MALDI-
TOF MS (log scores less than 1.7), demonstrating that this method also allows a reliable
differentiation between trematode species.

The reproducibility of the protocol based on 10 AM was shown as six of seven samples
tested in the two separate laboratories showed log score values in the range of 2.2-2.5, and
one sample gave values from 1.8 to 2.4.

The repeatability of the one AM protocol was demonstrated by the BfR as 36 of 38 AM
showed log scores of 2.0 and more in all three single spectra. Two AM each gave two single
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spectra with score values of at least 2.0; one spectrum each showed genus matching (log
scores of 1876, respectively 1966).

4. Discussion
4.1. Background and Context to Previous Studies

Due to the high frequency of incidental AM findings in wild boar carcasses and the
fact that there is no mandatory AM testing of wild boars to date, an exposure of humans to
A. alata via the consumption of wild boar meat cannot be excluded.

The presence of AM in second intermediate and paratenic hosts previously reported
in several European countries were all based on the morphological identification of AM
and/or molecular methods [4,6,7,10-13,18-20]. Furthermore, DNA extraction protocols
have been established and several different primer pairs developed to examine the genetic
diversity of A. alata [22,23,38,39]. By contrast, this study presents MALDI-TOF MS as a
rapid, cost-efficient technique to be used as a standard tool and a future trend for the
identification of A. alata.

To our knowledge, the only other study using MALDI-TOF MS for the identification
of A. alata is presented by Huguenin et al. [31]. In contrast to our study, the authors
showed low intra-species heterogeneity when visualizing A. alata cercariae from various
snail species from France in a MSP dendrogram (distance level < 100). A similar protein
extraction protocol was implemented which only differed in the addition order of the same
reagents [31]. However, the protein spectra of A. alata cercariae generated in this study did
not match with the protein spectra of AM created in our study. This may be due to the
slightly differing protein extraction protocols or the different host species. Nevertheless,
the varying protein patterns are most likely associated with the different developmental
stages of A. alata (cercariae vs. mesocercariae), which may be examined in further studies.

4.2. Interpretation of the Cluster Analysis

In the present survey, the cluster information obtained through the analysis of 61 MSPs
from different host animals indicated possible variation within the A. alata species, with
a tentative association with the geographical origin of the host, but not the host species.
The AM sample from Poland, which is the neighboring region of East Germany, clusters
with the East-German samples. By contrast, the Latvian AM samples originating from
North-Eastern Europe formed their own cluster, even if some wild boar spectra and one
water frog spectrum also fit in the above-mentioned German/Polish cluster. A total
of 12 spectra (11 from the North-Eastern and one from the German/Polish group) did
not cluster according to geographical origin. At this point, the possibility of identifying
intra-species variability is purely speculative due to the small size of the samples in this
study. Nevertheless, Bilska-Zajac et al. [23] recently published a manuscript describing
intraspecific genetic variability among AM specimens, i.e., 17 different genotypes of AM.
However, in this study, a direct association between the genotype of this parasite and the
host’s geographical origin was not observed [23].

4.3. Future Potential of the MALDI-TOF Technique

Currently, the identification of zoonotic or potentially zoonotic parasitic species other
than Trichinella spp. is fully dependent on either morphological classification [15] and /or
PCR [22] or even PCR followed by sequencing [3,40], making this procedure unsuitable for
use in routine laboratories. As the MALDI-TOF technique has been implemented in many
routine diagnostic laboratories in past years, a generally available protocol for the analysis
of parasitic pathogens and contaminants would be advantageous. The specificity of the
MALDI-TOF method is fully sufficient to distinguish between the genus Trichinella and
Alaria (log score values < 1.700, data not shown), and even has the potential to distinguish
between Trichinella species, or perhaps even between genotypes [24].

In this study, a future trend of MALDI-TOF MS is presented as a standard tool for
the identification of A. alata, including the capability of differentiation between trematode
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species. Currently, a protocol is under development to harmonize the protein extraction for
both nematodes and trematodes isolated from meat.

5. Conclusions

The aim of this study was to develop a standardized MALDI-TOF assay for the rapid
and reliable identification of AM in wild boar meat. Protein extraction protocols based on
one and 10 AM were established and pre-validated. Furthermore, an AM-specific reference
spectra database including 61 MSPs from different host individuals was created.

The long-term objective is to develop a unique protein extraction protocol and to
generate a universal database for the identification of several parasites (e.g., Trichinella spp.,
Toxocara canis/cati, Ascaris suum, Metastrongylus spp. and Uncinaria stenocephala) isolated
from meat.
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DISCUSSION

Chapter 7: Discussion

7.1 Background

Consumption of raw or undercooked wild boar meat contaminated with foodborne parasites
can pose a risk for human infection (Ruiz-Fons 2017). One of these parasites is the nematode
Trichinella spp. which can cause severe disease in humans (Kociecka 2000). In order to
prevent human infections with this foodborne pathogen, official Trichinella inspection is
mandatory for all susceptible animals intended for human consumption, in dependence of the
epidemiological situation in the respective member states of the European Union (European
Regulation (EU) No. 2015/1375 (European Commission 2015) combined with European
Regulation (EU) No. 2020/1478 (European Commission 2020) and European Regulation (EU)
No. 2021/519 (European Commission 2021)). During the Trichinella examinations of wild boar
meat, a great diversity of larval helminths including nematodes other than Trichinella spp. as
well as mesocercariae of the trematode A. alata were commonly detected in the past few years
in Germany and other European countries (Mohl et al. 2009, Marucci et al. 2013, Portier et al.
2014, Gavrilovi¢ et al. 2019, Karadjian et al. 2020b). As underlined in the literature review of
this thesis (chapter 2), some nematode species found during official laboratory-based meat
inspection are zoonotic (e.g. To. canis/cati, Ascaris suum, U. stenocephala) or at least have
zoonotic potential (e.g. Metastrongylus spp.). Also, the trematode A. alata which is found more
and more frequently during mandatory Trichinella testing is classified as a zoonotic pathogen
(Gottstein 2013, Federal Ministry of Labour and Social Affairs 2020).

For this reason, a reliable identification of these larval helminths is of great importance in order
to understand the consumer risk associated with the consumption of wild boar meat. However,
at the beginning of this thesis, standardized detection methods for the identification of
incidental findings that occurred during official Trichinella examinations were not available.
Further, recent data on the prevalence of AM in wild boars were scarce.

Therefore, the first aim of this cumulative thesis was to establish a morphology- and molecular-
based assay for a reliable identification of larval nematodes potentially found during mandatory
Trichinella inspection of wild boar meat.

With the focus on AM, the second aim of this work was to perform a prevalence study on the
occurrence of AM in wild boars in the German federal state of Brandenburg to gain current
data on this parasite in wild boars in an area which previously showed comparatively higher
AM prevalences than other regions in Germany (Riehn et al. 2012, BVL 2016).

Finally, the third and main aim of this work was to develop a standardized technique for a rapid
and reliable identification of AM in wild boar meat by MALDI-TOF mass spectrometry, which is
further applicable in routine laboratories using MALDI-TOF MS as a diagnostic tool. In the
longer term, this assay will contribute to improve the data situation regarding the occurrence

of AM in wild boar meat.
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7.2 Development of a method for identification of larval nematodes other than
Trichinella found during mandatory Trichinella testing

To be able to identify a broad spectrum of larval nematodes other than Trichinella, an approach
including both morphological examination and molecular methods targeting different genes
(18S, cox I, ITS2, 28S) were selected.

In the first step, the found nematode larvae were morphologically examined to classify them
into a taxonomic family (e.g. Ascaridae, Toxocaridae) or even genus (e.g. Metastrongylus) if
morphological features were available. If larvae could not be categorized into a taxonomic
group by morphological inspection due to a lack of morphological criteria or a degraded
structure after artificial digestion, these nematodes were examined by 18S PCR followed by
sequence analysis (Karadjian et al. 2020b).

The 18S PCR is based on the amplification of a 650 base pair (bp) fragment of the 18S
ribosomal RNA (rRNA) gene (Karadjian et al. 2020b). As a great advantage, sequence analysis
of this 18S gene sequence enables orientation of unknown nematodes towards a taxonomic
group such as the genera Ascaris, Toxocara, Metastrongylus, Angiostrongylus, the family
Metastrongylidae and Ancylostomatidae as well as the order Strongylida and Rhabditida.
Moreover, sequence analysis of this 18S gene fragment even allows identification of trematode
isolates such as AM and Opisthioglyphe ranae larvae, demonstrating an identity of up to 99%
(Kastner et al. 2021). However, in the case of larval nematodes, the 18S gene amplification
only allows for a rough classification towards a taxonomic group. Therefore, a more specific
PCR targeting appropriate genes such as ITS2, cox | and 28S needed to be performed in a
next step.

The ITS2 PCR is based on the amplification of a 500 bp gene sequence consisting of a part of
the 5.8S rRNA gene and the complete internal transcribed spacer 2 (ITS2) rRNA gene
(Karadjian et al. 2020b). As a major advantage of this molecular method, this PCR allows for
the genus and species identification of nematodes that belong to the families Ascaridae and
Toxocaridae. However, this PCR requires a prior orientation towards these taxonomic families
which makes a previous careful morphological examination or the 18S PCR necessary.

The cox | PCR is based on the amplification of an 1100 bp partial gene fragment of the
mitochondrial cytochrome oxydase | (cox /) gene (Karadjian et al. 2020b). This PCR enables
the identification of nematodes belonging to the family Metastrongylidae. However, as already
described for the ITS2 PCR, the cox | PCR also involves a prior classification towards this
taxonomic family, indicating either a previous microscopic examination by morphological
criteria or, if this is not possible, the implementation of the 18S PCR.

The 28S PCR is based on the amplification of a 2500 bp 28S rRNA gene fragment including
the complete internal transcribed spacer 1 (ITS1), the complete 5.8S rRNA gene and the
complete ITS2 gene (Karadjian et al. 2020b). This 28S PCR allows for the specific identification
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of nematodes that belong to the order Strongylida and Rhabditida. However, also for this 28S
PCR, a prior taxonomic classification towards these orders is necessary due to its specificity.
The first step of the described identification method is based on morphological examination of
the individual isolate, indicating the need of a special knowledge regarding helminthic
morphology. However, this step can easily be replaced by an 18S PCR, which makes it
practicable for every technician and does not require a professional expertise in parasite’s
morphology. Nevertheless, for routine use of this method, it is highly recommended to deepen
the knowledge of morphological characteristics at least of the most frequently found parasitic
larvae, since it takes some time to obtain the results of the 18S sequence analysis before
another more specific PCR targeting genes such as ITS2, cox | and 28S followed by sequence
analysis can be performed.

Further, there is no guarantee that all isolates can be identified by this assay due to possible
structural damage and DNA degradation of some larvae which can be caused by artificial
digestion (Marucci et al. 2013, Karadjian et al. 2020b). However, if the amplification of the
ITS2, cox | or 28S gene is successful, this standardized approach allows a reliable
identification of nematode larvae. In addition, the 18S PCR even enables the identification of
trematodes as presented in chapter 6 of this thesis. Therefore, the greatest advantage of this
newly developed method is the capability to identify not only nematodes (chapter 4) as
mentioned above, but also trematodes (chapter 6) such as AM, indicating a feasible
identification of a broad spectrum of zoonotic and non- zoonotic helminths found during artificial
digestion. This in turn will have a positive impact on the currently scarce data regarding the
occurrence and frequency of a broad spectrum of helminthic parasites in wild boars, which
further allows an improved assessment of potential health risks for consumers of wild boar

meat.

7.3 Development of a MALDI-TOF-based method for identification of Alaria alata
mesocercariae

The main aim of this thesis was to develop a standardized, MALDI-TOF-based technique for
AM detection in wild boar meat and therefore to expand the spectrum of available diagnostic
techniques. This method allows a rapid identification of AM isolated from infested carcasses
in diagnostic laboratories and further enables the generation of recent data regarding both
prevalence and epidemiology of AM in wild boars in regions respectively countries of interest.
These findings might allow a comprehensive overview regarding the occurrence and spread
of AM in different host animals and various regions and might further be useful to better
estimate the risk for consumers to consume AM infested wild boar meat from different hunting

areas.
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In the first step of method development, a MALDI-TOF protein extraction protocol was
designed which was based on the use of ten AM. This protocol enabled the generation of high-
quality single spectra which were used for creation of main spectra profiles (MSPs). Finally, a
total of 61 MSPs representing one host individual each were stored in a newly created AM-
specific reference spectra database, which will continuously be extended and made available
to other diagnostic laboratories. The main spectra included in this database allowed the
comparison with those protein spectra from AM samples found during routine Trichinella
inspection, leading to a rapid and reliable identification of these routine samples.

In a next step, this newly developed protein extraction protocol was optimized for the use of
one single A. alata mesocercaria in order to facilitate the application in routine diagnostic
laboratories equipped with MALDI-TOF mass spectrometry.

However, the implementation of a MALDI-TOF technique in routine diagnostics requires the
expensive purchase of a MALDI-TOF machine including all related equipment and software.
Further, an intensive training regarding the handling of this machine as well as potential
sources of error is highly recommended for all users.

Nevertheless, once MALDI-TOF equipment is available in diagnostic laboratories, this newly
developed method presented in this thesis (chapter 6) allows for a fast, easy and cost-efficient
identification of a very broad panel of pathogens including AM. Concretely, it takes only one
hour from detection of AM by stereomicroscopy to the result generated by MALDI-TOF MS
(identification/confirmation). By contrast, molecular methods take minimum eight hours until
the final result is available. For this reason, the short duration of this MALDI-TOF technique is
a great advantage compared to the Alaria spp.-specific PCR (Riehn et al. 2011) and the 18S
PCR described in chapter 4 of this thesis. Further, this MALDI-TOF assay was optimized for
the use of only one single A. alata mesocercaria and therefore requires as little sample material
as molecular methods do.

Moreover, this MALDI-TOF technique enables inter-species differentiation as it allows not only
the identification of AM, but also the differentiation from other larval trematodes such as
Opisthioglyphe ranae, demonstrating the high sensitivity of this method. Further, this method
is suitable for intra-species differentiation which is based on cluster analysis. Here, one option
is the interpretation of a MSP dendrogram which is automatically created by MALDI Biotyper
3 software and can therefore rapidly and easily be accessed by users. Another option would
be to compare all relevant main spectra profiles using MALDI Biotyper 3 software and convert
the generated log score values into a cross table. Based on this cross table, a heat map of all
relevant MSPs can be created, displaying the cutoff values with different colors. Even though
this sort of cluster analysis is clearly more time- and labor-intensive for operators than the MSP
dendrogram, it is nevertheless a very illustrating way to demonstrate similarities and

dissimilarities between different AM isolates.
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However, the greatest advantage of this approach is the capability of a very fast and easy
identification of routine AM samples without the need of any professional expertise in
parasitology, indicating the application in all diagnostic laboratories equipped with MALDI-TOF
mass spectrometry. Since many diagnostic laboratories have already implemented MALDI-
TOF MS in the past years, this method presented in this thesis (chapter 6) might widely be
applied in routine diagnostics.

However, in the field of foodborne parasitology, only two studies showed the use of MALDI-
TOF MS in the framework of mandatory Trichinella testing (Mayer-Scholl et al. 2016, Karadjian
et al. 2020a). For this reason, the MALDI-TOF technique presented in this thesis can be seen
as a further step in the establishment of MALDI-TOF MS in diagnostic parasitology and might
be practiced for routine examination of wild boar carcasses in future. Moreover, this assay
enables a reliable identification not only of AM, but also of Trichinella species detected during
official laboratory-based meat inspection. Currently, the caveat remains that different protein
extraction protocols are needed for the preparation of e.g. AM and Trichinella spp. for MALDI-
TOF analysis. First investigations have shown that T. spiralis and T. pseudospiralis can be
reliably determined by the use of the newly developed protein extraction protocol which was
initially designed for AM detection (unpublished data). Future steps will be to adapt this MALDI-
TOF assay for identification of other Trichinella species occurring in Europe and several other
helminths (e.g. To. cati/canis, Metastrongylus spp., Ascaris suum, U. stenocephala)
incidentally found during mandatory Trichinella testing. Concretely, the aim is to create a
general protein extraction protocol for identification of a variety of parasites by MALDI-TOF MS
and to set up a universal database based on reference spectra from all Trichinella species that
occur in Europe and further helminths incidentally found during routine Trichinella testing. This
universal method will enable all diagnostic laboratories applying MALDI-TOF MS a rapid
identification of a multitude of larval helminths observed during official Trichinella inspection.
Subsequently, new findings provided by the laboratories will extend and improve the data
situation regarding the occurrence and diversity of parasites in wild boar meat.

During the method developing process, MSP data from German wild boars were generated
and interpreted using cluster analysis including both a heat map of all AM MSPs based on their
log score values and a MSP dendrogram. In both figures presented in chapter 6 of this thesis,
two clusters with different geographical origin of AM respectively of their host animals were
observed. Concretely, the heat map showed a large German cluster containing only wild boar
spectra from Germany and Poland as well as a small Latvian cluster including all Latvian MSPs
from four different host species (wild boar, common frog, European water frog, Eurasian lynx).
In the MSP dendrogram, the two clusters were presented more clearly. Here, the small cluster
was formed by only Latvian spectra from wild boars, common frogs and the Eurasian lynx. The

big cluster consisted of two subclusters. While the first subcluster contained both Latvian and
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German main spectra from wild boars and water frogs, the second subcluster included only
wild boar spectra from Germany and Poland. Consequently, this cluster formation indicated a
potential variation within the A. alata species, demonstrating a tentative association with the
geographical origin of the host, but not the host species. However, at this point, the possibility
to identify intra-species variability is purely speculative due to the small size of samples
investigated in this study. For this reason, it is highly desirable to constantly extend the AM-
specific MSP database which is the basis for further cluster analyses and interpretation of
epidemiological data of AM. For this purpose, the MALDI-TOF protocol and the AM-specific
database described in chapter 6 of this thesis will be made available to diagnostic laboratories,
which will further contribute to generate current prevalence and epidemiological data on AM

and continuously extend the AM-specific MSP library.

7.4 Interpretation of the prevalence data of Alaria alata mesocercariae in wild boars from
the German federal state of Brandenburg

In addition, the collection of current prevalence data on AM in wild boars was another aim of
this thesis. Therefore, a prevalence study on AM in wild boars in the German federal state of
Brandenburg (chapter 5) was conducted to generate long-term prevalence data on AM and
better assess the risk for consumers to consume AM infested wild boar meat. The federal state
of Brandenburg was selected because of the comparably high AM prevalence observed in this
state during the national zoonosis monitoring in 2015 (BVL 2016).

In the survey, a total AM prevalence of 28.3% (100/354) was observed. The AM prevalences
in the examined counties ranged from 11.5% (3/26) to 64.1% (25/39). In one county, no AM
(0/16) were found. The latter might be due to the small size of samples from this county,
indicating that the AM occurrence observed here needs to be further verified before interpreted.
To analyze the wide variations between the AM prevalences in the remaining counties, these
prevalence data were compared with data on the existing water areas in the examined counties
of Brandenburg, which were derived from another ongoing project. This seemed relevant due
to the life cycle of A. alata which includes water-associated intermediate hosts (water snail,
amphibian). These first investigations suggest that the regional AM prevalences in wild boars
correlate with the water surface in the respective area, especially in the county Uckermark
where AM were highly prevalent (personal communication Dr. Rafael Mateus-Vargas, BfR).
These observations are in line with findings during a prevalence study on AM in wild boars in
the Free State of Saxony (Dolle 2016). Here, Dolle (2016) found a strong correlation between
the water surface and the AM prevalence in the examined districts of Saxony. In future studies,
the water surface of individual territories within the single counties will be compared with the
regional AM prevalences for a more detailed analysis of the investigated area. Also, this

analysis could be transferred to further territories not included in our study based on their
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surface water areas. This in turn could allow a more precise assessment of the risk for
consumers to consume meat or meat products from AM infested wild boars shot in an
individual territory.

In this study, relatively high AM prevalences were determined compared to most other
European studies (Paulsen et al. 2012, Paulsen et al. 2013, Portier et al. 2014, Gazzonis et al.
2018, Gavrilovic et al. 2019, Bilska-Zajac et al. 2020). This fact might be due to the richness
of waterbodies and wetlands in Brandenburg (Knittel 2020), which offers an ideal foundation
for development and spread of A. alata due to its water-associated life cycle (Odening 1961).
Supporting this hypothesis, several authors assumed that regionally differing AM prevalences
might be due to a variety of landscapes such as the presence or absence of watery areas and
wetlands (Paulsen et al. 2013, Portier et al. 2014, Bilska-Zajac et al. 2020, Strokowska et al.
2020).

Furthermore, the AM prevalence in amphibians such as water frogs and brown frogs as
intermediate hosts for AM might play a role in the AM infestation of wild boars. While Voelkel
et al. (2019) observed a parasite burden of two to 20 AM per frog in water frogs from waters
around Leipzig, Saxony, Germany, Patrelle et al. (2015) found a parasite burden up to 314
and 331 AM per frog in water frogs and brown frogs from the northeast of France, respectively.
Thus, the AM prevalence in amphibians, especially the parasite burden might also be an
important influence factor for the AM prevalence in wild boars.

In this study, the parasite load in wild boars ranged from zero to 908 AM per sample consisting
of tongue and abdominal fat tissue. In total, the mean parasite load was 9.60 AM per animal
which varied widely between the AM positive counties from 0.23 AM per animal to 62.18 AM
per animal. These results were mostly mirrored by the regional AM prevalences mentioned
above. For this reason, it can be assumed that the mean parasite load per animal is higher in
territories with higher AM prevalences than in those were AM are less prevalent in wild boars.
Further, in our study, a statistically significant correlation between prevalence and age group
of the sampled wild boars was observed (p=0.001). Here, the AM prevalence increased with
age since prevalences were 19.6%, 31.5% and 45.5% in wild boars of age group 0, 1 and 2,
respectively.

Therefore, based on these results, the risk for consumers to become infected with AM might
be higher when consuming AM infested raw or undercooked meat either from hunting areas

with higher AM prevalences or from wild boars aged 2 years or older (age group 2).

7.5 Alaria alata mesocercariae in German wild boars — impact on hunters, flora and
fauna
Currently, based on Article 28 (6) of the Implementing Regulation (EU) 2019/627 (European

Commission 2019), all wild boar carcasses tested positive for incidental findings during
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mandatory Trichinella testing must be declared unfit for human consumption. This results in
financial losses for the hunters who have to pay for the disposal of the positive carcasses
(personal communication with hunters, expert discussion in October 2016, BfR). In this
context, AM findings are of major importance for hunters since AM prevalences in wild boars
are extremely high in particular regions of Germany. For example, the regional AM prevalence
in wild boars was up to 64.1% in the federal state of Brandenburg (Uckermark) (chapter 5) and
even reached nearly 90% in southern Germany in the Rhine region (personal communication
with experts, 2021). Such regionally high AM prevalences in wild boars imply enormous
financial losses for the hunters and might reduce their motivation to keep hunting (personal
communication with hunters, expert discussion in October 2016, BfR).

Reduced hunting can result in increased wild boar densities with annual rises in population
size of up to 150% (Massei and Genov 2004). However, high wild boar densities can have a
substantial negative impact on animals and plants. Regarding the latter, rooting plays an
important role in plant damage, with reducing herbaceous plants up to 80-95% and triggering
the regional extinction of particular plant species (Bratton 1974, Howe et al. 1981, Massei and
Genov 2004). Also, agricultural crops are strongly affected by high wild boar densities,
especially when high-energy food is lacking, indicating a negative economic impact (Mackin
1970, Andrzejewski and Jezierski 1978, Massei and Genov 2004). Further, the detrimental
effect of increasing population sizes of wild boars on the fauna is caused not only by their
predation on small rodents, reptiles, amphibians, invertebrates as well as eggs from ground-
nesting birds, but also by their excessive rooting which devastates the habitation of surface-
tunnelling rodents (Singer et al. 1984, Massei and Genov 2004). Moreover, rising wild boar
densities might lead to hampered animal disease control measures in case of an outbreak.
Here, a recent example is the African swine fever that provokes serious economic losses for
pig farmers and pork manufacturers (Guinat et al. 2016). Finally, growing wild boar populations
might also facilitate the spread of food-borne parasites such as Trichinella spp. and AM, which
consequently might increase the risk for consumers with regard to human health.

Therefore, it is of supreme significance to keep hunting wild boars extensively and thus to
reduce their population size continuously. Further, it is highly recommended to constantly
update the prevalence data of AM to better estimate the present parasite burden in German
wild boar populations.

The three publications presented in this thesis represent a contribution to improve the data
situation concerning helminthic parasites incidentally found during official Trichinella
examination. Especially with regard to A. alata, the data situation could be significantly
expanded.

In particular, the newly developed MALDI-TOF technique presented in chapter 6 of this thesis

is an important tool to steadily and easily generate and expand these data and also enables
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all laboratories equipped with MALDI-TOF mass spectrometry to contribute to a long-term
improvement of this data situation including both prevalence and epidemiological data of AM
in wild boars. In general, improved data will allow a better understanding of the significance of
parasites with regard to possible consequences for consumers when consuming contaminated
meat. Furthermore, these data can also provide a basis for certain decisions and

recommendations for action in various areas (e.g. production, trade, hunting).

7.6 Discussion on potential use of AM infested wild boar meat for human consumption
According to Article 28 (6) of the Implementing Regulation (EU) 2019/627 (European
Commission 2019), carcasses infested with parasites must be declared unfit for human
consumption. This is independent of the zoonotic status of the infesting parasites.

One exception is the infestation of carcasses with the tapeworm larva Cysticercus spp. since
Cysticercus-free parts of not generally infested bovine animals and Suidae (domestic pigs,
farmed game, wild game) can be declared fit for human consumption after a cold treatment
(European Commission 2019). Further, as laid down in Article 3 of the Implementing
Regulation (EU) 2015/1375, meat of domestic pigs which has undergone a freezing treatment
according to Annex Il supervised by the competent authority may be declared fit for
consumption without previous Trichinella testing (European Commission 2015). To date, there
are no further treatment regimes for the inactivation of parasites in meat authorized by the
European legislation.

Considering the detrimental effects on the environment, hunting practices and disease control
as highlighted above, the potentially grave financial losses and the ethical implications of the
waste of a large number of game animals, an exception to Article 28 (6) should be considered.
According to ANSES (2015), a thorough cooking of meat at 74°C for 5 minutes is
recommended to hunters to reduce the risk and the potential risk regarding Trichinella and A.
alata, respectively, when wild boar meat is consumed. To date, this recommendation refers
only to wild boar carcasses which are either used for private consumption or are directly
transferred to the final consumer (sale or for free) and therefore are not mandatorily examined
(ANSES 2015). However, unlike Trichinella spp., the zoonotic potential of AM has not been
scientifically proven, although some bodies have declared it pathogenic as a precautionary
measure. Nevertheless, thorough cooking might potentially be an option to declare also
demonstrably AM infested meat restrictedly fit for human consumption, indicating the condition
that this inactivation treatment — thorough cooking at 74°C for 5 minutes — will be applied in
the consumer’s household. Further, if this option should actually be considered, the information
“restrictedly declared fit for human consumption” and a brief instruction of the recommended
treatment should be placed on the AM infested carcasses or their products so that the decision

to consume may be made by the consumers.
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Chapter 8: Summary

Wild boar meat infested with foodborne parasites such as the nematode species Trichinella
can cause human disease through consumption of raw or insufficiently cooked meat or meat
products. For this reason, the Implementing Regulation (EU) No. 2015/1375 makes official
Trichinella inspection mandatory for wild boars and other susceptible species intended for
human consumption. During these examinations, larval nematodes other than Trichinella spp.
as well as mesocercariae of the trematode Alaria (A.) alata appeared as incidental findings in
wild boar meat in the past few years in Germany and Europe.

Amongst the broad spectrum of nematodes other than Trichinella spp. incidentally found during
mandatory Trichinella testing, non-zoonotic and potentially zoonotic helminths can be
identified. At the beginning of this thesis, a universal method for detection of a wide variety of
larval nematodes different from the Trichinella genus was not available.

Therefore, the first study of this thesis targeted the development of a standardized method
based on both morphological examination and molecular analysis for a reliable identification
of a multitude of larval nematodes found during official Trichinella inspection. The first step of
this approach is based on either the microscopic examination by morphological criteria or the
performance of an 18S PCR in order to classify the unknown nematodes towards a taxonomic
group such as the families Ascaridae, Toxocaridae and Metastrongylida or the order
Strongylida and Rhabditida. After this first classification, a specific PCR targeting genes such
as ITS2, cox | or 28S needs to be performed in order to identify the species of the unknown
nematodes. Also, it was found that the 18S PCR allows not only for the classification of
unknown nematode larvae, but also for the identification of larval trematodes such as A. alata
mesocercariae (AM), where the focus of this thesis lies on.

As data on the prevalence of AM in wild boars from Germany are scarce, the second aim of
this work was to conduct a prevalence study on AM in wild boars from the German federal
state of Brandenburg to obtain long-term prevalence data and better evaluate temporal and
spatial variations in this area over a longer period of time. In this survey, a total AM prevalence
of 28.3% (100/354) was observed among all sampled wild boars. The AM prevalences in the
examined counties ranged from 11.5% (3/26) to 64.1% (25/39). In one county, no AM (0/16)
were found. Further, the parasite load ranged from zero to 908 AM per animal. In total, the
mean parasite load was 9.60 AM per animal which varied widely between the AM positive
counties from 0.23 AM per animal to 62.18 AM per animal. Further, a statistically significant
correlation between prevalence and age group of the sampled wild boars was observed
(p=0.001). Here, the AM prevalence increased with age.

To date, AM found during official Trichinella inspection are initially identified by morphological

examination using the stereomicroscope. This preliminary diagnosis is currently confirmed by
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the Alaria spp.-specific PCR which, however, is quite time-consuming, labor-intensive and
expensive. Therefore, in the third study of this thesis, a standardized MALDI-TOF-based
method for a rapid and reliable identification of AM in wild boar meat was developed. First, a
MALDI-TOF protein extraction protocol based on the use of ten AM was designed. This
protocol allowed for the generation of high-quality single spectra which were used for creation
of main spectra profiles (MSPs). Finally, a total of 61 MSPs representing one host individual
each were stored in a newly created AM-specific reference spectra database. Further, this
newly established protein extraction protocol was optimized for the use of one single A. alata
mesocercaria, which enables application in routine diagnostic laboratories.

The next step will be to adapt this MALDI-TOF assay for identification of a broad spectrum of
larval helminths found during mandatory Trichinella testing, which further will improve the data
situation regarding the occurrence and diversity of parasites in wild boar meat in the long term.
In conclusion, all three publications presented in this thesis contribute to improve the data
situation concerning helminthic parasites incidentally found during official Trichinella

examination.
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Chapter 9: Zusammenfassung

Alaria alata — eine Pravalenzstudie in Brandenburg und die Entwicklung protein- und
molekular-basierter Verfahren zur Identifizierung von parasitaren Zufallsfunden im

Rahmen der amtlichen Fleischuntersuchung

Wildschweinfleisch, welches mit Lebensmittel-assoziierten Parasiten wie der Nematoden-
Spezies Trichinella befallen ist, kann durch den Verzehr von rohem oder unzureichend
erhitztem Fleisch oder Fleischprodukten Erkrankungen beim Menschen hervorrufen.

Aus diesem Grund schreibt die Durchfihrungsverordnung (EU) Nr. 2015/1375 die amtliche
Untersuchung auf Trichinellen flr Wildschweine und andere empfangliche Tierarten vor, deren
Fleisch flr den menschlichen Verzehr bestimmt ist.

Bei diesen obligatorischen Untersuchungen wurden in den letzten Jahren in Deutschland und
Europa neben Trichinellen auch andere larvale Nematoden sowie Mesozerkarien des
Trematoden Alaria (A.) alata, welche auch als Duncker’'scher Muskelegel (DME) bezeichnet
werden, als Zufallsfunde in Wildschweinfleisch detektiert. Inmitten des breiten Spektrums
dieser Zufallsfunde koénnen sowohl nicht-zoonotische als auch potenziell zoonotische
Helminthen identifiziert werden.

Zu Beginn dieser Arbeit existierte keine universelle Methode zur Identifizierung einer Vielzahl
von larvalen Nematoden, die nicht dem Genus Trichinella angehoren.

Daher zielte die erste Studie dieser Arbeit auf die Entwicklung einer standardisierten Methode
ab, die sowohl auf einer morphologischen Untersuchung als auch auf einer molekularen
Analyse basiert und eine zuverlassige Identifizierung einer Vielzahl von larvalen Nematoden
ermoglicht, die im Rahmen der amtlichen Untersuchung auf Trichinellen als Zufallsfunde
detektiert werden.

Der erste Schritt dieser Methode basiert entweder auf der mikroskopischen Untersuchung
nach morphologischen Kriterien oder der Durchfiihrung einer 18S PCR, um die unbekannten
Nematoden einer taxonomischen Gruppe wie den Familien Ascaridae, Toxocaridae und
Metastrongylida oder der Ordnung Strongylida und Rhabditida zuzuordnen. Nach dieser
ersten Klassifizierung wird zur Speziesidentifizierung eine spezifische PCR zum gezielten
Nachweis von Genen wie ITS2, cox | oder 28S durchgeflihrt. Die im ersten Schritt dieser
universellen Methode beschriebene 18S PCR ist zudem nicht nur fir die Klassifizierung
unbekannter Nematoden-Larven geeignet, sondern sie ermoglicht auch die Identifizierung
larvaler Trematoden wie dem DME, auf dem der Fokus dieser Dissertation liegt. Da bislang
nur wenige Daten zur DME-Pravalenz bei Wildschweinen in Deutschland verfligbar sind,
bestand das zweite Ziel dieser Arbeit darin, eine Pravalenzstudie zum DME bei Wildschweinen
im Bundesland Brandenburg durchzuflihren, um langfristige Pravalenzdaten zu erhalten sowie

zeitliche und raumliche Schwankungen in dieser Region Uiber einen langeren Zeitraum besser
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bewerten zu kdnnen. In dieser Studie wurde unter allen beprobten Wildschweinen eine DME-
Gesamtpravalenz von 28,3% (100/354) beobachtet. Die ermittelten Pravalenzen lagen
zwischen 11,5% (3/26) und 64,1% (25/39) in den untersuchten DME-positiven Landkreisen,
wahrend in einem Landkreis keine DME (0/16) detektiert wurden. Weiterhin schwankte die
Parasitenbelastung zwischen null und 908 DME pro Tier. Insgesamt lag die mittlere
Parasitenbelastung bei 9,60 DME pro Tier, wobei die Werte in den DME-positiven Landkreisen
stark variierten (zwischen 0,23 DME und 62,18 DME pro Tier). Auflerdem wurde eine
statistisch signifikante Korrelation zwischen der Pravalenz und der Altersklasse der beprobten
Wildschweine festgestellt (p=0,001). Hier nahm die DME-Pravalenz mit dem Alter zu.

Bislang werden DME, die im Rahmen der amtlichen Untersuchung auf Trichinellen detektiert
werden, zunachst durch die morphologische Untersuchung mittels Stereomikroskop
identifiziert. Diese vorlaufige Diagnose wird derzeit durch die Alaria spp.-spezifische PCR
bestatigt, welche jedoch recht zeitaufwendig, arbeitsintensiv und mit entsprechenden Kosten
verbunden ist.

Daher wurde in der dritten Studie dieser Arbeit eine standardisierte, MALDI-TOF-basierte
Methode fur eine schnelle und zuverlassige Identifizierung von DME in Wildschweinfleisch
etabliert. Zunachst wurde ein MALDI-TOF-Proteinextraktionsprotokoll entwickelt, welches auf
der Verwendung von zehn DME basiert. Dieses Protokoll ermdglichte die Erzeugung
hochwertiger Einzelspektren, die fur die Erstellung von Referenzspektren, sogenannten Main
Spectra Profiles (MSPs), herangezogen wurden. SchlieRlich wurden insgesamt 61 MSPs,
welche jeweils ein Wirtstierindividuum reprasentieren, in einer neu erstellten DME-
spezifischen Referenzspektren-Datenbank hinterlegt, die diagnostischen Routinelaboren zur
Verfligung gestellt werden kann. Darlber hinaus wurde dieses neu entwickelte
Proteinextraktionsprotokoll fur den Einsatz eines einzigen DME optimiert, was die Anwendung
in diagnostischen Routinelaboratorien ermdglicht.

Im nachsten Schritt soll diese MALDI-TOF-basierte Methode dahingehend adaptiert werden,
dass dadurch die Identifizierung eines breiten Spektrums an larvalen Helminthen, welche bei
der amtlichen Untersuchung auf Trichinellen detektiert werden, ermdglicht wird. Dies
wiederum wird langfristig die Datenlage hinsichtlich des Vorkommens und der Vielfalt von
Parasiten in Wildschweinfleisch verbessern.

Zusammenfassend betrachtet leisten alle drei Publikationen, die in dieser Doktorarbeit
vorgestellt wurden, einen wertvollen Beitrag zur Verbesserung der Datenlage in Bezug auf
Helminthen, welche im Rahmen der amtlichen Untersuchung auf Trichinellen als Zufallsfunde

detektiert werden.
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