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The invasive raccoon (Procyon lotor) is an abundant carnivore and considered as an important potential vector of
infectious diseases and parasites in Europe. Raccoons show a broad, opportunistic, omnivorous food spectrum.
Food supply and habitat quality in urban areas are very attractive for the generalist raccoon. This inevitably leads
to increased interaction with humans, domestic animals and livestock, making the raccoon a potentially suitable
zoonosis vector. In its autochthonous range, especially in the Eastern and Midwestern United States, the raccoon
has been studied very intensively since the beginning of the 20th century. Whereas, basic field biology and
parasitology studies in Germany and Europe are lacking and have only been conducted sporadically, regionally
and on small sample sizes. In the presented study 234 raccoons from central Germany were comprehensively
examined for their metazoan parasite fauna. The present study shows for the first time an extremely diverse
parasite fauna in raccoons outside their native range and proves their essential role as intermediate hosts and
hosts for ecto- and endoparasites. A total of 23 different parasite species were identified, five of which are human
pathogens, 14 of which are new for the parasite fauna of raccoons in Europe. The human pathogenic raccoon
roundworm Baylisascaris procyonis is the most common parasite species in this study, with a prevalence of up to
95%. The digenetic trematode Plagiorchis muris, another human pathogenic parasite species, was detected for the
first time in raccoons. The ongoing spread of invasive carnivores and the associated spread and transmission of
their parasites and other pathogens increases the potential health risk of wild and farmed animals as well as
humans. An increase in parasitic diseases in humans (e.g. raccoon roundworm) is to be expected, especially in
urban areas, where raccoons are becoming more and more abundant.

1. Introduction are becoming increasingly important in cities. In Europe, the raccoon

(Procyon lotor) is considered invasive and is included in the Union list of

Invasive alien species (IAS) cause significant changes to species
communities and ecosystems and are considered one of the most
important threats to biodiversity worldwide (Clavero et al., 2009;
Duenas et al., 2018, 2021; Falaschi et al., 2020; Haubrock et al., 2021).
In addition, they can cause considerable economic damage and
endanger both human and animal health. The European Commission
estimates the economic and health damage caused by IAS in Europe at
9.6-12.7 billion euros annually. In the course of globalization and a
steadily increasing population and settlement density, invasive species

invasive species (Regulation (EU) No. 1143/2014). Originally from
North America, the omnivorous raccoon was introduced to Europe for its
fur. Its popularity in 20th century fashion, resulted in an increase of
raccoon fur-farming. They were purposefully released into the wild in
1934 at Lake Edersee, northern Hesse, Germany (Leicht, 2009). From
there, as well as through escaped animals from fur farms in eastern
Germany, the raccoon spread in the following decades. The species is
widely distributed and established in Germany and neighboring Euro-
pean countries and will probably continue to spread in the future
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(Kochmann et al., 2021).

The raccoon’s high dispersal ability and feeding ecology means that
it can colonize almost all natural habitats (Hunter and Barrett, 2012).
Therefore, it is suspected to be responsible for the regional decline of
numerous native species. The raccoon shows a broad, opportunistic,
omnivorous food spectrum that includes plants, insects, small mammals,
eggs, young birds, reptiles, amphibians, as well as carrion (Stubbe and
Krapp, 1993). Thus, it poses a potential threat to native biodiversity and
leads to significant feeding damage in agriculture (Beasley, 2008;
Demeny et al., 2019). It also invades urban areas where it uses anthro-
pogenic resources and can reach very high population densities. The
raccoon is known to carry a large number of parasites and pathogens,
which can be transmitted to wildlife, livestock, domestic animals, and
humans (Beltran-Beck et al., 2012; Karamon et al., 2014). Due to its
proximity to humans, there is an increased risk of transmission of zoo-
notic pathogens (including the raccoon roundworm - Baylisascaris pro-
cyonis, Plagiorchis muris and more), human pathogenic viruses (including
West Nile virus, SARS-CoV-2 and other corona viruses), and microor-
ganisms (including multi-drug resistant bacteria (e.g. MRSA)) (Straus-
baugh et al., 2004; Beltran-Beck et al., 2012; Maas et al., 2022). Recent
studies on raccoon populations from areas with high infection rates of
the zoonotic pathogen B. procyonis, demonstrate a sharp increase in
human infections. According to Zeveloff (2002), parasites and patho-
gens are the main mortality factors of raccoons. Population regulating
events are mainly caused by distemper viruses (Kilham et al., 1956;
Giacinti et al., 2021) and rabies (Rosatte et al., 1997).

In its autochthonous range, the raccoon has been studied very
intensively since the early 20th century, especially in the Eastern and
Midwestern United States (Lotze and Anderson, 1979; Hall, 1981;
Schaffer et al., 1981; Baskin, 1998; Lariviere, 2004; Karamon et al.,
2014), whereas basic field biology studies in Europe are lacking and
have been conducted only regionally and sporadically (Lutz, 1981;
Hohmann, 1998; Gehrt, 2003; Michler, 2003; Helbig, 2011; Beltran--
Beck et al., 2012; Heddergott et al., 2020). Known are only a handful of
studies in Germany (Priemer and Lux, 1994; Lux and Priemer, 1995;
Gey, 1998; Renteria-Solis, 2015) where, similar to studies from other
European countries, for example non-invasive fecal examinations only
show punctual observations of the current prevalence of individual
parasite infections (Popiotek et al., 2009; Maas et al., 2022). Methodo-
logically comparable studies to the current work, albeit with a smaller
study scope, provide evidence for the expanding metazoan endoparasite
fauna of raccoons (Karamon et al., 2014; Cybulska et al., 2018; Pirog
et al., 2018; Romeo et al., 2021). This shows that to this date the
metazoan parasite fauna of raccoons in Europe has only been marginally
studied.

The present study aims to fill this gap and provides a first detailed
overview of the parasite fauna occurring in raccoons in Germany.

2. Material and methods

Between September 2017 and November 2021 234 free-ranging
raccoons (Procyon lotor) were captured in an area of about 1100 km?
in Central Germany (federal states of Hesse and Bavaria). The location
where the animals were captured was provided by the hunters at post-
code level. A total number of 20 postcode areas were covered (Fig. 1).
The raccoons were hunted or trapped. The selection of the trapping sites
was based on reports of raccoon sightings from foresters, private
hunters, and house owners. Sampling was carried out in accordance
with the applicable legal regulations. Throughout the study area no
special permits (other than a general hunting license) were required to
legally hunt raccoons. None of the authors was involved in hunting and
no animal was killed with the aim of providing samples for this study.
Samples were obtained directly from licensed hunters. All captured
animals were given a defined sample identification number. Metadata
including date of capture, site, etc. were recorded on an accompanying
document. Specimens were deep-frozen in stable PE bags including the
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Fig. 1. Geographic origin of examined Procyon lotor (N = 234).

accompanying sheet at minus 20° until they were examined.

2.1. Recording of morphometric data and parasitological examinations

During the examination, laboratory coats, nitrile gloves, mouth and
eye protection were worn as personal protective equipment to avoid
contamination. Section and preparation utensils as well as work surfaces
were disinfected with 1.5% incidin solution between work steps and
after each laboratory day.

For the examination, frozen raccoons were thawed in shallow pans
for at least 18 h at room temperature. Four areas were defined on the
animal body for the systematic recording of ectoparasites: Head area
with ears, nose and muzzle, forechest, trunk dorsal (dorsal area with
cauda) and trunk ventral (abdomen with extremities). Sampling of ec-
toparasites was performed by systematic parting of the hair coat. Simi-
larly, the flat bags used to store the animals were examined for fallen
parasites such as fleas and ticks. Combing out with conventional flea
combs was discarded for lack of functionality, due to the specific coat
structure with guard hairs and woolly hairs (Schmidt, 1980) and
frequent matting and contamination of the woolly hairs. Found in-
dividuals, separated by species groups and area, were first transferred
into block dishes containing 0.9% sodium chloride solution. At the same
time, a visual check was made with regard to the general condition of
the animal, possible injuries, discharge from body orifices, as well as
checking the sex determination based on the external sex organs. Age
determination was carried out according to Stuewer (1943) as well as on
the basis of tooth development and specimens were divided into two age
classes, "adult" and "juvenile". Subsequently, the following biometric
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data were determined for each raccoon specimen based on Goldman and
Jackson (1950) and Stubbe and Krapp (1993): total weight, carcass
weight, total length, standard length, tail length, hind foot length, ear
length, tooth development and any abnormalities.

Endoparasites were isolated by necropsy only. To remove the organs,
the raccoon was opened medially from the tip of the mandible, with the
tongue detached and the trachea and esophagus exposed down to the
pelvic bone (Storch and Welsch, 2014). The anus was dissected free,
symphysis pubica and os hyoideum were severed, and the complete organ
composite was removed after cutting the diaphragm and transferred to a
laboratory dish. The organs were separated and the following morpho-
metric data were collected: liver weight, stomach weight full and empty.
All organs were weighed to the nearest 0,01 g. The empty body cavity
was examined for cysts and encapsulated parasites and subsequently the
carcass weight was determined. Samples for Trichinella sp. examination
(from foreleg + diaphragm pillar), os baculum, tongue, fecal sample ans
tissue sample from hind leg were collected and transferred to the pre-
pared sample containers for further studies. Blood vessels in liver,
spleen, kidneys, lungs, heart as well as the organs themselves were
opened and examined with a binocular for abnormalities. In suspected
cases, squeeze preparations were made by squeezing conspicuous organ
areas between two petri dishes to the extent that any abnormalities
could be checked under the binocular. The trachea, esophagus, and
stomach were dissected out individually using bandage scissors with a
rounded tip and opened with a medial longitudinal incision. The stom-
ach contents were transferred to a Petri dish. The weights of the stomach
and stomach contents were determined. The inner surfaces of the
stomach as well as the trachea were examined for parasites under
binocular vision. Intestinal loops were disentangled and arranged on a
cutting board. Small and large intestines were cut lengthwise using
bandage scissors with a rounded tip to avoid destroying any parasites
that might be present and transferred section by section (10 cm length
each) to large petri dishes, rinsed with 0.9% sodium chloride solution
and the inner intestinal wall and rinsed solution were examined under a
binocular. Intestinal contents were transferred in portions to petri dishes
and examined for parasites under a light microscope. Collected parasites
were separated according to organ affiliation and stored in block dishes
containing 0.9% NacCl solution until end of dissection and afterwards
were preserved in 70% ethanol and for further genetic study transferred
to 100% ethanol. Examined carcasses and organs were disposed of
through the rendering plant.

For identification purposes, nematodes were dehydrated in a gra-
dated ethanol series and transferred to 100% glycerine (Klimpel et al.,
2019). Ectoparasites were cleared in 10% KOH, dehydrated and
mounted in Canada balsam. Fleas were left in potassium hydroxide
(10%) for 2 h at 95 °C or 24 h at 35 °C. Afterwards they were rinsed in
xylene and stored in 70% ethanol. The parasitological terms prevalence,
mean intensity, intensity and abundance follow the recommendations of
Bush et al. (1997) and Klimpel et al. (2019).

2.2. Species identification

Most species were determined based on morphological characteris-
tics only. Parasite identification literature included original de-
scriptions, as well as identification keys (Neumann and Mayer, 1914;
Peus, 1938; Sprent, 1968; Priemer and Lux, 1994; Hong et al., 1996;
Anderson, 2000; Brinck-Lindroth and Smit, 2007; Anderson et al.,
2009). If no species level could be determined, genetic species identifi-
cation was performed. DNA of 11 ecto- and endoparasite species (12
individuals from 12 different raccoons) could be extracted according to
the protocol of the DNeasy Blood & Tissue Kit (Qiagen, Hilden, Ger-
many). PCR was performed at a volume of 25 pl (12.5 pl Taq PCR Master
Mix (Qiagen, Hilden, Germany), 7 pl H20 distilled, 2.5 pl DNA extract, 1
pl MgCl2 25 MM (VWR, Darmstadt, Germany), 1 pl each forward and
reverse primer). The primers as well as the thermocycler settings for the
PCR reactions were systematically selected according to the parasite
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groups and performed following already established protocols (Folmer
et al., 1994; Powers et al., 1997; Littlewood and Olson, 2001; Whiting,
2002; Holterman et al., 2006; Laurimaa et al., 2016; Nugaraité et al.,
2017; Hornok et al., 2018; Gérard et al., 2020) (see Table 1). Agarose gel
electrophoresis followed to check the quality of the PCR products.
Samples with clearly recognizable DNA fragments of the correct size
were purified using NucleoSpin Gel and PCR Clean-up (Macherey-Nagel,
Diiren, Germany). Primers used for the PCR reaction were also used for
sequencing of the samples at Microsynth Seqlab GmbH (Gottingen,
Germany) using Sanger sequencing. For species identification, the
sequenced samples were compared with existing data using the BLAST
algorithm of the GENBANK NCBI sequence database and results were
compared according to Query length (length of the submitted sequence
in bases), the Query Coverage (percentage of submitted sequence that
could be compared with sequence from database) and Percent Identity
(how similar in percent was transmitted sequence with the present
sequence in database).

2.3. Screening for Trichinella spp

All raccoons were analyzed for Trichinella spp. muscle larvae using
pepsin digestion. At least 50 g of tissue derived from skeletal muscles
(tongue, masseter, diaphragm, and forelimb muscles; approx. 10 g each)
were digested in 250 ml of a solution containing 1:100 diluted HCI (37%
HCI; Carl Roth GmbH, Germany) and 1% pepsin (Merck, Darmstadt,
Germany) while stirring at 35-38 °C until meat particles dissolved
(approximately 45 min). Afterwards, the solution was centrifuged at
1500g for 5 min. The supernatant was discarded and the pellet resus-
pended in physiological saline solution. The resuspension was micro-
scopically examined for the presence of Trichinella spp. larvae at 40-100
times magnification. For additional testing of Trichinella spp., we used
the PrioCHECK™ Trichinella Alternative Artificial Digestion (AAD) Kit
(Thermo Fisher Scientific, Langenselbold, Germany) according to the
manufacturer’s protocol.

3. Results
3.1. Ecto- and endoparasite fauna

Of the 234 examined raccoons, 22 individuals (9.4%) were juveniles
(13 males, 9 females), 212 (90.6%) were adults (145 males, 67 females).
The average total weight for adult males was 5.61 kg, for juvenile males
3.21 kg, for adult females 4.84 kg and 2.82 kg for juvenile females. The
average standard length for adult males was 51,47 cm, for juvenile
males 43,65 cm, for adult females 48,73 cm and 42,89 cm for juvenile
females. Detailed morphometric data was recorded during dissection but
since there was no significant connection with parasite infestation they
will not be discussed further. The parasite fauna of the investigated
raccoons consisted of 23 different ecto- and endoparasite species
belonging to six taxonomic groups (Table 2). The most frequent ecto-
parasites were the louse Trichodectes octomaculatus with 69.2% preva-
lence (with a mean Intensity of mI = 66.4) as well as the tick Ixodes
ricinus with 45.3% prevalence (ml = 8.5). Furthermore, the tick species
Ixodes hexagonus, the mite species Sarcoptes scabiei and Neotrombicula
autumnalis and the flea species Chaetopsylla globiceps, Ctenocephalides
felis, Nosopsyllus fasciatus and Paraceras melis could be identified.

The most frequent endoparasites were the nematodes Baylisascaris
procyonis with 94.9% prevalence (ml = 28.6) followed by Porrocaecum
ensicaudatum with a prevalence of 38,5% (mI = 8.9). Other endopara-
sitic species that could be determined in this study were the digeneans
Alaria alata, Brachylaima erinacei, Brachylaima mesostoma, Euryhelmis
squamula and Plagiorchis muris, as well as the cestodes Mesocestiodes sp.
and Atriotaenia incisa, the nematodes Molineus patens, Synhimantus lat-
iceps and Trichuris muris and the acanthocephalans Echinorhynchus trut-
tae and Polymorphus minutus. The sequenced data of the genetically
examined samples was uploaded to the NCBI Sequence Read Archive
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Table 1
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Overview of used primers, methods and results of genetically species identification including literature sources. Species marked with * were additionally confirmed
with morphological methods.

Order Accession Species Primer Thermocycling Query Query Per. Sources
number Length  Cover Ident.
Nematoda SAMN32641565 Porrocaecum forward primer rDNA2 (5'- 120sat94°C, 40 x 603 77% 98.51 Powers et al.
ensicaudatum* TTGATTACGTCCCTGCCCTTT-3') reverse (60s at 94 °C, 60s (1997)
primer rDNA1. 5.8s (5'- at 57 °C, 120s at Morphology:
ACGAGCCCGAGTGATCCACCG-3') 72°C) Anderson et al.
(2009), Osche
(1959)
SAMN32641562  Baylisascaris forward primer 988F (5'- 94 °C for 5min; 5 934 99 100 Holterman et al.
procyonis CTCAAAGATTAAGCCATGC-3') reverse x (94 °C, 30 s; (2006)
primer 1912R (5'- 45°C, 30s; 72 °C,
TTTACGGTCAGAACTAGGG-3") 70 s) 35x (94 °C,
30s; 54 °C, 30 s;
72 °C, 70 s) 300s
at72°C
SAMN32641568 Baylisascaris forward primer 28S-rD1.2a (5'- 180sat95°C, 40 x 1067 99 99.81 Whiting (2002)
procyonis CCCSSGTAATTTAAGCATATTA-3') reverse  (30s at 95 °C, 30s
primer 28SB (5'- at 54 °C, 60s at
TCGGAAGGAACCAGCTACTA-3") 72 °C) 600s at
72°C
Digenea SAMN32641558  Brachylaima forward primer digl12 (5'- 98°Cfor10s,40x 1096 99 99 Gérard et al.
mesostoma* AAGCATATCACTAAGCGG-3') reverse (50 °C for 20 s, (2020)
primer 1500R (5'- 68 °C for 90 s, 60s Morphology:
GCTATCCTGAGGGAAACTTCG-3') at 72 °C) Heneberg et al.
(2016)
SAMN32641566  Euryhelmis forward primer WormA (5'- 180sat 94 °C; 40x 1145 100 99.56  Nugaraite et al.
squamula* GCGAATGGCTCATTAAATCAG-3') reverse (30s at 94 °C, 30s (2017),
SAMN32641560  Alaria alata primer WormB (5'- at 56 °C, 120s at 1239 99 97.68 Littlewood and
CTTGTTACGACTTTTACTTCC-3') 72 °C); 420s at Olson (2001)
72°C Morphology:
Anderson and
Pratt (1965)
Acanthocephala  SAMN32641567  Polymorphus forward primer LCO1490 (5'- 120sat 95°C; 35x 608 100 93.09 Folmer et al.
minutus GGTCAACAAATCATAAAGATATTGG-3') (60s at 95 °C, 60s (1994)
Arachnida SAMN32641559 Ixodes reverse primer HCO 2198 (5'- at 40 °C, 90s at 641 99 99.58
hexagonus ACTAAAAAACCAGTGGGACTTCAAAT-3") 72 °C); 420s at
SAMN32641569  Ixodes ricinus 72°C 649 100 99.08
Insecta SAMN32641561 Chaetopsylla forward primer F-Leu (5'-TCT AAT ATG 300s at 95 °C; 40x 726 95 99.42 Hornok et al.
globiceps GCA GAT TAG TGC-3') reverse primer R- (40s at 94 °C, 60s (2018)
SAMN32641564  Ctenocephalides Lys (5'- GAG ACC AGT ACT TGC TTT CAG  at 53 °C, 60s at 711 99 99.58  Morphology:
felis TCA TC- 3) 72 °C); 420s at Brinck-Lindroth
72°C and Smit (2007)
SAMN32641563  Paraceras melis*  forward primer 18Sal.0 (5'-GGT GAA ATT  300s at 95 °C; 40x 839 100 98.21

CTT GGA YCG TC-3') reverse primer 18S9R
(5'-GAT CCT TCC GCA GGT TCA CCT AC-
3)

(40s at 94 °C, 60s
at 55 °C, 60s at
72 °C); 420s at
72°C

(SRA) and are available under the accession numbers given in Table 1.
No Trichinella larvae were identified in any of the 234 analyzed
raccoon muscle samples.

4. Discussion

The objective of this study was to identify the parasite fauna of
raccoons, to provide a comprehensive overview of parasite diversity,
and to highlight the occurrence of parasite species with zoonotic po-
tential. The parasite fauna of raccoons observed in the present study was
significantly more diverse than in previous studies from other regions in
Central Europe and Germany (Lux and Priemer, 1995; Helbig, 2011;
Karamon et al., 2014; Michler, 2017; Stope, 2019; Duscher et al., 2020;
Romeo et al., 2021).

In the present study totally 23 different parasite species were
determined. With tick species I. hexagonus, mite species N. autumnalis,
flea species C. globiceps, N. fasciatus, and P. melis, digenea B. mesostoma,
B. erinacei, E. squamula as well as P. muris, nematodes P. ensicaudatum,
M. patens, S. laticeps and T. muris and acanthocephalan species E. truttae
first findings for European raccoons could be described. Potential human
pathogenic parasites, such as S. scabiei, N. autumnalis, A. alata, P. muris
and B. procyonis have also been detected. The zoonotic raccoon
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roundworm B. procyonis was the most abundant parasite species with
exceedingly high infestation rates.

Currently, there are only a few studies available on the metazoan
parasite fauna of raccoons from Europe, that reported a much less
diverse parasite fauna (Priemer and Lux, 1994; Lux and Priemer, 1995;
Gey, 1998; Beltran-Beck et al., 2012; Renteria-Solis, 2015; Michler,
2017). This shows that the metazoan parasite fauna of raccoons in
Europe has only been marginally studied. The low parasite diversity in
European raccoons known to date is not particularly surprising, as rac-
coons have only been present in Europe since the 1930s and thus
co-evolution of host-specific parasites has not yet taken place in Europe
(Torchin et al., 2003). In addition, existing studies so far have been very
locally restricted. The results and effort of this study differ significantly
in terms of parasite species detected and sample size (n = 234 in-
dividuals) compared to previous studies.

4.1. Ectoparasites

The ectoparasitic species identified in this study were I. ricinus, 1.
hexagonus, S. scabiei, N. autumnalis, C. globiceps, C. felis, N. fasciatus, P.
melis and T. octomaculatus. The most common species were I. ricinus with
a prevalence of 45.3% as well as T. octomaculatus with a prevalence of
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Table 2
Parasitological data of Procyon lotor (N = 234), N = number of infected host animals, P = prevalence of infection, I = intensity of infection, mI = mean intensity of
infection, A - abundance over all examined Procyon lotor.

N P I ml A
Ectoparasites Insecta Chaetopsylla globiceps” 6 2.6% 1-31 6 0.156
Ctenocephalides felis 40 17.1% 1-94 14 2.394
Nosopsyllus fasciatus” 13 5.6% 1-4 1.5 0.084
Paraceras melis” 63 26.9% 1-27 2.5 0.673
Trichodectes octomaculatus 162 69.2% 1-1500 66.4 45.949
Arachnida Ixodes ricinus 106 45.3% 1-91 8.5 3.851
Ixodes hexagonus® 44 18.8% 1-46 5.8 1.09
Sarcoptes scabiei 2 0.9% 1-1000 500.5 4.505
Neotrombicula autumnalis” 5 2.1% 1-188 44 0.924
Endoparasites Digenea Alaria alata 1 0.4% 1 1 0.004
Brachylaima mesostoma“ 7 3.0% 1-26 8 0.24
Brachylaima erinacei” 2 0.9% 4-7 5.5 0.05
Euryhelmis squamula” 4 1.7% 1-78 32.5 0.553
Plagiorchis muris® 2 0.9% 1-5 3 0.027
Cestoda Mesocestoides sp. 6 2.6% 1-292 88 2.288
Atriotaenia incisa 46 19.7% 1-763 50.4 9.929
Nematoda Baylisascaris procyonis 222 94.9% 1-285 28.6 27.141
Porrocaecum ensicaudatum” 90 38.5% 1-114 8.9 3.427
Molineus patens® 1 0.4% 2 2 0.008
Synhimantus laticeps” 1 0.4% 47 47 0.188
Trichuris muris® 1 0.4% 2 2 0.008
Acanthocephala Echinorhynchus truttae® 2 0.9% 1 1 0.009
Polymorphus minutus 4 1.7% 17-246 99 1.683

@ New for Raccons in Europe.

Fig. 2. Light micrographs of different endo- and ectoparasite species showing the general morphology of the identified parasites in the investigated raccoons; A:
Euryhelmis squamula, B: Plagiorchis muris, C: Porrocaecum ensicaudatum, D: Polymorphus minutus, E: Neotrombicula autumnalis, F: Sarcoptes scabiei.
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69.2%. The species I ricinus and I. hexagonus, belonging to the class
Arachnida, are among the most common and widespread tick species in
Europe and are known to act as vectors of Tick-borne encephalitis (TBE),
Lyme disease, Ehrlichiosis, Anaplasmosis, tick-borne babesiosis and tick-
borne rickettsiosis and other various pathogens (Camacho et al., 2003;
Nijhof et al., 2007; Bitam and Raoult, 2009; Randolph, 2009; Medlock
et al., 2013; Walter et al., 2020). Both species parasitize mainly mam-
mals such as hedgehogs, foxes or dogs (Claerebout et al., 2013; Dziemian
et al., 2014; Rizzoli et al., 2014) and infest the host for the blood meal,
which is required during their developmental cycle. The two mite spe-
cies S. scabiei and N. autumnalis (Fig. 2) are distributed worldwide and
infest various mammals and use them as feeding hosts (Mehlhorn and
Mehlhorn, 2020).

Furthermore, four flea species (C. globiceps, C. felis, N. fasciatus, P.
melis) were identified, of which the badger flea P. melis was the most
abundant. The host range varies greatly among the different flea species
(Brinck-Lindroth and Smit, 2007). Only C. felis has been reported as
ectoparasite of raccoons before, although it is mainly found on domestic
cats and dogs, but can infest other mammals as well as humans
(Brinck-Lindroth and Smit, 2007). The raccoon’s infections with the cat
flea can easily be explained, as the raccoon becomes more and more
urbanized, and its proximity to humans and their pets is decreasing
accordingly. The main reasons are that invasive carnivores use anthro-
pogenic food resources (Prange et al., 2004) such as litter or even cat
food and that they inhabit urban buildings, including inhabited houses
(Michler, 2004). Thus, transmission of the cat flea can occur quickly.
Infestation with the other three flea species can be explained in a similar
way. Their main hosts are foxes, badgers and rats, and the raccoon in-
teracts with these in its new range. Firstly, by feeding, as the omnivorous
raccoon feeds on small mammals, especially rodents (Bartoszewicz
et al., 2008) and secondly, by using similar prey species and habitat
niches as the fox and badger in the wild.

The louse T. octomaculatus is a highly host-specific ectoparasite
species typical for raccoons andcompletes its life cycle on one and the
same host (Emerson and Price, 1985). Trichodectes octomaculatus is
known to be a common parasite for the raccoon in both its native and
invasive of distribution ranges (Richardson et al., 1994; Haitlinger and
FLupicki, 2009), which is also reflected in the high infestation rate found
in this study.

Most ectoparasites infest hosts for a blood meal, which is essential for
their development. As a result, they can cause symptoms such as itching,
lesions of the skin or hair loss, which can affect and weaken the host
animal. Ectoparasites can also transmit pathogens to other animals, for
example, ticks can be responsible for the transmission of Borrelia or
Rickettsia (Siiss et al., 2004). To date, the ectoparasitic fauna of raccoons
in Germany and Europe was not well described and only a few parasite
species were known. In the current study we were able to describe five
out of the nine ectoparasites as new species for the raccoon in Europe.
With the continuous spread of the raccoon, future studies need to pay
attention to external parasites, since these species do not only use the
raccoon as vector but can transmit various pathogens, thus posing an
additional threat to human and animal health. For example, I. ricinus, I.
hexagonus, S. scabiei, N. autumnalis, C. globiceps, N. fasciatus and C. felis
are all able to parasitize humans and may be of epidemiological
importance as vectors for various human pathogenic viruses and mi-
croorganisms (TBE, Lyme disease, rickettsia, spirochetes and other
bacteria, Mehlhorn, 2012).

4.2. Endoparasites

In total, five trematodes, two cestodes, five nematodes, and two
acanthocephalans were identified as endoparasites of raccoons in the
study area. Predominantly, these were found in the small intestine, but
also in the large intestine and stomach. The most common endoparasite
was the raccoon roundworm B. procyonis, which occurred with a prev-
alence of almost 95%, a national and European high in comparison to
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other studies. For example, no infestations of raccoon roundworm have
been previously detected in eastern German raccoon populations (Lux
and Priemer, 1995; Michler, 2017), while other studies from central
Europe describe infestation frequencies between 39% and 75% (Gey,
1998; Winter, 2004; Anheyer-Behmenburg, 2013; Renteria-Solis et al.,
2018). Baylisascaris procyonis is highly host-specific and was introduced
with the raccoons from their original range in North America (Bauer,
2011). The females of adult worms are larger than the males, their eggs
are excreted in the raccoon’s feces and can survive in the environment
for several years. The intermediate hosts of this parasite can be birds and
smaller mammals, which in turn are preyed upon by the raccoon. Due to
the presence of, for example, concentrated anthropogenic food resources
in urban and agricultural areas, the adaptable raccoons reach ever
higher population densities in human proximity (Prange et al., 2004;
French et al., 2019). Since common latrines are usually used, which in
turn can be visited by potential intermediate hosts, this increases the
likelihood of raccoon roundworm spread in these areas as well as the risk
of infection for humans and animals (e.g. Roussere et al., 2003; Kazacos
2001) (Fig. 3). The final host shows almost no signs of disease when
infected with this roundworm, while any intermediate or accidental
hosts may suffer organ damage (Blizzard et al., 2010). The raccoon
roundworm B. procyonis is currently considered a serious zoonotic agent
in Germany (Bauer, 2013; French et al., 2019) and a causative agent of
human baylisascariosis. Roussere et al. (2003), Graeff-Teixeira et al.
(2016) and Weinstein et al. (2017) highlighted the potential risk of
infection to children from oral ingestion of eggs in raccoon feces, placing
a particular focus on urban and suburban areas for parasitological and
serological investigations. For North America, studies in areas with
known high infection rates of the zoonotic pathogen B. procyonis in
raccoon populations showed an increase in human baylisascariosis
(Haider et al., 2012; Hung et al., 2012; Kelly et al., 2012; Peters et al.,
2012). Infection can cause neural, visceral, and ocular larva migrans
(Kazacos, 2001; Graeff-Teixeira et al., 2016) resulting in severe damage
to organic tissues and even death (Gavin et al., 2005). Kazacos (2016)
lists 25 cases of clinical neural larva migrans described in North Amer-
ica. Only a few cases have been reported for Germany, but the very high
prevalences and intensities of B. procyonis infestation in the study area,
together with the ever-increasing spread of raccoons in cities and set-
tlements, suggests an increasing risk of infection and thus a higher threat
to human and animal health in certain areas than previously thought.
The second most abundant endoparasite (P = 38.5%) of the raccoon
in the present study was the nematode P. ensicaudatum (Fig. 2). This
species parasitizes mainly the small intestine of birds (Borgsteede et al.,
2003). The genus Porrocaecum represents the only genus of autochtho-
nous avian parasites within the Ascaridoidea that can be transmitted to
mammals (Osche, 1959; Barus et al., 1978; Anderson, 2000; Borgsteede
et al., 2003). According to Levin (1961) and Anderson (2000) earth-
worms or other avian species of the genera Sturnus and Turdus may serve
as intermediate hosts in the life cycle of P. ensicaudatum. A probable
infection with P. ensicaudatum by intermediate hosts from the family
Lumbricidae can also be inferred from the studies of Wharton (1979),
according to which gravid female P. ensicaudatum were found in the
small intestine of Corvus frugilegus. However, in mammals such as rac-
coons, this parasite does not undergo further development, but remains
free in the intestinal lumen (Osche, 1959). This is also evident in this
study, as this parasite was detected freely in infested animals in the small
and large intestines, as well as partially in the stomach. It can be
concluded that the raccoon does feed on the intermediate host of
P. ensicaudatum, like species of the family of Lumbricidae, as well as on
birds of the genus Sturnus and Turdus. The nematode M. patens parasit-
izes mainly martens (Kotodziej-Sobocinska et al., 2021), but occurs also
in other mammals (Popiofek et al., 2009). Species of the genus Molineus
undergo a simple life cycle, with the next host ingesting the eggs from
the environment and thus becoming infected orally or by invasion
through the skin (Gupta, 1961, 1963). The very low infestation rate in
this study suggests a more incidental infection of the raccoon.
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Fig. 3. Several factors influence the spread of Baylisascaris procyonis, infestation rates are higher in urban and agricultural environments than in semi-natural sites.
Thus, a denser population of raccoons in urban areas has a beneficial effect on infestation numbers. However, other factors such as vegetation density as well as
available food resources, microclimate, soil characteristics, and land use also influence the rate of B. procyonis infestation and zoonotic potential. An Unembryonated
eggs are shed by the raccoon. Eggs undergo 2-4 weeks of development outside the body until the embryonated and infective stage is reached. Embryonated eggs can
remain in the environment for several months and remain infectious. B In urban and agricultural areas, new intermediate hosts are frequently infected. These are
either eaten by the raccoon or can become infected like the raccoon (e.g., dogs) and then also excrete eggs. C In urban and agricultural areas, there are usually other
off-target hosts than in semi-natural areas. Here, for example, cattle or chickens have been confirmed as false hosts. In these hosts, visceral or ocular larva migrans is
induced without the larvae being ingested by the raccoon. D Children can become infected with infectious stages and contract Larva migrans through constructed
latrines as well as simple defecation in or near play facilities (e.g., sandboxes, climbing houses). E Due to the steady spread of raccoons, new false hosts are
increasingly infected with eggs of B. procyonis, such as chicken birds (pheasants), even in semi-natural areas. F The normal life cycle of B. procyonis includes the prey
of P. lotor such as various small mammals or birds. In Europe, these species also play the main role in semi-natural habitats. G Raccoons, as the primary host, become
infected with B. procyonis by direct ingestion of embryonated eggs through contact with latrines and via excreted feces of infected raccoons. Numerous small
mammals or birds serve as paratenic or intermediate hosts, passing larvae directly to the raccoon. The worms grow in the raccoon and can reach high densities in the
raccoon’s intestine.

Synhimantus laticeps is a nematode species that parasitizes in the parasite cannot be determined due to relatively low infestation numbers
stomach of owls and raptors (Santoro et al., 2010) The development and and the fact that the exact species could not be identified. However, this
infection routes of S. laticeps have not yet been identified. It is suspected particular parasite again points to the broad food spectrum of the
that raptor prey serves as intermediate hosts. Infection of the animals raccoon.
examined in this study can only be explained by the fact that infested The digenean species A. alata, B. mesostoma, B. erinacei, E. squamula
bird species were preyed upon by the raccoon. Likewise, infection with and P. muris (Fig. 2) were recorded in raccoons in the study area. Fluke
T. muris provides information about the feeding habits of the raccoon, species often use two intermediate hosts in their life cycle. Freshwater or
since this nematode is found primarily in mice and rats (Fahmy, 1954). terrestrial snails are often used as the first intermediate host, and second
However, due to the low infestation numbers of the latter species, only intermediate hosts can be amphibians, birds, mammals and reptiles
limited conclusions can be made about the possible infection risks of (Zeller, 1867; Anderson and Pratt, 1965; Heneberg et al., 2016; Gérard
raccoons, because it is not certain whether these findings represent et al., 2020). All five digenean species occurred in low infestation
actual infections or just intestinal passage of orally ingested parasites. In numbers for potentially several reasons. On the one hand, the raccoon
terms of feeding ecology, these findings provide a clear indication of the could have been infected only as an accidental host or the parasites
raccoon’s broad dietary spectrum. could have been ingested with food and thus it is not a direct infection of
The cestode species A. incisa was found in 46 of the examined ani- the raccoon. On the other hand, the majority of the examined raccoons
mals, which corresponds to a prevalence of 19.7%. It is known as a small were hunted or trapped in the winter months. as described above,
intestine parasite in badgers as well as raccoons and has already been digeneans use snails and amphibians as intermediate hosts (Anderson
described in raccoons in Germany (Priemer and Lux, 1994). Not much is and Pratt, 1965; Heneberg et al., 2016; Lucius et al., 2018) and restricted
known about the development, possible intermediate hosts or triggered seasonal access to these food sources (Glandt, 2016) could be another
diseases and symptoms (Torres et al., 2001). However, the occasionally reason for the low infestation numbers. Comparative studies in the
high infestation numbers (max. intensity 763) confirm the importance of spring and summer months could provide more information on this
raccoons as hosts and vectors of this parasite. The second species of inference. With the detection of the digenetic trematode P. muris, the
Cestoda, Mesocestoides sp., could only be determined to genus level in record of another human pathogenic parasite species was established
this study. Species of this genus are distributed worldwide and use a (Lee et al., 2004). So far, only the genus was reported for the raccoon
wide range of hosts, as many species of mammals and birds can be (Lux and Priemer, 1995). Hong et al. (1996) described a case of infection
infested. Infection of raccoons with cestodes of this genus have previ- with this parasite in South Korea that may be due to consumption of
ously been described in Europe (Karamon et al., 2014; Schwarz et al., freshwater fish. Likewise, human infections with the digenea A. alata
2015). The extent to which the raccoon is important as a vector of this may occur (Jaksic¢ et al., 2002). The fact that the raccoon can act as a
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host for these parasites increases the risk of human infection, as the
raccoon is increasingly found in cities and the proximity to humans
continues to decrease. Thus, transmissions can occur more easily. In the
present study, E. squamula was recorded for the first time in a raccoon
from Europe. The complex life-cycle requires at least three hosts for the
complete development. The first intermediate hosts of E. squamula are
snails of the family of Hydrobiidae (Anderson and Pratt, 1965).The
second intermediate hosts are frogs and toads, and Metacercariae of this
species have already been detected in Europe in Rana temporaria, Rana
esculenta, Triturus cristatus and various toad species (Zeller, 1867; Baer,
1931; Anderson and Pratt, 1965). Raccoons belong to the final hosts of
E. squamula (Parker, 1950; Babero and Shepperson, 1958; Harkema and
Miller, 1964; Bafundo et al., 1980; Cole and Shoop, 1987). The detection
of E. squamula is of great nutritional and ecological interest. Anderson
and Pratt (1965) indicate the obligate presence of amphibians in the life
cycle of E. squamula (Fig. 2), thus, the findings of this parasite provide
evidence of the use of amphibian food sources and therefore uncover
possible conflict and negative impact on already threatened amphibian
populations.

The last two recorded species E. truttae and P. minutus (Fig. 2) belong
to the Acanthocephala. Adult P. minutus live in the intestines of various
water birds, while E. truttae occurs in the intestines of various freshwater
fish. Both species use amphipods and fish as intermediate hosts
(Romanovski, 1964; Awachie, 1966).This suggests that the ingestion
and infection of the raccoon with these parasites occurred through its
diet, thus providing further insight into the wide food spectrum that the
omnivorous raccoon utilizes.

4.3. Conclusions

The results of this study indicate that raccoons are now an integral
part of the studied ecosystem. According to previous studies, raccoons in
Germany had a limited range of metazoan parasite species (Priemer and
Lux, 1994; Lux and Priemer, 1995; Gey, 1998; Beltran-Beck et al., 2012;
Renterfa-Solis, 2015; Michler, 2017) while 99 metazoan parasite genera
are described for their area of origin, the North American region (Gey,
1998). This study shows that the raccoon is a host for more than 20
parasitic metazoan species in the study area. One reason for the different
results compared to previous studies could be that the raccoon has only
been present in Europe since the 1930s and thus no co-evolution of
host-specific parasites has yet take place in Europe (Torchin et al.,
2003). The full potential of raccoons as vectors of parasitic pathogens
cannot be assessed in such a short time and only random sampling in
Germany and Europe. The results of this study differ significantly from
those of previous studies in terms of metazoan species numbers, sug-
gesting that the occurrence of parasitic organisms in different raccoon
populations might be variable, with potentially significant regional
differences. The fact that 14 new parasite species were described for the
raccoons in Germany/Europe in the present study underpins that there
are not enough comprehensive studies available. It is highly likely that
the raccoon will integrate and adapt more and more in the new area of
distribution, which will also expand in the future. Furthermore, rac-
coons will probably play an important role as an additional vector of
native parasites and other pathogens in the years to come.
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