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ARTICLE INFO ABSTRACT

Keywords: Human infection by Baylisascaris procyonis can result in larva migrans syndromes, which can cause severe
Raccoon neurological sequelae and fatal cases. The raccoon serves as the definitive host of the nematode, harboring adult
Bayl lisa.fam’.s procyonis worms in its intestine and excreting millions of eggs into the environment via its feces. Transmission to paratenic
Eﬁfr’sszmn hosts (such as rodents, birds and rabbits) or to humans occurs by accidental ingestion of eggs. The occurrence of

B. procyonis in wild raccoons has been reported in several Western European countries. In France, raccoons have
currently established three separate and expanding populations as a result of at least three independent in-
troductions. Until now the presence of B. procyonis in these French raccoon populations has not been investi-
gated. Between 2011 and 2021, 300 raccoons were collected from both the south-western and north-eastern
populations. The core parts of the south-western and north-eastern French raccoon populations were free of
B. procyonis. However, three worms (molecularly confirmed) were detected in a young raccoon found at the edge
of the north-eastern French raccoon population, close to the Belgian and Luxemburg borders. Population genetic
structure analysis, genetic exclusion tests and factorial correspondence analysis all confirmed that the infected
raccoon originated from the local genetic population, while the same three approaches showed that the worms
were genetically distinct from the two nearest known populations in Germany and the Netherlands. The
detection of an infected raccoon sampled east of the northeastern population raises strong questions about the
routes of introduction of the roundworms. Further studies are required to test wild raccoons for the presence of
B. procyonis in the area of the index case and further east towards the border with Germany.

Raccoon roundworm
Zoonotic risk

1. Introduction

The roundworm Baylisascaris procyonis is the etiological agent of a
zoonotic disease following accidental ingestion of the embryonated eggs
containing larvae of the parasite. After hatching, the larvae penetrate
the intestinal wall and cause visceral, ocular or neural larva migrans. The
main lesions of Baylisascaris larva migrans consist of eosinophilic and
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granulomatous inflammation occurring in different organs and tissues,
especially in the central nervous system, often leading to severe
neurological sequelae or even death (Graeff-Teixeira et al., 2016). It
affects children more frequently due to its fecal-oral transmission. Se-
vere neurological sequelae and fatal cases have been reported in humans
in the United States and Canada.

The raccoon (Procyon lotor) serves as the definitive host of the
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Table 1

International Journal for Parasitology: Parasites and Wildlife 23 (2024) 100928

Information on the four programs that provided access to raccoon samples for the study.

Information on the
program

Program 1 (P1) Program 2 (P2)

Program 3 (P3)

Program 4 (P4)

Sampling area Zone A

Zone B

Zone C

Raccoons Northeast population Northeast population
population
investigated
Region Hauts-de-France and Grand-Est region
Grand-Est regions
Number of 10 20
municipalities
concerned
Period of sampling 2011-2019 2019-2021

Aim of the program  Study on B. procyonis PhD program of Manon
Gautrelet on Ecology of
raccoons in France
Trapping by licensed
trappers (regulation on
invasive species), collection

of road-killed animals

Sampling
modalities

Capture by licensed
trappers (regulation on
invasive species),
collection of road-killed
animals

Northeast population, mixed with Belgium
population

Grand-Est region

15

2019-2021
Sanitary investigations on raccoons

Trapping in wild boar cages during control in
France of the risk of African swine fever
dispersion from Belgium; 2 road-killed
raccoons found at less than 10 km at the east of
zone B were also included

Southwest population

Nouvelle Aquitaine region

13

2019-2022
Collaborative program of regulation

Consecutive and repeated sessions of live-
trapping, dispersed capture by licensed
trappers (regulation on invasive species);
some road-killed individuals were also
included

Partners of the Licenced trappers, URCA Licensed trappers, URCA OFB, Anses Grege, ADPG, OFB, Muséum National

program d’Histoire Naturelle, ENVT
Number of raccoons 25 26 157 92

analyzed in the

study
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Fig. 1. Distribution of the raccoons sampled in zone A (program 1 green dots and program 2 purple dots), zone B (program 3, orange dots) and zone C (program 4, in
pink dots). The red star-spot correspond to the raccoon found infected by Baylisascaris procyonis. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)
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Fig. 2. Results of the analysis of the population genetic structure of raccoons in north-western Europe. The 11 genetic clusters were inferred by the program BAPS,
taking geographic coordinates into account. The locations of six clusters that were each composed of a single individual are not shown. Different colors represent
different genetic populations. Pie charts represent the genetic populations of origin of the individuals and their size is indicative of the number of samples included.
The names of the genetic clusters are the same as those in (7) and (8). Inset: Focus on the clustering results from the region indicated by a black square in the main
map. The arrow indicates the sampling location of the raccoon that was positive for B. procyonis. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

nematode, harboring adult worms in its intestine, with worm burden
ranging from few worms to several hundreds. An infested raccoon can
daily expel millions of unembryonated eggs in the environment via its
feces. Under natural conditions, these eggs takes two to four weeks to
embryonate and become infective. They can survive for years in the
environment, but are sensitive to desiccation. Transmission to paratenic
hosts (such as rodents, birds and rabbits) or to humans occurs through
accidental ingestion of eggs, while raccoons can acquire the infection by
the same route or by predation of paratenic hosts (Kazacos, 2001).
The raccoon is a native Central- and North American species, where
prevalence of B. procyonis can easily exceed 60% and reach values
around 80% (Kazacos and Boyce, 1989). The raccoons have now colo-
nized many parts of the world after deliberate or accidental releases.
Their presence in the wild has been confirmed in at least 27 European
countries (Salgado, 2018). B. procyonis is present in some European
populations, but absent in others, depending on whether the parasite
was present in the founding individuals or subsequently in immigrants.
In Germany, genetic studies have shown that the raccoon has been
introduced via a number of separate introduction events, while fewer
introduction events have been reported for the parasite (Osten-Sacken
et al., 2018). In western Europe, the occurrence of B. procyonis in wild
raccoons has been reported in Germany, Poland, the Netherlands,
Denmark, Austria and northern Italy (Karamon et al., 2014; Al-Sabi
et al., 2015; Heddergott et al., 2020; Duscher et al., 2021; Lombardo
etal., 2022; Maas et al., 2022). At present only one non-fatal human case
and four seropositive people have been reported in Europe, exclusively
in Germany (Conraths et al., 1996). However, the expansion of raccoon
populations and the close proximity of raccoons with humans in some
urban areas increase the risk of zoonotic transmission, making it

essential to identify endemic areas for public health prevention.

In France, raccoons have currently established three separate and
expanding populations as the result of at least three independent in-
troductions of a small number of individuals, based on genetic evidence
(Larroque et al., 2023). The largest and oldest (1960s) population in
northeastern France has progressively expanded and recently merged
with populations from western Germany, Luxembourg and Belgium
(Maillard et al., 2020). A second population in the Massif Central area
(central France) become established in the late 1990s. It’s origin is un-
clear. The third population settled in 2007 in the Nouvelle-Aquitaine
region in south-west France, probably from individuals escaped from
zoological park. Until now, the presence of B. procyonis in these French
raccoon populations has not been investigated. The only report of
B. procyonis in France to date is the unexpected identification of
copro-DNA in a wolf fecal sample in the French Alps, not linked to an
established population of raccoons (Umhang et al., 2020). Determining
the status of these three populations with regards to B. procyonis
therefore required investigations in each of the three population foci. In
this context, the possibility of collecting carcasses of raccoons from the
two populations of the north-eastern and south-western France was used
as an opportunity to determine the presence or absence of this zoonotic
parasite.

2. Materials and methods
2.1. Study areas and raccoon sampling

Raccoons were collected between 2011 and 2021 within the context
of four different programs, named P1 to P4 (Table 1). In total, 300
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Fig. 3. Factorial correspondence analysis of the microsatellite-based genetic profiles of raccoons and raccoon roundworms from northwestern Europe. A) Raccoon
populations were pre-defined based on the clustering results generated by the spatial version of program BAPS (see Fig. 2). Different colors represent different genetic
populations. The colors and the populations correspond to those illustrated on the map in Fig. 2. The six animals that each formed a distinct genetic cluster were
omitted from the plot. The percentage of the total variation explained by each of the three axes is indicated. B) Raccoon roundworm populations were pre-defined
based on the clustering results generated by the spatial version of program BAPS (see Fig. 3A). Different colors represent different genetic populations. The colors and
the populations correspond to those illustrated on the map in Fig. 4. The percentage of the total variation explained by each of the three axes is indicated. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

raccoons were sampled in three different areas: two areas in north-
eastern France - a large zone (A) sampling the core of the northeastern
raccoon population and a zone (B) covering part of the French border
with Belgium (Desvaux et al., 2021), and one area in southwestern
France (Nouvelle-Aquitaine; zone C) (Fig. 1). All captures were per-
formed by licensed trappers. Living animals were sacrificed according to
the regulations relative to invasive species (French decree of
2/09/2016) and animal welfare guidelines (Directive 2010/63/EU) and
stored frozen.

2.2. Laboratory analyses

Thawed carcasses were necropsied to collect the intestines, stored at
least 7 days at —80 °C before analyses. The intestines were divided into
several segments (5-10) and opened longitudinally. Worms observed by
macroscopic examination of the intestinal contents were isolated and
washed in distilled water. We sampled around 25 mg of each worm for
DNA extraction using the DNeasy blood and tissue kit (Qiagen) ac-
cording to the manufacturer’s instructions. A PCR targeting a part of the
cytochrome oxidase subunit 1 (cox1) gene was performed on the worm
samples (Bowles et al., 1992; Umhang et al., 2020). After sequencing,
the identification of the parasite species was established by comparison
with the GenBank database using BLASTn.

DNA was extracted from the raccoon tissue samples using an
ammonium acetate-based salting-out method (Miller et al., 1988). In
order to be able to use genetics to assign an infected raccoon to its likely
population of origin, we genotyped 129 French raccoons, including in-
dividuals sampled from zones A, B and C, as well as from the raccoon
population in the Massif Central area. A small number of animals from
outside these study areas was also included (Fig. 2). Genotyping was
performed using the same 17 microsatellite markers as previously (Maas
et al., 2022). Because the work was performed in the same laboratory
following the same protocols, it was possible to pool the present data
with those previously obtained (Maas et al., 2022), generating a dataset
consisting of 761 raccoon genotypes. We genotyped the three French
roundworms isolated form the single infected raccoon (see Results)
using the same 14 microsatellites as previously (Osten-Sacken et al.,
2018). It was also possible to pool the three genotypes with the data
previously generated (Maas et al., 2022), giving rise to a total dataset of
232 parasite genotypes.

We analyzed the genetic structure of both species using the spatially
explicit genetic clustering algorithm implemented in the software
BAPSv.6.0 (Corander et al., 2008). The program was run 100 times for K

= 20 (raccoon) or K = 10 (roundworm). We visualized the genetic
relationship between the individuals in our datasets using a factorial
correspondence analysis (FCA) in the program GENETIX v.4-05-2 (Bel-
khir et al., 2004). Individuals whose FC scores were more than six me-
dian absolute deviation (MAD) away from the median score of the first
two eigenvectors were defined as outliers (Leys et al., 2013). Outliers
were detected using the R package BiGuTiLsr v.0.3.7 (Privé et al., 2020).
GENECLASS 2.0.g (Piry et al., 2004) was used to calculate the proba-
bility (exclusion probability) of the infested raccoon and its roundworms
belonging to each of the genetic populations inferred by BAPS. We
calculated these exclusion probabilities based on the Monte Carlo
method of Paetkau et al. (2004) and simulated 10,000 multi-locus ge-
notypes. In the case of the roundworms, we calculated the probabilities
of each reference animal originating from each BAPS-inferred reference
cluster using a leave-one-out approach where individuals are excluded
from their population during calculations (Paetkau et al., 2004).

3. Results and discussion

No B. procyonis worms were observed either in the 92 raccoons from
the southwest population (zone C, P3), or in the 51 raccoons from zone A
(P1 and P2) and the 157 trapped animals in zone B (P4). However, we
found three worms (one female and two males), molecularly confirmed
as B. procyonis, in one young raccoon (6-12 months) road-killed in
February 2021. The animal was found at the edge of the north-eastern
French raccoon population, 5 km east of the zone B trapping sites, and
at 2 and 10 km from the Belgian and Luxemburg borders, respectively
(Fig. 1), where the parasite has not yet been detected. Recently infected
raccoons have been identified approximately 250 km to the east, in
Baden-Wuerttemberg, Germany (Reinhardt et al., 2023).

Regarding genetic analyses conducted on raccoons, the spatial al-
gorithm of BAPS inferred a probability of 0.423 for the presence of 17
genetic clusters in the dataset (and a probability of 0.380 for the pres-
ence of 18 clusters). Of these, six clusters were each composed of a single
individual and omitted from further analysis. The remaining 11 clusters
(Fig. 2) corresponded to the meaningful clusters obtained by Maas et al.
(2022) and Larroque et al. (2023). We confirmed the presence of four
genetic populations in France. The northeastern-most cluster extended
into southern Belgium. In Maas et al. (2022), this cluster is referred to as
“southern Belgium”. The infested raccoon was sampled on the
French/Belgian border near this “southern Belgium” population. BAPS
assigned the infested raccoon to this population and the animal over-
lapped with its animals in the FCA (Fig. 3A). According to the genetic
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Table 2

Probabilities of the multi-locus genotype of the B. procyonis-positive
raccoon to be encountered in each of the 11 reference populations.
These exclusion probabilities were calculated using GENECLASS 2.0.
g. Populations were pre-defined based on the clustering results
generated by the spatial version of program BAPS (see Fig. 2).

Reference population Exclusion probability

Gironde <0.0001
Massif Central <0.0001
NE France <0.0001
Southern Belgium 0.4813
BeNeGe <0.0001
Limburg 0.0002
Luxembourg 0.0001
Hessen <0.0001
Harz 0.0084
Brandenburg <0.0001
Saxony <0.0001

exclusion test (Table 2), the origin of the raccoon from the “southern
Belgium” population could not be excluded (P = 0.481), in contrast to an
origin from all other ten clusters (P < 0.01). The genetic analyses thus
show clearly that the infested raccoon belonged to the local genetic
population.

From genetic analyses carried out on B. procyonis worms, the spatial
algorithm of BAPS inferred a probability of 0.908 for the presence of
three genetic clusters in the dataset. The three roundworms sampled in a
raccoon collected on the French/Belgian border formed a distinct ge-
netic population (Fig. 4). Similar to Maas et al. (2022) and Osten-Sacken
et al. (2018), we identified two distinct populations in central Germany

¢

Netherlands

Belgium

40 80

France
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(a “Western” and an “Eastern” population, Fig. 4). However, in contrast
to Maas et al. (2022), the spatial algorithm of BAPS assigned the
roundworms sampled in the Netherlands to their nearest German pop-
ulation (Western). Four roundworms were statistical outliers in the FCA,
including the three French roundworms (Fig. 3B).

According to the genetic exclusion test (Table 3), one of the three
French roundworms could be excluded from both Western and Eastern
reference populations with high certainty (P < 0.001). We thus can
confidently dismiss the possibility that this animal originated from a
nearby roundworm population. The remaining two roundworms could
be excluded from the Eastern population, but had exclusion probabilities
that were slightly higher than the P < 0.01-threshold for the Western
population (Table 3). When performing an exclusion test on the refer-
ence dataset using a leave-one-out approach, the probabilities of
excluding the Western animals from their Western populations were an
order of magnitude higher (P > 0.125) than the values observed for the

Table 3

Probabilities of the multi-locus genotypes of three French B. procyonis worms
sampled from the same raccoon to be encountered in both reference populations.
These exclusion probabilities were calculated using GENECLASS 2.0.g. Pop-
ulations were pre-defined based on the clustering results generated by the spatial
version of program BAPS (see Fig. 3B).

Roundworm ID Exclusion probabilities

Western population Eastern population

RL-Anses-88_1 <0.0001 <0.0001

RL-Anses-88_2 0.0196 0.0004

RL-Anses-88_3 0.0284 0.0004
([

Germany

Genetic populations
@ France
@ Wwestern
@ Eastern

160 240 320

Kilometers

Fig. 4. Results of the analysis of the population genetic structure of raccoon roundworms in north-western Europe. The three genetic clusters were inferred by the
program BAPS, taking geographic coordinates into account. Different colors represent different genetic populations. Pie charts represent the genetic populations of
origin of the individuals and their size is indicative of the number of samples included. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)
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French worms (with the exception of the fourth FCA outlier; P = 0.027;
Appendix Table 1). All the evidence, including the results of the exclu-
sion tests, therefore suggests that these two worms are genetically
distinct and also unlikely to originate from a neighboring population.
Another potential source of infection for this young French raccoon
would have been the ingestion of eggs from an infected latrine previ-
ously (up to several years ago according to survival of eggs in the
environment) (Kazacos 2001)constituted by an infected raccoon not
from this population but escape from a zoo or from another non
genetically identified raccoon population.

4. Conclusions

We established that the core parts of the southwestern and north-
eastern French raccoon populations were B. procyonis-free. However, we
detect a very small burden of B. procyonis in one juvenile road-killed
individual sampled east of the northeastern population. This raises
strong questions about the routes of introduction of the roundworms:
the infected raccoon is of local origin, but the easternmost raccoon
sampled in France for parasitological investigations. Further studies
investigating free-ranging raccoons for the presence of B. procyonis in
the area of the index case and further to the east, towards the border
with Germany must now to be carried out. An accidently released
captive raccoon, either escaped from illegal private ownership or from a
zoo, may have introduced these worms. It appears important to specif-
ically test the raccoons in zoos and animal parks in the region and
beyond for the presence of B. procyonis. The capture of free-ranging
raccoons in the third main raccoon population in the Massif Central
area in central France is currently underway.

In the present study, genetic analyses of raccoons and of the parasites
were invaluable in attempting to understand the origin of the infection.
As the effectiveness of these analyses are dependent on the number and
geographical diversity of the samples in the reference dataset, this study
highlights the need to strengthen data production with harmonized
protocols to understand the dispersal of this invasive host and its
parasite.
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