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Abstract

In the present study, we identified the ectoparasite communities of red foxes in three regions
of Poland that encompassed two endemic regions for the occurrence of Dermacentor reticu-
latus, as well as a region that is free of this tick species (‘gap’ area). Our study sites were
selected to enable the role of foxes as hosts for juvenile (nest dwelling) and adult (exophilic)
D. reticulatus ticks to be determined, and to assess their contribution to the spread of this
important vector of Babesia canis. We compared also ectoparasite communities between
adult foxes with those of fox cubs. Finally, we carried out a systematic search for subcutaneous
ticks determining their prevalence and abundance. In 2016-2018, 366 adult foxes and 25 live-
trapped cubs were examined for ectoparasites. Ectoparasites were identified based on morpho-
logical features, PCR amplification and sequencing. The total prevalence of ectoparasites was
higher in cubs (68%) than in adults (62.8%). In adults, 15 parasite species were recorded,
including four tick species, seven flea species, scabies, and one Anopluran species each in
the genera Felicola and Lipoptena. In cubs, six ectoparasite species were found, including
Ixodes kaiseri, a species not found in adults. Although Ixodes ricinus and D. reticulatus
were the dominant tick species on adult foxes, no D. reticulatus ticks were found on cubs.
Subcutaneous ticks were common (38%) and abundant in all areas. Molecular analysis of
subcutaneous nodules allowed the identification of 17 I. ricinus and five D. reticulatus. In con-
clusion, red foxes play a minor role as hosts of D. reticulatus.

Introduction

The red fox (Vulpes vulpes) has become the most abundant and widespread carnivore and
apex predator in numerous countries of Central Europe, including Poland (Panek and
Bresinski, 2002; Goszczynski et al., 2008). The increasing population of foxes in Europe
and their synurbanization raise questions about the role of this species as a reservoir host
of pathogens/parasites of veterinary and medical importance. Foxes contribute to the mainten-
ance of wildlife reservoirs of a range of ectoparasites, fleas, ticks, mites (including scabies) and
therefore also to pathogens vectored by these ectoparasitic arthropods (Sréter et al., 2003;
KotiSova et al., 2006; Foley et al., 2017). Red foxes are known to be hosts for two important
but ecologically distinct ecotypes of ticks. As foxes explore large areas in search of food
(territory about 20-30 ha) (Trewhella et al., 1989; Adkins and Stott, 1998) they may become
infested with exophilic tick species: Ixodes ricinus, adult Dermacentor reticulatus or
Haemaphysalis spp. However, since they inhabit burrows, they are also important hosts for
several endophilic nest-dwelling tick species, including Ixodes hexagonus and Ixodes canisuga
(Petney et al., 2012; Mihalca et al., 2012; Sandor et al., 2017).

In recent year, studies have focused on the role of foxes as reservoir hosts of canine vector-
borne diseases (Duscher et al., 2015). Among the tick-borne pathogens for which foxes may
serve as reservoir hosts is Babesia canis, the causative agent of canine babesiosis that manifests
mostly as an acute life-threatening disease in domestic dogs that are not treated appropriately
with preventive chemotherapy. Foxes may constitute the important source of infection for
vectors (ticks) but there is still little known about their role in this context. Therefore, in
order to evaluate the role of foxes as reservoir hosts of this tick-borne pathogen, the priority
is to determine whether the specific vector of B. canis, the tick D. reticulatus, actually feeds on
foxes and thereby becomes infected.

The ornate dog tick is a species that has been spreading recently in many Central
European countries. The geographical range of this tick is divided in Europe with separate
populations occurring in eastern and western macro regions (Rubel et al.,, 2016). These
macro regions are separated by ‘a gap’ spanning the area between Western and Eastern
Poland (Mierzejewska et al, 2016). Thus, in Poland, there are two separate D. reticulatus
populations, a western population in Western Poland (Mierzejewska et al., 2016) and an
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eastern population in Central and Eastern Poland which are sepa-
rated by an area that has been historically (Szymanski, 1986), and
is still currently (our monitoring), free of this tick species (gap). In
the current study, we sampled foxes from these three regions of
Poland in order to verify the role of red foxes as hosts of
D. reticulatus.

The spread of ticks to new regions is often accompanied by the
emergence of pathogens that were not previously endemic in the
region, and in the case of D. reticulatus, canine babesiosis caused
by B. canis is an obvious example (Bajer et al., 2014a, 2014b).
Dermacentor reticulatus is known to be the main vector of
B. canis and B. canis DNA has been identified in adult questing
ticks in numerous studies (Mierzejewska et al, 2015; Jongejan
et al., 2015; Radzijevskaja et al., 2018). However, how the ticks
become infected still remains an unresolved issue. Juvenile D. reti-
culatus ticks are nest-dwelling and spend their entire life in rodent
burrows, and are strictly seasonal: in Poland, D. reticulatus larvae
occur on small rodents in June-July, and nymphs in late July and
August (Paziewska et al., 2010; Dwuznik ef al., 2019). Rodents, on
the other hand, are not hosts/reservoirs of B. canis (Pawelczyk
et al., 2004), so cannot serve as the source of infection for ticks.
Here we propose a hypothesis that a proportion of juvenile D. reti-
culatus ticks (larvae and nymphs) feed on fox cubs, which spend
the first few weeks of life in burrows, in spring and early summer
and provide a possible source of infection with B. canis. To verify
this hypothesis, we live-trapped fox cubs and inspected them
for ectoparasites. During the current study, numerous ticks were
found also in the subcutaneous tissues of the autopsied adult
foxes. Although this phenomenon was first recorded in 1914 by
Nutall (1914), reports of the subcutaneous occurrence of ticks,
including in humans (Chang et al., 2006), are still rare (Smith
et al., 1986; D’Amico ef al., 2017) and the reasons for their pres-
ence in these tissues are not totally understood.

In the present study, we determined the ectoparasite commu-
nities of red foxes from three regions of Poland, covering two
separate areas in which D. reticulatus is known to occur
(Mierzejewska et al., 2016) and a region that is free of this tick
species. Additionally, we compared the ectoparasite communities
of adult individuals hunted in the autumn/winter season with
those of fox cubs, live-trapped in spring/early summer. Finally,
we carried out a meticulous search of subcutaneous tissues for
ticks and determined their prevalence and abundance in these
tissue types, and exploited molecular typing to establish the iden-
tity of the tick species involved.

Materials and methods

Fox carcasses were obtained during three hunting seasons in the
autumns/winters of 2015/2016, 2016/2017 and 2017/2018. A
number of carcasses consisted of road-killed animals. These indi-
viduals were obtained from various location in the vicinity of, and
even from the city centre of Warsaw and were supplied by the city
waste management company.

Among 366 examined carcasses, 225 originated from the old
D. reticulatus-endemic area (Central and Eastern Poland), 73 ori-
ginated from the new western D. reticulatus population in
Western Poland and 68 carcasses originated from the non-
endemic region between western and central/eastern areas
(Fig. 1). To facilitate the presentation of the results, we refer to
the first region as the eastern region, the second as the western
region and the non-endemic region between them as the gap
region (Fig. 1). Fox carcasses were frozen separately in plastic
bags and transported to the Department of Parasitology for sub-
sequent further investigation.

After freezing for a period of 2 weeks at —80°C temperature,
fox carcasses were weighed, sexed and measured. Then the
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Fig. 1. Origin of fox samples by region.

carcasses were carefully examined for ectoparasites, with particu-
lar attention to the skin around the ears, around the eyes and
mouth, neck and groin (ticks), abdomen and comb (fleas). The
bags in which the animals were kept were also checked to minim-
ize the loss of ectoparasites. In addition, scrapings were collected
from foxes in which skin lesions (alopecia, non-specific damages,
inflammation) had been observed, and these were then examined
carefully under a light microscope to detect Sarcoptes mites.
Finally, the carcasses were carefully skinned to detect parasites
in subcutaneous tissues.

Live-trapping of juvenile foxes

The methods used for live-trapping of foxes and collection of
ectoparasites from juvenile foxes have been described in
Mierzejewska et al. (2020). Ectoparasites were collected from 25
cubs over the course of three breeding seasons. Eight cubs were
trapped in the eastern region, close to the town of Bialobrzegi
(N 51.6460, E 20.9566), 16 cubs were trapped in the western
region, near Czempin(N 52.1427, E 16.7612) and one cub was
trapped in the gap region, close to the town Ujazd (N 51.5995,
E 19.9212) (Fig. 1). Ectoparasites were fixed in 70% ethanol,
but selected specimens of fleas were additionally cleared in 10%
NaOH solution. Ectoparasites were identified on the basis of mor-
phological characters, using published keys (Skuratowicz, 1967;
Nosek and Sixl, 1972; Wegner, 1972; Zlotorzycka, 1972).

Molecular typing of ticks

Genomic DNA from ticks was extracted using the A&A
Biotechnology DNA extraction kit (Gdansk, Poland). PCR amp-
lification and sequencing of the 440 bp long fragment of mito-
chondrial 16S rDNA (Kulakova et al., 2014) were implemented
for the identification of damaged ticks derived from subcutaneous
nodules and for confirmation of tick identity based on morpho-
logical features. Additionally, 36 Ixodes were genotyped to distin-
guish between I ricinus and I inopinatus following the PCR
method of Estrada-Pefa et al. (2014).

PCR products were sequenced by a private company (Genomed
S.A., Warsaw, Poland). DNA sequence alignments and analyses
were conducted using MEGA 7. Consensus sequences were
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compared with sequences deposited in the GenBank database
(http://www.ncbinlm.nih.gov/genbank/) the latter being then
used as reference sequences for phylogenetic tree. For the phylo-
genetic analysis, the Akaike information criterion was used in
the jModel Test to identify the most appropriate model of nucleo-
tide substitution. A representative tree for mt 16S rDNA was con-
structed using MEGA 7, by the Maximum Likelihood method and
the General Time Reversible model with y distribution. The new
nucleotide sequences have been deposited in the GenBank database
under the accession numbers: MK613135-MK613137; MK613139-
MK613140; MK643534-MK643535; MK671574-MK671590 and
MK880191-MK880193.

Statistical analysis

For the analysis of prevalence (% infected), we applied maximum
likelihood techniques based on log-linear analysis of contingency
tables in the IBM SPSS v. 21 software package (IBM
Corporation). REGION of fox origin (three levels: eastern, west-
ern and gap regions, Fig. 1) and SEX of foxes (males and
females), were used as the factors in models with the presence
or absence of ectoparasites considered as a binary factor (0, 1)
and referred to as INFESTATION. For each level of analysis in
turn, beginning with the most complex model, involving all pos-
sible main effects and interactions, those combinations that did
not contribute significantly to explaining variation in the data
were eliminated in a stepwise fashion beginning with the highest
level interaction (backward selection procedure). A minimum
sufficient model was then obtained, for which the likelihood
ratio of y* was not significant, indicating that the model was suf-
ficient in explaining the data. The importance of each term in
interactions involving INFESTATION in the final model was
assessed by the probability that its exclusion would alter the
model significantly and these values are given in the text,
assessed by a likelihood ratio test between nested models with
and without each factor of interest.

General linear models (GLMs in SPSS v.21) were used for the
analysis of mean ectoparasite abundance, using models with nor-
mal errors, incorporating REGION of fox origin and SEX of foxes
as fixed factors. Means are presented with the standard error of
the mean (s.t.).

Results
Ectoparasites of adult foxes

The overall prevalence of ectoparasites (all species combined
including ticks in subcutaneous tissues) was 62.8%, and was
similar in male and female foxes (not significant, NS)
(Table 1). Excluding Sarcoptes infestation and ticks found in
subcutaneous tissues, 691 ectoparasites of 14 species were
collected, including four tick species, seven flea species, one spe-
cies each of the Anopluran genera, Felicola and Lipoptena
(Table 1). Fourteen species were found on male foxes and 11
species on females (Table 1). The mean species richness
(MSR) was 0.49 +0.05.

MSR in the eastern region (0.72 +0.05) was twice as high as
that in the western (0.37+0.09) and gap areas (0.37+0.10)
(main effect of REGION on MSR: F, 3¢5 =8.24, P<0.001).

There were some significant differences in the prevalence and
abundance of total ectoparasites/ectoparasite species between
three regions (Table 1), including the expected lack of D. reticula-
tus ticks in the gap area.

Mean abundance of combined species of ectoparasites (exclud-
ing subcutaneous ticks and Sarcoptes) was 1.88 + 0.34 (Table 1).
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Fleas

Fleas constituted a large proportion of the collected ectoparasites
(seven flea species of 14 identified ectoparasite species, 508 flea
specimens of 691 ectoparasites) with a total prevalence of 21.6%
(25.3% in females, 18.6% in males) (Table 1). There were some
differences in flea prevalence between males and females depend-
ing on the region (REGION x SEX x total flea INFESTATION:
25 =9.80, P=0.01). Generally, the prevalence of fleas was higher
in females than in males in each of the regions (eastern region:
31.3 vs 27.8%; western region: 9.4 vs 6.7%); however, the differ-
ence was most pronounced in foxes from the gap area, where
no males were found infested with fleas in comparison to 22.6%
of females. The most common (20.2%) and abundant flea species
was Chaetopsylla globiceps (Table 1).

Ctenocephalides canis was found on foxes from the eastern
and western regions (3%; Table 1). The anthropophilic flea
species, Pulex irritans, was recovered from four foxes (total preva-
lence 1.1%) (Table 1). Chaetopsylla trichosa was found only on
foxes from the eastern region (Table 1). Only single specimens
of Ctenocephalides felis, Archaeopsylla erinacei and Monopsylla
sciurorum were collected (Table 1).

External ticks

Four tick species were detected in adult foxes: adult D. reticulatus (25
females and 14 males), I. ricinus (32 females and 16 males), I. canisuga
(31 females, 22 nymphs and two larvae) and I. hexagonus (18 females,
14 nymphs and one larva). External tick infestation was lower than
flea infestation, with a prevalence of 15.6% (Table 1). Total prevalence
was also similar in the three regions (NS) (Table 1).

The most common tick species was D. reticulatus with a preva-
lence of 6.6%, found only on foxes from the eastern and western
regions (Table 1).

Ixodes canisuga was the second most common tick species
with an overall prevalence of 6.0%. The prevalence of I. canisuga
was twice as high on females (9.3%) compared with males (3.4%)
(SEX x I. canisuga INFESTATION: 3 =544, P=0.02) (Table 1).

Ixodes ricinus was found on 5.2% of the examined foxes
(Table 1). Among 36 specimens, primarily identified as I. ricinus,
no I inopinatus ticks were identified by molecular typing.

The prevalence of 1. hexagonus was low (3.6%) (Table 1).

Abundance of external ticks

The mean overall abundance of ticks was low (0.46 + 0.11/fox)
and the number of ticks collected from any single individual ran-
ged from one to 14. There was a borderline significant effect of
host sex on the abundance of I hexagonus and I canisuga
(main effect of SEX on the abundance of I. hexagonus: F; 3¢5 =
4.07, P =0.05; main effect of SEX on the abundance of I. canisuga:
F)365=7.63, P=0.01), and in both cases, mean abundance was
higher on females than on males (I. hexagonus: 0.15+0.05 vs
0.02 +0.05; I canisuga: 0.28 £0.09 vs 0.09 £ 0.08, respectively).

Only a few specimens of the remaining ectoparasites were
detected, too few to merit statistical analysis. The lice Anoplura
sp. and Felicola vulpis were found in one fox each from the eastern
region and the deer ked Lipoptena cervi was recorded on 0.3% of
the foxes (Table 1).

Ticks in subcutaneous tissues

In total, 842 ticks were recovered from subcutaneous tissues of
350 skinned adult foxes (Fig. 2). A single nodule was observed
in just 36.3% of foxes; between two and 10 nodules were found
in 45.7% and in excess of 10 nodules were recorded in 18.0% of
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Table 1. Comparison of prevalence and mean abundance of ectoparasites on foxes from regions differing in D. reticulatus status

Region
R R S East n=225 West n=73 Gap n=68 Total n=366
Prevalence (%) Mean abundance #s.e. Prevalence (%) Mean abundance #s.e. Prevalence (%) Mean abundance #s.e. Prevalence (%) Mean abundance #s.e.
Ticks:
D. reticulatus 6.7 0.11+0.03 12.3 0.18+0.06 0 = 6.6 0.09+0.03
I. ricinus 53 0.17 +0.06 8.2 0.09+0.12 1.5 0.01+0.11 5.2 0.09 +0.06
I. canisuga 53 0.12+£0.07 55 0.11+0.12 8.8 0.36£0.12 6.0 0.19+0.06
I. hexagonus 4.9 0.11+0.04 0 - 2.9 0.16 +0.07 3.6 0.09 +0.04
Total external ticks 15.1 0.51+0.12 20.5 0.38+0.21 11.8 0.53+0.22 15.6 0.46+0.11
Ticks in subcutaneous tissues* 329 1.83+0.42 37.0 3.95+0.74 47.1 2.09+£0.77 36.3 2.60+0.39
Total ticks (external and subcutaneous) 44.0 2.30+£0.43 49.3 4.26+0.76 51.5 2.60 +0.80 46.4 0.48 +0.03
Fleas:
C. canis 4.0 0.06 +0.02 2.7 0.04 +0.03 0 - 3.0 0.03+0.02
C. felis 0.4 0.01+0.01 0 = 0 = 0.3 0.01+0.01
C. globiceps 28.4 191+0.41 4.1 0.16 +0.71 10.3 0.18+0.74 20.2 0.73+0.37
C. trichosa 13 0.02+0.01 0 - 0 = 0.8 0.01+0.01
P. irritans 1.8 0.02+0.01 0 - 0 - 11 0.01+0.01
A. erinacei 0 = 1.4 0.01+0.01 0 = 0.3 0.01+0.01
M. sciurorum 0.4 0.01£0.01 0 - 0 - 0.3 0.01£0.01
Total fleas 29.3 2.03+0.41 8.2 0.21+0.73 10.3 0.18 £0.75 21.6 0.78 £0.38
Other ectoparasites
Scabies 11.1 - 0 - 13.2 - 9.3 -
Anoplura 0.4 0.02+0.01 0 - 0 - 0.8 0.01+0.01
F. vulpes 0.4 0.01+0.01 0 - 0 - 0.3 0.01+0.01
L. cervi 0.9 0.01+0.01 1.4 - 0 = 0.3 0.01+0.01
Total external ectoparasites 40.9 2.56 +0.43 27.4 0.60+0.75 19.1 0.71+0.78 41.8 1.88+0.34
Total ectoparasites 67.1 4.36 £0.59 50.7 4.54+1.03 61.8 2.76 £1.06 62.8 3.88+0.53

(external and subcutaneous)

*(%) out of 366 examined foxes

Output of General Linear Model (GLM) analyses of ectoparasite abundance and ML HILOGLINEAR analyses of ectoparasite prevalence:
REGION x total ectoparasites INFESTATION: ;g% =13.50, P<0.001

Main effect of REGION on ectoparasites abundance (excluding subcutaneous ticks and scabies): F,, 365=3.83, P=0.01

Main effect of REGION on the abundance of total fleas: F,, 365=3.89, P=0.02

REGION x D. reticulatus INFESTATION: l% =12.43, P<0.001

REGION x I. hexagonus INFESTATION: ;{% =6.41, P=0.04

REGION x Sarcoptes INFESTATION: ;(% =16.20, P<0.001

Main effect of REGION on the abundance of tick in subcutaneous tissues: F,, 349 =3.00, P=0.05

¢9€T
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Fig. 2. Nodules with ticks and ticks derived from subcutaneous tissues: (A) Nodule in subcutaneous tissues. (B) Tick of unidentified species isolated from subcuta-

neous tissues. (C) Ixodes ricinus isolated from subcutaneous tissues

the foxes. The highest number of nodules (n = 72) was found in a
fox from the western region. The mean abundance of subcutane-
ous ticks was 2.6 + 0.39. Most ticks were found on the lateral thigh
and paddle surfaces of fox bodies (Fig. 2).

Genotyping of ticks in subcutaneous tissues

Identification of tick species, solely based on morphological fea-
tures, was not possible in the majority of cases due to the high
level of nodules degradation (Fig. 2). Ticks from only nine nodules
could be reliably identified using morphological keys, all turning
out to be I ricinus females. Genomic DNA was extracted from
64 ticks found in subcutaneous tissues. Successful PCR amplifica-
tion and sequencing of PCR products were obtained from only 22
of these 64 samples (34.4%). BLAST analysis allowed typing of 17 I.
ricinus (dominant species, 77.3%) and five D. reticulatus (22.7%)
among these samples. These sequences were further incorporated
into phylogenetic analysis.

Additional sequencing and further genotyping of four selected
PCR products from external ticks (see below) was totally congruent
with identification based on the morphological characters of I. hex-
agonus (one sequence), I. canisuga (two sequences) and I. kaiseri
(one sequence) and these sequences have been implemented into
the phylogenetic analysis together with one additional sequence
from questing D. reticulatus and reference sequences from the
GenBank database. A phylogenetic tree incorporating a total of
27 sequences obtained in this study is presented in Fig. 3. The
tree topology showed that mt 16S rDNA sequences from ticks in
our study cluster on two separate branches, as expected from
BLAST analysis, constituting the Ixodes genus clade and
Dermacentor genus clade. While the Dermacentor sequences
grouped only with the D. reticulatus reference sequences, our
Ixodes sequences grouped on four different sub-clades containing
I kaiseri, I canisuga, I. hexagonus and I ricinus reference
sequences, thus confirming their species identity.

Ectoparasites of foxes from Warsaw area

Among a subset of 22 foxes originating from Warsaw (12 males and
10 females), 50% were infested with ectoparasites. Mean abundance

was very low, 1.00 £ 0.69. Ticks were collected from 18% of these
foxes, adult D. reticulatus were found on two foxes, and a single 1.
hexagonus nymph was observed on one fox. An individual fox was
infested with eight I. canisuga females. Flea infestation with only
C. globiceps was noted on 14% of foxes, flea numbers ranging
from two to seven fleas/fox. Interestingly, 36% of these urban
foxes were highly infested with Sarcoptes. Co-occurrence of two or
more ectoparasitic species on the same host was rare, only three of
these foxes harboured more than one ectoparasite species
(Sarcoptes x C. globiceps x D. reticulatus; Sarcoptes x C. globiceps x
I canisuga; C. globiceps x I. hexagonus). Finally, the occurrence of
ticks in subcutaneous tissues was also detected in 23% of foxes
from the Warsaw area (mean abundance: 1.23 + 0.65).

Ectoparasites of juvenile live-trapped foxes

Twenty-five cubs were examined for ectoparasite presence, follow-
ing anaesthesia. Ectoparasites were collected from 68% of cubs.
Six ectoparasite species were identified (Table 2). MSR was 1.23
+0.20/cub

The most common tick species was I. ricinus, which was found
on 56% of cubs (Table 2). This tick species occurred in all regions
with high prevalence, as compared to other ticks species
(REGION x I ricinus INFESTATION: x3=7.10, P=0.03;
Table 2). The second most prevalent tick species, occurring in
all regions with a similar prevalence, was I. canisuga (Table 2).
Ixodes hexagonus was collected from one male cub and a single
L kaiseri female was found on a female cub (Table 2).

Among the identified tick species, I. ricinus was the most
abundant (2.75 +0.81/cub; Table 2). The mean abundance of I
canisuga (1.70 £0.10) was lower than I ricinus (Table 2).

The only flea species found on cubs was C. globiceps. High
Sarcoptes infestation was observed in one female cub from the
western region (Table 2).

Comparison of the ectoparasites community of adult and
juvenile foxes

The ectoparasite communities of adult and juvenile foxes were
sampled at different times of the year for the reasons given earlier,
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Fig. 3. Phylogenetic analysis of Ixodidae by Maximum
Likelihood method. General Time Reversible model (Nei
and Kumar, 2000). The tree with the highest log likelihood
(—2217, 0448) is shown. The percentage of trees in which
the associated taxa clustered together is shown next to the
branches. Initial tree(s) for the heuristic search were obtained
automatically by applying Neighbor-Join and BioNJ algo-
rithms to a matrix of pairwise distances estimated using
the Maximum Composite Likelihood (MCL) approach, and
then selecting the topology with superior log likelihood
value. A discrete y distribution was used to model evolution-
ary rate differences among sites [5 categories (+G, parameter
=0.2220)]. The tree is drawn to scale, with branch lengths
measured in the number of substitutions per site. The ana-
lysis involved 82 nucleotide sequences. All positions contain-
ing gaps and missing data were eliminated. There were a
total of 252 positions in the final dataset. Evolutionary ana-
lyses were conducted in MEGA7 (Kumar et al., 2016).

Dorota Dwuznik et al.
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60 ||MHB45521 ixodes ricinus. Spain

-MKET1583 L ricinus (95) V. vuipes-sub. Dol.
~ MK880192 I, ricinus (63) V. vulpes-sub. Dol
35| |MKB43534 I ricinus (59) V. vulpes-sub. Maz.
GUOT4E4E Ixodes ricinus. France

K6T1589 L. ricinus (58) V. vulpes-sub. Maz.
MKB71575 /. ricinus (130) V. vulpes-sub. Kuj.
53 IMKB71586 I. ricinus {63) V. vulpes-sub, Dol.
[ MHE45522 Ixodes ricinus. Spain
“MKE71577 1. ricinus (63) V. vulpes-sub. Dol
KRO02772 Ixodes vespertiionis. France

KYSG2075 Ixodes canisuga. France

70 [y MKB13136 I canisuga (198) V. vulpes-axt. Kuj.
MKE13137 /. canisuga (112) V. vulpes-ext. Dol.
KY362053 Ixodes canisuga. Hungary

KYS62068 Ixodes canisuga. Germany

aa (KU1T0520 Ixodes Wvidus. Hungary
KX158447 Ixodes lividus. Belgium
KP713675 Ixodes arboncola. Czech Republic
% | JF791812 Ixodes arboricola. Spain
JFE28502 ixodes hexagonus, Germany

MKE13140 | hexagonus (82) V. vulpes-ext. Maz: Warsaw

84 | KY962058 Ixodes hexagonus. Austria

100 AFD01400 Ixodes hexagonus. Poland

499[

ABB19212 Haemaphysalis mageshimaensis. Japan

ag (KRBTOO7B Hasmaphysals punctata. Turkey
MFO02566 Haemaphysalis punctata. China

48

KRBT0980 fxodes kaisen. Turkey

MGEBI101 Ixodes kaiser, badger. China

KY862067 Ixodes kaisen. Germany

MKE13135 1. kaiseri (ML1T) V. vulpes: young-ext. Wikp.

AB819213 Haemaphysalis mageshimaensis. Japan

100 | MK418863 Haemaphysalis concinna. Poland
KPBE6207 Haemaphysalls concinna, Homo sapiens. Russia

]ABSG‘IQS& Haemaphysalis megaspinosa. Japan

9 |apg1g21s Haemaphysalis megaspinosa. Japan

46

ABB19181 Haemaphysalis flava. Japan
T[qamgme Haemaphysalis flava. Japan
KET1590 D. reticulatus (68) V. vulpes—sub. Dol.
MHKET1587D. reticulatus (156) V. vulpes-sub. Kuj.
2 |MKB80193 D. r (68) V. vuip b. Dol.
MKE71579 D. reticulatus (156) V. vulpes-sub. Kuj.
20 | MKET1581 D. reticulatus (156) V. vulpes-sub. Kuj.
JFT91811 Dermacentor reticulalus. Spain

a3
MHB45514 Dermacentor reticulatus, Spain
il MKE13139 D. reticulatus environ. Maz.

KF547991 Dermacentor nutfali. China
82 | [ KP400538 Dermacentor marginatus. China
T8 JX051095 Dermacentor marginatus. China

o5 |KY111473 Rhipi icus. T

and therefore since it would not be possible to disentangle age
(juvenile vs adult) and seasonal (spring/summer vs autumn/
winter) effects, neither factor could be included in statistical

KX793728 Rhipicephalus turanicus. Croatia
L34302 Rhipicephalus sanguineus. Unknown
KY458968 Rhipicephalus sanguineus, dog. India

KRE70974 Hyalomma scupense. Turkey

KF547993 Hyalomma detritum. China

JX051085 Hyalomma asiaticum asiaticumn. China
KC203339 Hyalomma asiaticumn asiaticum. China
KT391054 Hyalomma dromedari. Unknown

JX051108 Hyalomma anafolicurn. China
KRE70970 Hyalomma aegyptium. Turkey
KT381051 Hyalomma aegypiium. Unknown

100

models. Nevertheless, with that proviso, some comparison
between the age classes was worthwhile and proved to be instruct-
ive. MSR was twice as high for juvenile foxes compared to adults
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finding is consistent with our current understanding of the distri-
bution of D. reticulatus in Poland (Mierzejewska et al., 2016;
Dwuznik et al., 2019). The low frequency of infestation and a
lack of D. reticulatus on foxes from the gap area in our data sug-
gest that red foxes play only a minor role in spreading this species.
However, considerable variations in the prevalence of D. reticula-
tus (0.3-27%) on foxes have been reported in other studies (Sréter
et al., 2003; KociSova et al., 2006; Meyer-Kayser et al., 2012), and
therefore further investigation is required to consolidate the role
of red foxes as hosts of D. reticulatus. The absence of juvenile
D. reticulatus on cubs suggests that red foxes do not constitute
a source of B. canis infection for tick instars. We found only a
low prevalence (less than 4%) and low abundance of the nidicol-
ous tick species, I. hexagonus and I. canisuga, in adult and juvenile
foxes. In other studies, I. hexagonus has been reported to consti-
tute a greater part of the tick community of red foxes (Sandor
et al, 2017; Checa et al, 2018). Interestingly, in the present
study, both species, I. hexagonus and I. canisuga, were found on
foxes from the Warsaw area. Harris and Thompson (1978) also
found these two tick species on urban foxes in London, so it is
likely that these tick species are exchanged between red foxes
and dogs. We found significant associations between I. canisuga
and I hexagonus abundance and host sex in adult foxes, with a
higher mean abundance on females. Vixens generally spend
more time in dens compared to males, especially in the breeding
season, so they may be particularly prone to infestation by nid-
icolous ticks (Harris and Thompson, 1978; Cavallini, 1996).
Both I. canisuga and 1. hexagonus were also recovered from juven-
ile foxes, confirming that red foxes are important hosts for
nest-dwelling tick species.

Ixodes kaiseri, a species of which we recovered only one female
from one fox cub, was among the rarest in this study. There are
very few reports of I. kaiseri on foxes or even on other mammals
in the literature, although the species has been found in Germany
and there are some reports also of its occurrence from other
European countries (e.g. Hornok et al., 2017). In Poland, it has
been recorded previously only from raccoon dogs (Wodecka
et al., 2016).

The phylogenetic tree, illustrated in Fig. 3, summarizes the
range of tick species in red foxes. As a consequence of the high
level of degradation of DNA material extracted from subcutane-
ous ticks and because we used a short fragment of a conserved
molecular marker (mt 16S rDNA), it was not possible in this
study to explore genetic diversity within species of ticks.
However, the sequences we obtained and incorporated into the
phylogenetic analysis were sufficient in confirming the species
status of our isolates.

The flea community was the most diverse ectoparasite group in
our study. The most abundant flea species was C. globiceps, which
was detected in both adults (also urban) and cubs and is known as
a species that occurs commonly in fox populations (Karbowiak
et al., 2016; Foley et al., 2017). The prevalence of combined flea
species in adults was much higher in the autumn/winter season
than in juvenile foxes trapped in May-June, in which only C. glo-
biceps was found, with a very low prevalence. Besides the common
C. globiceps infestations in adults, we also found flea species that
have been rarely reported from foxes: the squirrel flea M. sciur-
orum and hedgehog flea A. erinacei (Sréter et al., 2003; Vichova
et al, 2018).

Our finding of P. irritans, C. canis and C. felis and Sarcoptes
infestation on adult foxes suggests that foxes explore anthropono-
tic habitats, and as a result, acquire ectoparasites from domestic
animals (Dominguez-Penafiel et al., 2011; Carricondo-Sanchez
et al, 2017). Most of the fleas on foxes are picked up during
the exploration of their habitats (Buckle and Harris, 1980). The
young foxes inspected for ectoparasites in our study were about
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2.5-3.5 months old. At this age, cubs spend most of their time
in dens or in close proximity to the burrows (Goszczynski
et al, 2008), as they do not hunt for themselves. Then, when
they start to explore larger areas of their habitat and eventually
try to establish their own territory, they become more exposed
to flea infestation (Buckle and Harris, 1980). Fleas can accumulate
on adults in the autumn/winter seasons during territory penetra-
tions, breeding season or contact with prey.

This current research project is the first to study the ectopara-
site community of juvenile foxes in Poland sampled by a live-
trapping method. Examination of live-trapped foxes is likely to
reduce the risk of some species of ectoparasites escaping from
the host (e.g. fleas), and may result in higher burdens of ectopar-
asites than on foxes that have been shot, indeed as we found.
Examining a host under anaesthesia reduces the likelihood of
loss of ectoparasites, and consequently, ectoparasite burdens can
be relatively high compared with those on animals provided by
hunters (Galloway, 2005; Whitaker et al., 2009; Foley et al., 2017).

One of the interesting and largely unexpected findings of the
current study was our demonstration that ticks in subcutaneous
tissues are very common among foxes, and indeed we found tick-
containing subcutaneous nodules in all regions and more often
than ticks attached to the body surface. Most of the ticks involved
were identified as L. ricinus and only a few were D. reticulatus. To
the best of our knowledge, the reasons for and mechanisms of tick
penetration under host skin are not known precisely. One of the
hypotheses on the origin of such nodules is based on the gener-
ation of hyper-inflammation by the host at the place of tick
attachment. This may lead to the excessively deep penetration
of the tick hypostome and an inability of the tick to release itself
from the host after feeding, resulting in the tick ‘sinking’ into the
skin (D’Amico et al., 2017). The hypostome of all the develop-
mental stages of I ricinus is definitely longer than that of D. reti-
culatus. This may explain why female L ricinus with their very
long hypostomes become ‘stuck’ in host tissues and cannot easily
detach, compared with species with shorter hypostomes (Nutall,
1914; Tugwell and Lancaster, 1962; D’Amico et al., 2017). A
high level of infestation and a long duration of exposure to I. rici-
nus bites are likely to result in enhanced immune responses to the
presence of the ticks. This could lead to ticks being unable to free
themselves from host tissues after completion of engorgement and
consequently they become encapsulated and killed by the cutane-
ous host response. However, the majority of nodules that we
found were under intact skin, with no signs of inflammation or
scars. We observed skin damage in only one case and this was
about a 1 cm wide oval reddish area, free of fur and likely resem-
bling a tick attachment site. At this location, under a small perfor-
ation in the skin, we found several ticks surrounded by host tissue.
However, for the remaining 842 nodules that we examined, we did
not observe any signs of previous tick attachment on the surface
of the local skin. As the majority of ticks in nodules were highly
degenerated, this suggests that encapsulation had taken place suf-
ficiently earlier to provide the tissue with appropriate time for
regeneration. This could explain why skin damage was not
observed on the foxes. We were able to identify only nine speci-
mens by morphological characters and we consider this to be evi-
dence in support of the idea that a rapid immune response to tick
attachment in foxes results in the death of ticks and their eventual
resorption (Tugwell and Lancaster, 1962). An alternative explan-
ation to hyper-inflammation trapping ticks in the skin may be
aggregation around bleeding wounds/cuts leading to D. reticulatus
accidentally occurring in subcutaneous tissues.

In conclusion, although infestation with D. reticulatus was rela-
tively high in adult foxes, no ticks of this species were found on
cubs, thus red foxes are unlikely to play a significant role as the
source of infection for D. reticulatus with microorganisms such
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as B. canis. The ectoparasite communities of adult individuals and
cubs were distinct and differed. A meticulous search for subcutane-
ous ticks in culled adult foxes revealed a high frequency of tick
occurrence in subcutaneous tissues, but the mechanism by which
ticks penetrate beneath the skin surface remains unknown.
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