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Abstract: Cercariae of Plagiorchis spp. are frequently reported in European freshwater snails, but
their true diversity is difficult to estimate due to subtle differences in morphology. We molecularly
characterized 67 isolates of Plagiorchis cercariae collected from four lymnaeid snail hosts, Ampullaceana
balthica, Ampullaceana lagotis, Radix auricularia and Lymnaea stagnalis in freshwater ecosystems in the
Czech Republic and Poland. Based on mitochondrial cox1 and nuclear 28S sequences, ten species or
species-level lineages were identified, including the first molecular evidence of P. vespertilionis from
snail hosts and two species-level lineages reported for the first time. Previously undescribed species
and species-level lineages are characterized morphometrically. We confirm the overlapping spatial
distribution of Plagiorchis spp. in their snail hosts from Central Europe with those from Western
and sub-Arctic Europe. Our results increase the known diversity of Plagiorchis spp. in Europe to
25 species/lineages in snails, but further research is needed to establish links between life cycle stages
and to assess the host specificity of these parasites.
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1. Introduction

Biodiversity represents the wide range of life on Earth, encompassing different ecosys-
tems, species and their genetic variations. It plays a crucial role in maintaining ecological
processes, promoting interactions among species and contributing to the overall health
and adaptability of ecosystems [1]. While research on understanding the biodiversity of
free-living organisms has been ongoing for decades, even centuries [2], our understanding
of the actual diversity of parasites has only recently begun to unfold thanks to rapid ad-
vances in genetic data (e.g., [3–8]). Despite the generally negative perception of parasites,
largely justified by their potential harm to human and animal health, elucidating the true
diversity of parasites is extremely important for several reasons. First, accurate species
identification often translates into improved diagnosis, treatment and therapy of parasitic
diseases [9]. Second, the diversity of parasites is inherently linked to the diversity, or at least
the temporary presence, of their free-living hosts in an ecosystem [10–16]. For example,
the occurrence of the same parasite species in different geographical regions may point to
the migration routes of their highly mobile bird hosts [6,17,18]. Finally, parasite species
richness is a strong indicator of overall ecosystem health [19–21]. As our understanding
of parasite diversity expands through advances in genetic data, these important roles of
parasites are becoming increasingly evident.

There are between 75,000 and 350,000 species of helminth parasites infecting verte-
brates [22–24], among which trematodes (Platyhelminthes, Digenea) represent a substantial
and noteworthy group with about 18,000 nominal species [25]. However, the actual number
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may be considerably higher, as far more cryptic species (morphologically uniform, but
exhibiting significant molecular differences) have been discovered in trematodes compared
to other helminth taxa [26–30]. Most trematode species are described based on the adult
stage, as opposed to the larval stages, which lack sufficient morphological characteristics for
unequivocal morphological identification [31]. Nevertheless, obtaining adult trematodes
that parasitize vertebrates, primarily birds and mammals, proves challenging and unpre-
dictable due to stringent ethical requirements [32], the need to obtain necessary permits,
the high mobility and seasonal presence of some definitive hosts, e.g., migratory birds,
and, most importantly, the serious ecological consequences resulting from the removal of
vertebrate hosts from an ecosystem. As snails (obligate first intermediate hosts) are less
mobile and easier to collect, their sampling and screening for most trematode infections
represents a less demanding and invasive method to monitor the presence and diversity of
trematodes and all their life cycle hosts in an ecosystem.

The genus Plagiorchis Lühe, 1899 is the type- and most species-rich genus of the family
Plagiorchiidae [33,34] and comprises over 140 described species to date [35]. These parasites
typically infect pulmonate freshwater snails of the family Lymnaeidae, especially Ampul-
laceana balthica (Linnaeus, 1758) (formerly reported as Radix balthica and R. ovata [36,37])
and Lymnaea stagnalis (Linnaeus, 1758), as their first intermediate hosts [6,17,18,38–40]
(Supplementary Table S1). Various invertebrates, including aquatic insects, crustaceans
and snails, can serve as second intermediate hosts. The parasites mature mainly in birds
and mammals, less frequently in reptiles and amphibians [41]. This wide host spectrum
suggests a potentially high diversity of Plagiorchis species in habitats with rich animal fauna.
Plagiorchis species have also been identified as potential pathogens in humans, resulting in
a disease known as plagiorchiasis, with 12 recorded cases mainly in Asia to date [42–45].

Cercariae of Plagiorchis, the free-living larvae emerging from a snail host, belong
to the xiphidiocercariae morphotype, possessing a stylet to facilitate penetration into
the next hosts, two suckers and a long, simple tail [46,47]. The distinguishing features of
Plagiorchis species are inconspicuous and difficult to differentiate both in cercariae [6,40] and
adults [33,48]. For example, the number and size of lipid droplets in the body parenchyma,
the shape of the stylet, and body size can exhibit intraspecific variation [6,40], and some
features, such as the presence of a slight base thickening on the stylet, can be very subtle
and require a high level of morphological expertise. This is further exacerbated by vague
morphological descriptions, limited access to type material and discrepancies in specimen
measurements due to different fixation methods [6,40,49].

Before molecular analysis became common practice, cercariae of 11 named Plagiorchis
species were reported in Europe, predominantly as P. elegans (Rudolphi, 1802), P. maculosus
(Rudolphi, 1802) or P. neomidis Brendow, 1970 (see Supplementary Table S1 based on
records in the Host–parasite Database of the Natural History Museum, London [50], and
the literature data reviewed by Cichy et al. [38] and Faltýnková et al. [39], supplemented
by more references). In Europe, Plagiorchis spp. have so far been detected in 11 lymnaeid
snail species from 20 countries (six species in eight countries if only molecular studies are
considered) (Figure 1, Supplementary Table S1). Recently, an unexpectedly high diversity
of 17 species or species-level lineages of Plagiorchis in snails was discovered in various
freshwater ecosystems of the sub-Arctic, Western and Central Europe using molecular
or integrative taxonomic approaches [6,17,18,40,51] (Figure 1). In addition to molecular
species delimitation, recent studies on this genus have focused on the characterization of the
entire mitochondrial genome [45,52,53], which is highly useful for resolving phylogenetic
relationships at the suprageneric level and provides a basis for future primer development.
These findings emphasize the need to apply molecular methods to further explore the
species diversity of the genus Plagiorchis, as the subtle and minor differences in cercarial
morphology may lead to misidentifications and inaccurate assessments.
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main summer months due to sufficient snail abundance in that period. The largest lakes 
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Figure 1. Map showing records of Plagiorchis spp. in Europe based on Host–parasite Database of the
Natural History Museum, London [50] and the literature data. Countries marked in color indicate
records from molecular studies (DNA sequences available); sub-Arctic regions in blue, Central Europe
in yellow and Western Europe in pink, with the snail hosts indicated for each region. Countries
marked in grey indicate records based solely on morphological identification of cercariae; the grey
arrows represent European Russia and Georgia. See Supplementary Table S1 for details.

Our study aimed to: (i) investigate the trematode diversity of Plagiorchis spp. in their
first intermediate snail hosts in selected freshwater ecosystems in Central Europe, (ii) provide
morphometric data for novel species/lineages, (iii) compare the distribution patterns of
Plagiorchis species in Central Europe with those in sub-Arctic and Western European regions,
and (iv) reassess the importance of Ampullaceana balthica as a primary first intermediate host
of Plagiorchis spp. We expect to find a high diversity of Plagiorchis species, at least partly
similar in composition to those from sub-Arctic and Western Europe, as several of the lakes
studied hold significance as important nesting, breeding and wintering sites for migratory
birds, which may serve as definitive hosts for trematodes, including Plagiorchis species.

2. Materials and Methods
2.1. Sample Collection and Material Processing

Snails infected with Plagiorchis spp. were collected from seven distinct localities in the
Czech Republic and at one location in Poland between 2016 and 2023 (Table 1). Sampling
was carried out from May to October, with all localities sampled at least once during
the main summer months due to sufficient snail abundance in that period. The largest
lakes (Medard, Milada and Most) were primarily targeted and sampled several times
in consecutive years, often in all seasons (from May to October), as the pilot study on
trematode communities in snails in recultivated post-mining lakes was initiated there in
2016 (Table 1). In the following years, other localities were gradually added as comparative
sites for investigating trematode diversity, including Plagiorchis. In addition, the snails
were part of an extensive sampling collection focused on exploring trematode diversity
in the small lymnaeid hosts Ampullaceana spp. and Radix auricularia (Linnaeus, 1758).
Therefore, the majority of sampled snails belong to these genera. The main reason for the
narrow sampling focus was the fact that the data on trematode diversity and community
composition in these snails are scarce [18,39,54,55], especially in comparison to the large
lymnaeid snail L. stagnalis (reviewed by Żbikowska and Nowak [56]).
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Sampling sites were selected to assess Plagiorchis diversity in habitats with abundant
populations of snails and potential definitive hosts (former coal mining pits and Skulska
Wieś) or to compare diversity in lakes with less diverse fauna due to higher anthropogenic
pressure (Písník Dubina and Spůle). Most of the lakes represent former coal mining pits that
have been revitalized into lakes for recreational purposes (namely Barbora, Medard, Milada,
Most and Otakar) [57–59]. Lakes Medard and Most stand out as the largest among our study
sites (496 and 309 ha, respectively) and serve as important ornithological habitats [60–63].
They provide secure nesting, feeding, and overwintering grounds for a variety of both
native and migratory bird species, which may serve as major definitive hosts for Plagiorchis
spp. (Supplementary Table S2). The lakes Barbora (63 ha), Milada (252 ha) and Otakar
(9 ha) are situated in a close vicinity of Lake Most, suggesting a similar bird fauna due
to the short flying distance. Lake Skulska Wieś in Poland (124 ha) is located within a
Natura 2000 protected area, designated for the restoration and enlargement of habitats for
successful bird feeding and nesting, thus probably supporting diverse bird populations as
well [64]. Písník Dubina (10 ha) and Spůle (0.08 ha) are smaller waterbodies in adjacent
urban areas that are mainly used for summer recreation and water sports.

Table 1. Summary data for sampling locations, and lymnaeid snails examined and infected with
Plagiorchis species. Abbreviations: CZ, Czech Republic; PL, Poland.

Sampling
Site/Country Coordinates Sampling

Period Snail Species Sampled
Snails

Infected
Snails

Plagiorchis
Infected
Snails

Plagiorchis
Prevalence

Barbora 50◦38′35.6′′ N, 2021–2023 Radix auricularia 325 46 8 2.5%
CZ 13◦45′00.1′′ E Galba truncatula 1 — — —

Stagnicola sp. 2 — — —

Medard 50◦10′44.0′′ N, 2016–2023 Ampullaceana balthica 1 7995 877 141 1.8%
CZ 12◦35′50.1′′ E Lymnaea stagnalis 251 72 5 2.0%

Milada 50◦39′15.2′′ N, 2016–2021 Ampullaceana lagotis 2 279 58 11 3.9%
CZ 13◦57′01.2′′ E Lymnaea stagnalis 102 77 3 2.9%

Galba truncatula 11 — — —

Most 50◦32′13.6′′ N, 2016–2023 Ampullaceana lagotis 2200 927 33 1.5%
CZ 13◦38′40.7′′ E Radix auricularia 87 73 — —

Otakar 50◦39′04.8′′ N, 2021–2023 Radix auricularia 438 80 2 0.5%
CZ 13◦44′23.1′′ E Galba truncatula 16 — — —

Peregriana peregra 1 1 — —
Stagnicola sp. 3 2 — —

Písník Dubina 50◦11′20.8′′ N, 2023 Radix auricularia 326 99 3 0.9%
CZ 15◦47′09.7′′ E

Skulska Wieś 52◦29′34.7′′ N, 2023 Ampullaceana balthica 3 101 13 1 1.0%
PL 18◦18′57.5′′ E

Spůle 49◦21′24.3′′ N, 2023 Radix auricularia 47 5 4 8.5%
CZ 13◦11′44.2′′ E

Total 12,185 2330 211 1.7%

1 Nomenclature according to Aksenova et al. [37]; former synonym Radix balthica, 2 Nomenclature according to
Aksenova et al. [37]; former synonym Radix lagotis, 3 Snail identified based on shell morphology [65,66].

A total of 12,185 snails belonging to seven species were collected either by handpicking
them from stones or by sieving the vegetation in the littoral zone of all lakes and identified
morphologically according to the keys of Glöer [65,66] (Table 1). However, due to the
overlapping shell characteristics of the genera Ampullaceana and Radix [67,68], two Pla-
giorchis-infected snails of each genus per locality were subjected to molecular identification.
A single infected snail from Skulska Wieś was not molecularly identified due to loss of
tissue material. In the laboratory, snails were placed individually in plastic beakers filled
with lake water and left under a light source for at least 48 h to stimulate cercarial emer-
gence. Snails shedding cercariae of Plagiorchis (identified to genus level using the key
of Faltýnková et al. [47]) were then separated, live cercariae were photographed using a
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digital camera Promicam 3-5CP (Promicra, Prague, Czech Republic) attached to an Olym-
pus BX51 light microscope (Olympus Optical Co., Ltd., Tokyo, Japan), and representative
samples of cercariae were fixed in molecular-grade ethanol (Penta, Prague, Czech Repub-
lic). Several samples of cercariae were additionally fixed in a ‘cold’ (i.e., unheated) 4%
formaldehyde solution (formalin) to obtain morphometric data. A total of 67 isolates were
subjected to molecular analyses. All non-shedding snails were examined by pressing the
tissue between two glass slides under a stereomicroscope to detect prepatent trematode
intramolluscan stages (sporocysts or rediae). Sporocysts of xiphidiocercariae are uniform
in morphology [46], and therefore were also fixed in molecular-grade ethanol for subse-
quent molecular identification. Molecular voucher material is deposited at the Laboratory
of Helminthology, Biology Centre of the Czech Academy of Sciences, České Budějovice,
Czech Republic.

2.2. Sequence Generation

Genomic DNA of Plagiorchis spp. was isolated from ethanol-fixed samples, using
10–20 cercariae released from an individual snail or sporocysts in case of prepatent infec-
tions. The Monarch® Genomic DNA Purification Kit (New England Biolabs®, Ipswich,
MA, USA) was used for DNA isolation and purification. For molecular identification of
Plagiorchis species, the mitochondrial cytochrome c oxidase subunit 1 gene (cox1) was used.
Two sets of sequences were generated: (i) sequences compatible with data from Europe
were amplified with the forward primer JB3 (5′-TTT TTT GGG CAT CCT GAG GTT TAT-3′)
and the reverse primer JB4.5 (5′-TAA AGA AAG AAC ATA ATG AAA ATG-3′) [69] or
CO1-R trema (5′-CAA CAA ATC ATG ATG CAA AAG G-3′) [70] according to the cycling
conditions of Zikmundová et al. [40] and (ii) sequences compatible with data from North
America were generated with the forward primer Dice1F (5′-ATT AAC CCT CAC TAA ATT
WCN TTR GAT CAT AAG-3′) and the reverse primer Dice14R (5′-TAA TAC GAC TCA
CTA TAC CHA CMR TAA ACA TAT GAT G-3′) under the cycling conditions described
by Van Steenkiste et al. [71]. In several representatives of novel or previously unreported
species/lineages, D1–D3 region of the large ribosomal subunit (28S rDNA) was additionally
sequenced with the forward primer ZX-1 (5′-ACC CGC TGA ATT TAA GCA TAT-3) and
the reverse 1500R (5′-GCT ATC CTG AGG GAA ACT TCG-3′) under the cycling conditions
described by Tkach et al. [72].

For the snail samples, ITS2 rDNA region was amplified with the forward primer
NEWS (5′-TGT GTC GAT GAA -GA ACG CAG-3′) and the reverse primer RIXO (5′-TTC
TAT GCT TAA ATT CAG GGG-3′) [73] following the protocol of Bargues et al. [74]. The PCR
amplicons for all samples were purified using ExoSAP-IT™ Express PCR Product Cleanup
Reagent (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s
protocol. The purified samples were sequenced from both strands with the corresponding
PCR primers. In addition, the following internal primers were used for 28S: ECD2 (5′-
CCT TGG TCC GTG TTT CAA GAC GGG-3′) [75] and 300F (5′-CAA GTA CCG TGA
GGG AAA GTT G-3′) [76]. Sequencing of the purified material was conducted utilizing
ABI Big Dye™ v.3.1 chemistry in accordance with the manufacturer’s guidelines at the
commercial enterprise SEQme (Dobříš, Czech Republic, https://www.seqme.eu, accessed
on 20 December 2023) on an AB3730× 1 capillary sequencer. Newly generated sequences of
parasites and snail sequences were assembled and edited using Geneious Prime® 2023.2.1
and deposited in GenBank.

2.3. Species Identification and Phylogenetic Analyses

Identification of novel sequences was checked using the Basic Local Alignment Search
Tool (BLAST) (www.ncbi.nih.gov/BLAST/, accessed on 28 December 2023) and thereafter
they were aligned with the selected sequences from GenBank using MUSCLE implemented
in Geneious Prime® 2023.2.1. Three alignments for Plagiorchis spp. including 116 novel
sequences and published sequences were prepared and used for phylogenetic analyses.
Alignment 1 (324 nt, cox1) included 49 sequences generated in the present study and

https://www.seqme.eu
www.ncbi.nih.gov/BLAST/
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45 published sequences. The haematoloechid Haematoloechus sibiricus Issaitschikoff, 1927
(AB818363), a parasite of Pelophylax nigromaculatus (Hallowell, 1861), was used as an
outgroup (Supplementary Table S3). Alignment 2 (371 nt, cox1) included 62 sequences
generated in the present study and 74 published sequences. The haematoloechid Haema-
toloechus sp. (KM538096) was used as an outgroup (Supplementary Table S4). Both cox1
alignments were aligned with reference to the amino acid translation, using the trema-
tode mitochondrial code (translation Table 21; https://www.ncbi.nlm.nih.gov/Taxonomy/
Utils/wprintgc.cgi#SG21, accessed on 28 December 2023) [77,78]. Alignment 3 (1119 nt,
28S) included five sequences generated in the present study and 51 published sequences.
The haematoloechid Haematoloechus longiplexus Stafford, 1902 (AF387801), a parasite of
Lithobates catesbeianus (Shaw, 1802) was used as an outgroup (Supplementary Table S5). The
selection of the outgroups was based on the topology in the phylogenetic trees of Plagiorchis
spp. provided by Kudlai et al. [6].

To produce the phylogenetic hypotheses for the alignments, maximum likelihood
and Bayesian inference analyses were applied. The best-fitting evolutionary model was
estimated using the AIC criterion in jModelTest 2.1.2. [79]. These were the TN93 + G + I
(Alignment 1) and GTR + I + G (Alignment 2; Alignment 3). The maximum likelihood anal-
ysis was conducted using PhyML ver. 3.0 [80] run on the Geneious Prime® 2023.2.1. Nodal
support for the ML analysis was generated by performing 100 bootstrap pseudoreplicates.
The Bayesian inference analysis was conducted using MrBayes software ver. 3.2.3 [81].
Markov chain Monte Carlo chains were run for 5,000,000 generations, log-likelihood scores
were recorded to estimate burn-in, and only the last 75% of trees were used to build the
consensus tree. FigTree v. 1.4 software [82] was used for the tree visualization. Nucleotide
differences between sequences were estimated using MEGA ver. 11 [83] using the fol-
lowing conditions: “Variance Estimation Method = None”, “Model/Method = p-distance
or no. of differences”, “Substitutions to Include = d: Transitions + Transversions” and
“Gaps/Missing Data Treatment = Pairwise deletion”.

2.4. Morphometric Characterization

Photomicrographs of live, ethanol- and formalin-fixed cercariae belonging to novel or
previously undescribed species/lineages, Plagiorchis vespertilionis (Müller, 1780), Plagiorchis
sp. 10 and Plagiorchis sp. 11, were subjected to morphometric analysis. A total of 232 cer-
cariae (17 live, 167 ethanol-fixed and 48 formalin-fixed) were used to obtain morphometric
data (provided in micrometers). Thirteen morphometric body parameters were measured
(abbreviations) according to Zikmundová et al. [40]: total length as the sum of body and
tail length (ToL), body length (BL), body width (BW), tail length (TL), tail width (TW),
oral sucker length (OSL), oral sucker width (OSW), ventral sucker length (VSL), ventral
sucker width (VSW), stylet length (SL), stylet width at the anterior thickening (SWantt),
stylet width above the base thickening (SWabt) and stylet width at the base thickening
(SWbt). The following ratio parameters were then calculated based on the measurements:
oral sucker width to ventral sucker width (OSW/VSW), tail length to body length (TL/BL;
%) and stylet width at the anterior thickening to stylet length (SWantt/SL; %). In contrast
to formalin-fixed cercariae, stylet dimensions and the corresponding ratio could only be
determined on live and ethanol-fixed cercariae (Supplementary Figure S1), the latter prov-
ing impossible in all specimens. For each new species-level lineage, measurements are
summarized for all snail hosts, but are also provided for each snail host separately to assess
possible distortions due to the potentially different dimensions of cercariae. The majority
of specimens contributed data to all metrical variables.

Photomicrographs of live and fixed cercariae were made by placing cercariae on a
microscopic glass, covering them with a coverslip and removing excess water with a paper
tissue. The amount of water removed was assessed according to the speed of cercarial
movement to obtain representative photomicrographs while avoiding excessive flattening
of the cercariae. The magnification was set based on the specific morphological features
observed and the scale for the measurements was calibrated accordingly (e.g., body size

https://www.ncbi.nlm.nih.gov/Taxonomy/Utils/wprintgc.cgi#SG21
https://www.ncbi.nlm.nih.gov/Taxonomy/Utils/wprintgc.cgi#SG21
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and suckers 50 µm, stylet 20 µm). All measurements were obtained with the ImageJ
v.1.53e program [84]. The morphological description of cercariae (if observable) is based on
photomicrographs of live specimens.

2.5. Analyses of Ecological Data

The prevalence of Plagiorchis spp. found in this study was calculated as the proportion
of infected snails divided by the total number of snails examined in a population sample [85].
We then assessed the diversity and distribution of Plagiorchis species in relation to the lakes
and species of snail hosts investigated in our study.

In order to identify the distribution and diversity patterns of Plagiorchis species in
freshwater lymnaeid snails in Central Europe with those in sub-Arctic and Western Eu-
ropean regions, the literature data from available faunistic and molecular studies were
reviewed in combination with records in the Host–parasite Database of the Natural His-
tory Museum, London [50] (reviews by Cichy et al. [38] and Faltýnková et al. [39]; see
Supplementary Table S1 for references). These records were then compared with the re-
sults of the present study. As a result, we provide an updated overview of the diversity
of Plagiorchis species in their first snail intermediate hosts in freshwater ecosystems in
Europe. The classification and nomenclature of the snail species of the family Lymnaeidae
correspond to Horsák et al. [36] and Aksenova et al. [37].

3. Results
3.1. Sequence-Based Identification

In total, 116 sequences (n = 111, cox1; n = 5, 28S) were newly generated for 67 isolates
(Table 2). Molecular evaluation of the trematodes obtained in the present study confirmed
the presence of ten species and species-level lineages in the examined snails. Species
delineation for each isolate and identification of samples were based on the results of
phylogenetic analyses and pairwise sequence comparisons of the partial cox1 sequences in
Alignment 1 and Alignment 2, as well as the 28S sequences in Alignment 3.

Table 2. Summary data for the newly generated sequences of Plagiorchis spp. Abbreviations: C,
cercariae; S, sporocysts.

Species Snail Host Locality Life-Cycle
Stage Isolate GenBank Accession Number

cox1 1 cox1 2 28S

Plagiorchis elegans Lymnaea stagnalis Milada C U144 PP396753 PP387839 —
(Rudolphi, 1802) Lymnaea stagnalis Milada C U149 PP396751 PP387840 —

Plagiorchis koreanus Ampullaceana balthica Medard C PK10 PP396763 — —
Ogata, 1938 Ampullaceana balthica Medard C PK14 PP396761 — —

Ampullaceana balthica Medard C PK33 PP396756 PP387841 —
Ampullaceana balthica Medard C KJ3 PP396794 PP387842 —
Ampullaceana balthica Medard C KJ5 PP396793 PP387843 —
Ampullaceana balthica Medard C KJ28 PP396778 — —
Ampullaceana balthica Medard C KJ41 PP396774 PP387844 —
Ampullaceana balthica Medard C KJ48 PP396771 PP387845 —
Ampullaceana balthica Medard C KJ49 PP396770 PP387846 —
Ampullaceana lagotis Milada C U142 PP396754 — —
Ampullaceana lagotis Most C KJ14 PP396787 PP387847 —

Radix auricularia Barbora C PK27 PP396757 PP387848 —
Radix auricularia Barbora C E21 PP396797 PP387849 —
Radix auricularia Písník Dubina C KJ23 PP396780 PP387850 —
Radix auricularia Písník Dubina C KJ24 PP396779 PP387851 —
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Table 2. Cont.

Species Snail Host Locality Life-Cycle
Stage Isolate GenBank Accession Number

cox1 1 cox1 2 28S

Plagiorchis maculosus Ampullaceana balthica Medard C PK18 — PP387852 —
(Rudolphi, 1802) Ampullaceana balthica Medard C PK24 — PP387853 —

Ampullaceana balthica Medard C KJ26 — PP387854 —
Ampullaceana balthica Medard C KJ4 — PP387855 —
Ampullaceana balthica Medard C U147 — PP387856 —
Ampullaceana balthica Medard C KJ55 — PP387857 —

Radix auricularia Barbora C E20 — PP387858 —
Radix auricularia Barbora C PK7 PP396764 PP387859 —
Radix auricularia Barbora C PK15 — PP387860 —
Radix auricularia Písník Dubina S KJ25 — PP387861 —
Radix auricularia Spůle C KJ38 PP396776 PP387862 —
Radix auricularia Spůle C KJ39 — PP387863 —
Radix auricularia Spůle C KJ40 PP396775 PP387864 —

Plagiorchis muelleri Ampullaceana balthica Medard C PK2 PP396765 PP387865 —
Tkach and Sharpilo,

1990 Ampullaceana balthica Medard C PK8 — PP387866 —

Ampullaceana balthica Medard C PK19 — PP387867 —
Ampullaceana balthica Medard C PK47 — PP387868 —

Radix auricularia Barbora C KJ51 PP396768 PP387869 —
Radix auricularia Otakar C KJ22 PP396781 PP387870 —

Plagiorchis
vespertilionis Ampullaceana balthica Medard C KJ2 PP396795 PP387871 PP391294

(Müller, 1780) Ampullaceana balthica Medard C KJ31 PP396777 PP387872 —
Ampullaceana balthica Medard C KJ53 PP396766 PP387873 —
Ampullaceana balthica Medard C KJ9 PP396790 PP387874 —
Ampullaceana balthica Medard C PK22 PP396759 PP387875 —
Ampullaceana lagotis Most C KJ13 PP396788 PP387876 PP391295
Ampullaceana lagotis Most C KJ16 PP396786 PP387877 —
Ampullaceana lagotis Most C KJ18 PP396784 PP387878 —
Ampullaceana lagotis Most C KJ19 PP396783 PP387879 —
Ampullaceana lagotis Most C KJ21 PP396782 PP387880 —
Ampullaceana lagotis Most C KJ36 - PP387881 —
Ampullaceana lagotis Most C KJ50 PP396769 PP387882 —
Ampullaceana lagotis Most S KJ17 PP396785 PP387883 —

Radix auricularia Barbora C PK26 PP396758 PP387884 —
Radix auricularia Otakar C PK17 PP396760 PP387885 —

Plagiorchis sp. 3 sensu Ampullaceana balthica Medard C KJ1 PP396796 PP387886 —
Soldánová et al. [17] Ampullaceana balthica Medard C KJ7 PP396792 PP387887 —

Ampullaceana balthica Medard C KJ8 PP396791 PP387888 —
Ampullaceana balthica Medard C KJ10 — PP387889 —
Ampullaceana balthica Medard C KJ33 — PP387890 —
Ampullaceana balthica Medard C KJ43 — PP387891 —
Ampullaceana balthica Medard C KJ45 — PP387892 —

Plagiorchis sp. 5 sensu Ampullaceana balthica Medard C KJ11 PP396789 PP387893
Soldánová et al. [17] Ampullaceana balthica Medard C KJ44 PP396773 PP387894 —

Plagiorchis sp. 8 sensu Ampullaceana balthica Medard C U145 PP396752 PP387895 —
Kudlai et al. [6] Ampullaceana balthica Medard C PK11 PP396762 PP387896 —

Ampullaceana balthica Medard C KJ46 PP396772 PP387897 —

Plagiorchis sp. 10 Ampullaceana balthica Medard C U165 PP396750 — —
Ampullaceana balthica Skulska Wieś C KJ52 PP396767 PP387898 PP391292
Ampullaceana lagotis Most C U140 PP396755 PP387899 PP391293

Plagiorchis sp. 11 Ampullaceana lagotis Most C PK13 PP407075 PP387900 PP391291

1 Sequences compatible with data from Europe, 2 Sequences compatible with data from North America.

The phylogenetic tree obtained from the maximum likelihood analysis based on Align-
ment 1 (cox1 mtDNA; 324 nt) is presented in Figure 2 and pairwise genetic distances of this
dataset are presented in Supplementary Table S3. Novel cox1 sequences (n = 49) on Alignment
1 were positioned in different clades with the species of the genus Plagiorchis, demonstrating
the presence of five species (P. elegans, P. koreanus, P. maculosus, P. muelleri and P. vespertilionis)
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and five species-level lineages (Plagiorchis sp. 3 sensu Soldánová et al. [17], Plagiorchis sp. 5 sensu
Soldánová et al. [17], Plagiorchis sp. 8 sensu Kudlai et al. [6], Plagiorchis sp. 10 and Plagiorchis sp.
11) in our material, out of which the last two were not previously reported (Figure 2).
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The provisional names of novel lineages Plagiorchis sp. 10 and Plagiorchis sp. 11 were
assigned following Soldánová et al. [17] and Kudlai et al. [6] to maintain continuity in the
naming of novel European Plagiochis cercarial linages, and based on the fact that formal
names are traditionally assigned only after describing the adult trematodes [25,31]. In
Alignment 1, the intraspecific genetic variation rates were 0–3.1% (0–10 nt), with P. koreanus
showing the highest divergence. The interspecific divergence rates were 0.9–18.9% (3–61 nt)
with P. neomidis and P. multiglandularis Semenov, 1927 exhibiting the lowest interspecific
divergence and Plagiorchis sp. 3 sensu Soldánová et al. [17] and P. maculosus exhibiting the
highest interspecific divergence.

The phylogenetic tree obtained from the maximum likelihood analysis based on
Alignment 2 (cox1 mtDNA; 371 nt) is presented in Figure 3 and pairwise genetic distances
of this dataset are presented in Supplementary Table S4. Novel cox1 sequences (n = 62) are
in accordance with Alignment 1 demonstrating the same species and species-level lineage
in our material (Table 2). In Alignment 2, the intraspecific genetic variation rates were
0–3.2% (0–12 nt), with Plagiorchis sp. 2 sensu Soldánová et al. [17] showing the highest
divergence. The interspecific divergence rates were 6.7–20.8% (21–77 nt) with Plagiorchis sp.
7 sensu Soldánová et al. [17] and P. elegans exhibiting the lowest interspecific divergence and
Plagiorchis sp. Lineage 2 sensu Gordy and Hanington [86] and Plagiorchis sp. Lineage 8 sensu
Gordy and Hanington [86] showed the highest sequence divergence. The phylogenetic
tree obtained from the maximum likelihood analysis based on Alignment 3 (28S rDNA;
1119 nt) is presented in Figure 4 and pairwise genetic distances of this dataset are presented
in Supplementary Table S5. Novel 28S sequences (n = 5) were generated for three species
and species-level lineages found in the present study (P. vespertilionis, Plagiorchis sp. 10
and Plagiorchis sp. 11). In Alignment 3, the intraspecific genetic variation rates were 0–1.3%
(0–10 nt), with P. muelleri exhibiting the highest divergence. The interspecific divergence
rates were 0–3.1% (0–25 nt) with Plagiorchis sp. Lineage 7 sensu Gordy and Hanington [86]
and P. elegans exhibiting the lowest divergence and P. elegans and Plagiorchis mordovii
Schaldybin, 1958 exhibiting the highest divergence. The identification of P. vespertilionis
was based on the analysis of 28S sequence data, as the cox1 sequences were not available
for comparison in GenBank.

Fourteen novel sequences of the internal transcribed spacer 2 (ITS2) were generated in
the present study for snails to confirm the morphological evaluation. The following species
were molecularly identified: A. balthica (n = 2), Ampullaceana lagotis (Schrank, 1803) (n = 4),
and R. auricularia (n = 8) (Supplementary Table S6). Molecular identification confirmed our
preliminary identification based on morphology.

3.2. Morphometric Characterization

Photomicrographs of live cercariae of ten species or species-level lineages revealed
in this study are presented in Figures 5 and 6. Descriptions of cercariae in terms of
metrical data and morphology are given for the three novel or undescribed species/lineages,
P. vespertilionis, Plagiorchis sp. 10 and Plagiorchis sp. 11; the remaining seven species have
been described in detail in previous studies [6,40].
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and 6e show photomicrographs of live cercariae. Cercariae originating from each snail 
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Figure 6. Plagiorchis spp., photomicrographs of stylets of live cercariae: (a) P. elegans; (b) P. koreanus;
(c) P. maculosus; (d) P. muelleri; (e) P. vespertilionis; (f) Plagiorchis sp. 3 sensu Soldánová et al. [17];
(g) Plagiorchis sp. 5 sensu Soldánová et al. [17]; (i) Plagiorchis sp. 10 (present study); (j) Plagiorchis sp. 11
(present study). Representative photomicrograph of the stylet of Plagiorchis sp. 8 sensu Kudlai et al. [6]
(h) was not obtained. Scale-bars: 20 µm.

Plagiorchis vespertilionis (Müller, 1780)
First intermediate hosts: Ampullaceana balthica, Ampullaceana lagotis, Radix auricularia.
Localities: Lakes Barbora, Medard, Most, Otakar.

Table 2 shows details of 15 isolates and their representative sequences and
Figures 5e and 6e show photomicrographs of live cercariae. Cercariae originating from
each snail host separately did not differ in individual parameters; only the body and tail
length showed higher variability in live specimens due to body contraction and elongation
during movement (Supplementary Table S7). Measurements are therefore pooled across
three snail hosts and based on 11 live, 113 ethanol-fixed and 29 formalin-fixed cercariae
(presented as mean values ± standard deviation; see Table 3 for the range).
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Table 3. Metrical data for cercariae of Plagiorchis vespertilionis, Plagiorchis sp. 10, and Plagiorchis sp. 11 isolated from different snail hosts Ampullaceana balthica, A.
lagotis and Radix auricularia (pooled together; see Supplementary Tables S7 and S8 for measurement similarities divided by snail species). Data are presented in
micrometers as the minimum to maximum values (mean in parentheses). The width values correspond to maximum width measurements. See Materials and
Methods for abbreviations of cercarial morphological parameters.

Species Plagiorchis vespertilionis 1 Plagiorchis sp. 10 2 Plagiorchis sp. 11 3

N snails 9 14 2 2 3 1 1 1

N cercariae 11 113 29 5 49 19 1 5

Fixation method Live Ethanol Formalin Live Ethanol Formalin Live Ethanol

ToL 332–425 (379) 233–446 (360) 263–387 (328) 353–513 (417) 244–356 (317) 225–316 (266) 440 348–400 (368)
BL 190–320 (254) 153–290 (211) 171–217 (190) 238–372 (298) 145–227 (191) 124–165 (147) 302 221–247 (231)
BW 124–202 (159) 70–145 (115) 103–135 (119) 132–156 (148) 71–102 (88) 77–101 (92) 158 120–137 (129)
TL 99–156 (125) 96–200 (150) 77–195 (138) 87–141 (119) 99–153 (125) 73–169 (119) 138 121–154 (137)
TW 25–57 (38) 19–38 (29) 22–48 (32) 39–53 (45) 20–30 (25) 18–29 (23) 44 36–40 (39)
OSL 48–80 (67) 39–64 (50) 39–57 (48) 59–69 (63) 35–52 (42) 36–42 (38) 62 44–58 (50)
OSW 50–73 (64) 41–67 (54) 48–63 (57) 57–69 (65) 36–55 (48) 39–45 (42) 67 50–59 (56)
VSL 35–57 (46) 28–49 (37) 32–43 (38) 43–50 (46) 27–45 (32) 24–33 (30) 39 30–41 (35)
VSW 37–57 (47) 34–58 (44) 40–52 (45) 45–58 (51) 32–46 (38) 31–37 (35) 38 34–47 (39)

OSW/VSW 1.3–1.4 (1.4) 0.9–1.7 (1.2) 1.1–1.6 (1.3) 1.0–1.5 (1.3) 1.0–1.6 (1.3) 1.1–1.3 (1.2) 1.7 1.2–1.7 (1.4)
TL/BL (%) 33.0–74.9 (51.0) 47.8–95.7 (71.0) 41.4–110.9 (73.5) 30.3–48.7 (40.5) 52.8–92.1 (66.1) 44.2–134.7 (82.5) 45.7 53.3–69.7 (59.5)

SL 30.0–31.8 (31.0) 27–33 (30) – 28.8–30.3 (29.5) 26–29 (27) – 31.1 29–32 (31)
SWantt 7.1–9.0 (7.8) – – 6.7–6.8 (6.7) – – 8.9 –
SWabt 4.2–5.3 (4.8) – – 4.3–4.5 (4.4) – – 5.3 –
SWbt 4.2–5.7 (5.0) – – 5.1–5.2 (5.1) – – 5.3 –

SWantt/SL (%) 22.8–28.7 (25.2) – – 22.1–23.6 (22.8) – – 28.6 –
1 Cercariae from A. balthica, A. lagotis and R. auricularia, 2 Cercariae from A. balthica and A. lagotis, 3 Cercariae from A. lagotis.
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Live specimens: Body elongate-oval, maximum width anterior to ventral sucker,
254 ± 40.6 × 159 ± 23.4. Tail 125 ± 18.4 × 38 ± 9.8, short, comprising 51% of body length.
Total length of cercaria 379 ± 36.7. Oral sucker more or less spherical, slightly subspherical
67 ± 9.6 × 64 ± 7.4, width exceeds width of ventral sucker (ratio 1.4). Ventral sucker
distinctly smaller than the oral sucker, large, spherical 46 ± 6.5 × 47 ± 5.9. Stylet dorsal
to mouth opening, robust, sharply pointed, 31.0 ± 9.8 long, with slightly thickened base
(5.0± 1.7 wide at base and 4.8± 1.6 wide above base) and well-developed and pronounced
anterior lateral thickening 7.8 ± 2.5 wide, comprising short but relatively wide blade;
stylet width at anterior thickening 25.2% of stylet length. Penetration gland-cells large,
asymmetric, in two groups of seven and eight on each side of body, antero- and postlateral
to ventral sucker. Lipid droplets (also called spherical fat droplets, fat inclusions or refractile
granules [40,47,87]) not numerous, small and medium-sized scattered throughout body
parenchyma; small droplets form clusters in both oral (few present) and ventral suckers
(more numerous).

Ethanol-fixed specimens: Body 211 ± 20.8 × 115 ± 13.9, tail 150 ± 21.7 × 29 ± 3.7,
comprising 71% of body length; total length of cercaria 360 ± 38.2. Oral sucker more or less
spherical, slightly wider than long 50 ± 4.5 × 54 ± 4.8, ventral sucker transversely oval
37 ± 4.2 × 44 ± 4.5; OSW/VSW ratio 1.2. Stylet 30 ± 1.4 long.

Formalin-fixed specimens: Body 190 ± 12.7 × 119 ± 6.9, tail 138 ± 43.2 × 32 ± 7.6,
comprising 74% of body length; total length of cercaria 328 ± 39.0. Oral sucker transversely
oval 48 ± 3.4 × 57 ± 3.5, ventral sucker transversely oval 38 ± 3.2 × 45 ± 3.0; OSW/VSW
ratio 1.3.

Plagiorchis sp. 10
First intermediate hosts: Ampullaceana balthica, Ampullaceana lagotis.
Localities: Lakes Medard, Most, Skulska Wieś.

Table 2 shows details of three isolates and their representative sequences and
Figures 5i and 6i show photomicrographs of live cercariae. Cercariae originating from each
snail host separately did not differ in individual dimension parameters; only the body
length and width and tail length showed higher variability in live specimens due to body
contraction and elongation during movement (Supplementary Table S8). Measurements
are therefore pooled across three snail hosts and based on five live, 49 ethanol-fixed and
19 formalin-fixed cercariae (presented as mean values ± standard deviation; see Table 3 for
the range).

Live specimens: Body elongate-oval, maximum width anterior to ventral sucker,
298 ± 48.9 × 148 ± 11.5. Tail 119 ± 21.4 × 45 ± 6.1, short, comprising 41% of body length.
Total length of cercaria 417 ± 61.1. Oral sucker slightly subspherical 63 ± 4.5 × 65 ± 4.8,
width exceeds the width of ventral sucker (ratio 1.3). Ventral sucker distinctly smaller than
oral sucker, large, transversely oval 46 ± 2.9 × 51 ± 4.8. Stylet dorsal to mouth opening,
robust, sharply pointed, 29.5 ± 0.8 long, with distinctly thickened base (5.1 ± 0.1 wide at base
and 4.4 ± 0.1 wide above base) and well-developed anterior lateral thickening 6.7 ± 0.1 wide,
comprising short and relatively narrow blade; stylet width at anterior thickening 22.8% of
stylet length. Penetration gland-cells large, asymmetric, in two groups of seven and eight
on each side of body, antero- and postlateral to ventral sucker. Lipid droplets few, small and
medium-sized scattered throughout body parenchyma mainly posterior to oral sucker; small
droplets form clusters predominantly in ventral sucker or absent.

Ethanol-fixed specimens: Body 191 ± 17.0 × 88 ± 7.9, tail 125 ± 13.2 × 25 ± 2.4,
comprising 66% of body length; total length of cercaria 317 ± 22.2. Oral sucker transversely
oval 42 ± 3.8 × 48 ± 3.7, ventral sucker transversely oval 32 ± 3.6 × 38 ± 3.8; OSW/VSW
ratio 1.3. Stylet 27 ± 0.8 long.

Formalin-fixed specimens: Body 147 ± 11.3 × 92 ± 7.0, tail 119 ± 37.5 × 23 ± 2.9,
comprising 83% of body length; total length of cercaria 266 ± 31.8. Oral sucker transversely
oval 38 ± 2.0 × 42 ± 1.7, ventral sucker transversely oval 30 ± 2.1 × 35 ± 2.0; OSW/VSW
ratio 1.2.
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Plagiorchis sp. 11
First intermediate host: Ampullaceana lagotis.
Locality: Lake Most.

Table 2 shows details of the isolate and its sequence and Figures 5j and 6j show
photomicrographs of live cercaria. Measurements are based on one live and five ethanol-
fixed cercariae (the latter presented as mean values ± standard deviation; see Table 3 for
the range).

Live specimen: Body elongate-oval, maximum width anterior to ventral sucker, 302× 158.
Tail 138 × 44, short, comprising 46% of body length. Total length of cercaria 440. Oral
sucker transversely oval (62 × 67), width distinctly exceeds the width of the ventral sucker
(ratio 1.7). Ventral sucker distinctly smaller than oral sucker, small, spherical 39 × 38. Stylet
dorsal to mouth opening, robust, sharply pointed, 31.1 long, lacking thickening at its base
(5.3 wide at base and 5.3 wide above base), but with well-developed and robust anterior
lateral thickening 8.9 wide, comprising short but wide blade; stylet width at anterior
thickening 28.6% of stylet length. Penetration gland-cells small, antero- and postlateral to
ventral sucker (number not observable). Lipid droplets numerous, conspicuous and very
large, scattered throughout the body parenchyma posterior to pharynx, few medium-sized
droplets also present in body; both large and medium-sized droplets absent in areas of oral
and ventral suckers.

Ethanol-fixed specimens: Body 231 ± 9.8 × 129 ± 6.1, tail 137 ± 15.5 × 39 ± 1.7,
comprising 60% of body length; total length of cercaria 368 ± 20.6. Oral sucker transversely
oval 50 ± 5.8 × 56 ± 3.7, ventral sucker transversely oval 35 ± 4.9 × 39 ± 5.9; OSW/VSW
ratio 1.4. Stylet 31 ± 1.5 long.

3.3. Prevalence, Distribution and Diversity of Plagiorchis Species

Of 12,185 snails collected, 2330 snails (19.1%) harbored trematode infections. In total,
211 (1.7%) snails were infected with intramolluscan stages of Plagiorchis spp. (Table 1).
Four snail species (out of seven) were detected as the first intermediate hosts of Plagiorchis,
namely A. balthica, A. lagotis, L. stagnalis and R. auricularia (Table 1). Prevalence levels of
larval Plagiorchis spp. were generally low in all lakes, with an overall mean of 1.7%, varying
between 0.5 and 8.5% (both for R. auricularia in Spůle and Otakar, respectively) (Table 1).

The highest species diversity of Plagiorchis spp. was found in Lake Medard (eight
out of ten species/lineages), including three species-level lineages previously found in
sub-Arctic and Western Europe [6,17] (Table 2). Lakes Barbora and Most supported four
Plagiorchis species, followed by lakes Milada, Otakar and Písník Dubina (two species each)
and Skulska Wieś and Spůle (one species each). The novel lineages Plagiorchis sp. 10 and
Plagiorchis sp. 11 were both found in Lake Most, the former also in Medard and Skulska Wieś.
The first molecular evidence of P. vespertilionis in European snails comes from three snail
hosts sampled in four lakes closely situated to each other: R. auricularia from Barbora and
Otakar, A. balthica from Medard and A. lagotis from Most. Ampulaceana balthica exhibited the
highest Plagiorchis species richness (eight out of ten species/lineages), followed by A. lagotis
and R. auricularia (four species/lineages each) (Table 2). In addition, A. lagotis is reported
for the first time as a Plagiorchis spp. host in Europe. The largest lymnaeid L.‘stagnalis
harbored only one species, namely P. elegans (Table 2).

Our review of the literature and other data sources on the distribution and diver-
sity of Plagiorchis spp. in lymnaeid snail hosts revealed a relatively wide distribution
and high species richness across various European freshwater ecosystems. A total of
23 species/lineages (species incertae sedis are not included) have been found to date in
11 species of lymnaeid snails belonging to seven genera (Supplementary Table S1). So
far, 11 Plagiorchis species have been identified to the species level mainly based on cer-
carial morphology, but only five of them were confirmed molecularly (i.e., P. elegans, P.
koreanus, P. maculosus, P. muelleri and P. neomidis [6,18,40]). The remaining 12 species rep-
resent previously undescribed species-level lineages discovered exclusively by molecular
genetic methods [6,17,18,40,51] (Supplementary Table S1). The most frequent intermediate
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snail hosts are A. balthica and L. stagnalis, with 14 and 12 Plagiorchis species, respectively,
while the remaining nine snail hosts harbor one to four species (Supplementary Table S1).
Two species, P. elegans and Plagiorchis sp. sensu Duan et al. [18], from the planorbid
snail Planorbarius corneus (Linnaeus, 1758) [18,88] likely represent erroneous identifica-
tion and are not listed in the Plagiorchis species reported from European freshwater snails
(Supplementary Table S1).

Plagiorchis species have been detected in 20 European countries, but studies from
only eight countries provided molecular and/or morphological evidence for their accurate
identification (Figure 1, Supplementary Table S1). In these, 17 species or species-level
lineages of Plagiorchis have been detected, with the highest diversity found in sub-Arctic re-
gions (ten species/lineages) and Western Europe (11 species/lineages), followed by Central
Europe (five species/lineages) (Table 4). Our study revealed 10 Plagiorchis species/species-
level lineages in four species of lymnaeid snails belonging to three genera (Tables 2 and 4).
Their distribution and molecular diversity to some extent overlap with that in sub-Arctic ar-
eas (five species/lineages), in Western Europe (six species/lineages) and in Central Europe
(three species/lineages) (Table 4), which may be connected to the rich bird fauna of our
region (Supplementary Table S2). Plagiorchis elegans and P. maculosus are the only species
molecularly confirmed in all three European regions. In addition, three species/lineages
identified by DNA sequences in our study, namely P. vespertilionis, Plagiorchis sp. 10 and
Plagiorchis sp. 11, were reported for the first time.

Table 4. Species of Plagiorchis spp. reported from European freshwater snails based on molecular
data. The green color marks the presence of the species/lineages in a specific region (see Figure 1 for
details on the countries of each region).

Region

Plagiorchis Species Central Europe
(Present Study) Central Europe 1 Sub-Arctic Europe 2,3 Western Europe 3,4,5

Plagiorchis elegans
Plagiorchis koreanus

Plagiorchis maculosus
Plagiorchis muelleri
Plagiorchis neomidis

Plagiorchis vespertilionis *
Plagiorchis sp. 1 sensu Soldánová et al. [17]
Plagiorchis sp. 2 sensu Soldánová et al. [17]
Plagiorchis sp. 3 sensu Soldánová et al. [17]
Plagiorchis sp. 4 sensu Soldánová et al. [17]
Plagiorchis sp. 5 sensu Soldánová et al. [17]
Plagiorchis sp. 6 sensu Soldánová et al. [17]
Plagiorchis sp. 7 sensu Soldánová et al. [17]

Plagiorchis sp. 8 sensu Kudlai et al. [6]
Plagiorchis sp. 9 sensu Kudlai et al. [6]

Plagiorchis sp. CR sensu Zikmundová et al. [40]
Plagiorchis sp. sensu Duan et al. [18]

Plagiorchis sp. sensu Huguenin et al. [51]
Plagiorchis sp. 10 *
Plagiorchis sp. 11 *

* Species/lineages detected only in the present study. 1 Zikmundová et al. [40], 2 Soldánová et al. [17], 3 Kudlai
et al. [6], 4 Huguenin et al. [51], 5 Duan et al. [18].

4. Discussion

The diversity of Plagiorchis spp. revealed by molecular genetic analysis in our study ex-
ceeded expectations, especially considering the generally low prevalence of these parasites
in snails (1.7%). We detected ten Plagiorchis species and species-level lineages: five named
species, three previously recorded lineages and two novel lineages in four intermediate
snail hosts (A. balthica, A. lagotis, L. stagnalis and R. auricularia). This high diversity is
twice as great as the diversity of Plagiorchis species so far known from Central Europe,
mainly infecting the large lymnaeid L. stagnalis [40]. This emphasizes the importance of
investigating the trematode fauna of the still poorly studied small lymnaeid snails. Our
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comprehensive survey of Plagiorchis spp. diversity in lymnaeids across large European
geographical areas resulted in 23 species/lineages, with our new data accounting for nearly
half of the total Plagiorchis diversity (44%), and more than half of the molecular diversity
in Europe (59%). This increased the currently known molecular diversity of Plagiorchis
species parasitizing snails in Europe from 17 to 20 (total diversity from 23 to 25 species).
In addition, our study expanded the range of snail hosts for A. lagotis, the parasite fauna
for P. vespertilionis and the newly discovered lineages Plagiorchis sp. 10 and Plagiorchis
sp. 11, for which we provided the first molecular, morphological and morphometric data.
This will facilitate future parasite identification and diversity assessment in faunistic and
community studies of trematodes in snail populations.

The first molecular study investigating the diversity of Plagiorchis spp. in snail hosts
from Central Europe focused mainly on L. stagnalis and discovered five distinct lineages [40]
using an integrative morphological and molecular approach, often regarded as the ‘best
practice’ for trematode identification and systematics [89]. Later, an unexpectedly high
diversity of seven novel lineages infecting A. balthica was found in sub-Arctic Norway,
none of which overlapped with the Central European Plagiorchis species [17]. High-latitude
ecosystems in various sub-Arctic and western European regions were also studied using
the ‘best practice’ approach and confirmed the presence of 11 distinct species and lineages
in four snail species (A. balthica, L. stagnalis, Stagnicola fuscus [Pfeiffer, 1821] and Myxas
glutinosa [Müller, 1774]), two of which overlapped with the diversity captured in Central
Europe [6].

Additional molecular data for cercariae of Plagiorchis spp. were provided by studies
conducted in Western Europe investigating the structure of compound communities of
trematodes and their molecular diversity in freshwater snails [18] or testing a new method
for rapid identification of cercariae [51], including Plagiorchis spp. However, these two stud-
ies used the nuclear ribosomal internal transcribed spacer (ITS) for species delimitation,
although nuclear loci such as 28S and ITS show a high degree of conservation and may not
represent the true species divergence of Plagiorchis, e.g., [6]. Each trematode family requires
a specific genetic marker for accurate species identification and subsequent phylogenetic
comparisons between different taxa [89], and the preferred marker for Plagiorchis species
delimitation is the mitochondrial cox1 region [6,40,86,90]. Therefore, the use of ITS regions
does not comply with ‘best practice’, as it may lead to misidentification similar to that
of Duan et al. [18], who presented ‘Plagiorchis sp.’ from the large planorbid Planorbarius
corneus, despite the ample evidence from over 60 years of research that Plagiorchis spp.
parasitize only lymnaeid snails in Europe (Supplementary Table S1). In addition, both
the studies by Huguenin et al. [51] and Duan et al. [18] lack a morphological description
and/or photodocumentation of cercariae, making a reliable conclusion about the identity
of their ‘Plagiorchis’ species difficult. Future studies on the genus Plagiorchis should target
two independent loci, mitochondrial and nuclear, to corroborate their own results [89].

The molecular delineation of Plagiorchis is further complicated by the confounding
practice of sequencing incompatible regions of the cox1 marker, whereby sequence data
from Europe [17,40] are not compatible with those from North America [86,90]. Therefore,
in our study, we used two sets of primers and alignments based on cox1 for an individual
sample to obtain data for both pertinent regions of the gene, thus providing a complete
picture of species diversity and phylogenetic relationships. One of the primer sets used,
targeting the cox1 Folmer region (compatible with data from North America), has proved
efficient in mitochondrial barcoding for at least 23 digenean families [71], highlighting
the importance of using the most appropriate sequencing region in broader phylogenetic
comparisons of trematodes. In the future, a unified approach to sequencing both pertinent
regions of the cox1 gene would greatly facilitate the accurate identification and comparison
of Plagiorchis species, especially in the case of the discovery of putatively novel lineages.
Migratory birds flying via the East Atlantic flyway [91–93] can transfer parasites between
continents [7], but without data on both regions of cox1 and the deposition of reliable
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sequences in public DNA databases, it is impossible to accurately identify species, compare
their phylogenetic relationships and assess the inter-continental fauna of parasites.

Our novel genetic dataset confirms the presence of cercariae of P. elegans, P. koreanus
and P. maculosus in Central Europe [40], which is complemented by the species P. muelleri,
previously reported only from Ireland [6], and by P. vespertilionis recorded in the present
study for the first time. Our study is also the first to demonstrate the overlap in geograph-
ical distribution of six Plagiorchis species with sub-Arctic (Norway) and Western Europe
(Ireland and Denmark), namely P. elegans, P. maculosus, P. muelleri, Plagiorchis sp. 3 and
5 sensu Soldánová et al. [17] and Plagiorchis sp. 8 sensu Kudlai et al. [6] (Table 4). The latter
three lineages represent the first records in Central Europe and, at the same time, their
southernmost distribution in Europe. In addition, phylogenetic analysis of our molecu-
lar data provided strong evidence for the existence of two novel species-level lineages,
Plagiorchis sp. 10 and Plagiorchis sp. 11.

The life cycles of the five lineages reported here, namely Plagiorchis sp. 3 and 5 sensu
Soldánová et al. [17], Plagiorchis sp. 8 sensu Kudlai et al. [6] and Plagiorchis sp. 10 and
Plagiorchis sp. 11, are not yet elucidated, as all available sequences originate from snail
hosts [6,17] (present study). The abundance and distribution of definitive hosts are generally
considered to be the most important factors determining the spatial and temporal variability
in the distribution, prevalence and diversity of trematodes in snails [94–96]. While a wide
range of vertebrates can serve as definitive hosts of Plagiorchis (including mammals such as
bats, rodents and carnivores, as well as amphibians and reptiles) [41,50], it is reasonable to
assume that the long-distance distribution of Plagiorchis is accomplished by its most vagile
definitive hosts, the birds. Their high mobility and long migration routes from breeding to
wintering grounds make birds the main agents of parasite dispersal [13,95,97].

Although it is known that several Plagiorchis species from our study can complete their life
cycle in bats (especially P. koreanus, P. muelleri and P. vespertilionis) or other small mammals [41],
several facts support our hypothesis that mainly bird definitive hosts are responsible for
the diversity of Plagiorchis species in snail populations inhabiting the studied lakes. First,
the presence of three species-level lineages has so far only been reported from high-latitude
European countries (Finland, Iceland, Ireland and Norway) [6,17], i.e., regions with absent,
low or declining populations of bat colonies, insectivorous mammals and other rare hosts
due to physiological limitations caused by unfavorable cold conditions [98–100]. Second, the
most diverse fauna of Plagiorchis spp. was found in the largest lakes in post-mining areas,
Medard and Most (Czech Republic), as well as in the nature reserve covering Lake Skulska
Wieś (Poland). These ecosystems are important ornithological and stop-over sites with a
high abundance and diversity of birds [60–64], including many species identified as hosts of
Plagiorchis spp. (Supplementary Table S2). A large proportion are migratory birds capable
of distributing parasites across and beyond Europe. Lakes Barbora, Milada and Otakar also
belong to the reclaimed post-industrial habitats, located 25–100 km from each other and
from Lake Medard, suggesting a similar avifauna and thus similar hosts likely influencing
the overlapping occurrence of Plagiorchis species (Table 2). Third, the first intermediate
snail hosts of Plagiorchis occur in high densities in these lakes, with A. balthica standing
out as the most common and abundant. Ampullaceana balthica is recognized as a primary
host for a variety of trematodes in Europe, including Plagiorchis spp. [18,38,39,88]. Hence,
there is a causal link between the presence of A. balthica, the abundant populations and
wide spectrum of birds and the high diversity of Plagiorchis spp. detected in this study
(see below).

Plagiorchis elegans is the most frequently recorded Plagiorchis species in Europe, occur-
ring in seven snail hosts from 12 countries (Supplementary Table S1). Despite our extensive
collection of small lymnaeids, we were only able to detect P. elegans in L. stagnalis. This is
consistent with other European molecular studies [6,18,40], suggesting that the occurrence
of this parasite can be restricted to snails of the genera Lymnaea and Stagnicola and that
previous faunistic records from other snail hosts could be misidentifications (see references
in Supplementary Table S1). However, more molecular evidence is necessary for confir-
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mation. Plagiorchis maculosus is the second most frequent species in Europe, representing,
together with P. elegans, the only two molecularly valid species in all three European regions
(sub-Arctic, Western and Central Europe) and thus confirming their wide geographical
distribution. In contrast, P. neomidis and Plagiorchis sp. CR sensu Zikmundová et al. [40]
were reliably confirmed only from one host, L. stagnalis, in Slovakia and Czech Republic,
respectively [40]. In addition, the complete mitochondrial genome of P. multiglandularis
infecting L. stagnalis from Asian Russia has been characterized [53], but this species has not
yet been molecularly confirmed from snails in Europe. Therefore, further sampling efforts
on a large geographical and snail-host scale are required to corroborate or refute the rare
occurrences of valid Plagiorchis species.

Four species from European snails, namely Plagiorchis laricola Skjarbin, 1924, Plagiorchis
megalorchis Rees, 1952, Plagiorchis mutationis Panova, 1927 and Plagiorchis nanus (Rudolphi,
1802), have been identified only based on the morphology of cercariae and adults (references
in Supplementary Table S1). Moreover, P. laricola could be a senior synonym of P. mutationis
and P. megalorchis [41]. Plagiorchis fastuosus Szidat, 1924 (not listed in our overview of
Plagiorchis distribution) represents an erroneous record in European snails [101], as it has
been revised and reassigned to the genus Plagioglyphe Krasnolobova, 1973, based on the
morphology of the adult worms [25,41]. Further sequencing of larval and especially adult
forms of Plagiorchis is urgently needed to confirm the validity of these species as well as to
link the life cycle stages of the newly recorded lineages from European snails with those
from second intermediate and definitive hosts.

The greatest diversity of Plagiorchis spp. was found in A. balthica sampled in Lake
Medard, with five named species, two novel lineages and three lineages previously known
only from sub-Arctic Europe [6,17]. As indicated by previous molecular studies, A. balthica
is recognized as an important first intermediate host of Plagiorchis in high-latitude ecosys-
tems, with seven lineages reported in Norway [17] and eight species/lineages detected
in sub-Arctic Europe and Ireland [6]. The present study not only confirms these findings,
but also shows that the high diversity of Plagiorchis spp. in A. balthica is not exclusively
restricted to northern European regions. Furthermore, we report for the first time A. lagotis
as an intermediate host of Plagiorchis, namely P. koreanus, P. vespertilionis and two novel
lineages, Plagiorchis sp. 10 and Plagiorchis sp. 11. The absence of A. lagotis as a host for
Plagiorchis in previous faunistic and community studies is surprising, considering its wide
distribution in European freshwater ecosystems [66]. A possible reason lies in the similarity
of snail morphology (shell shape and coloration) commonly used to distinguish the closely
related genera Ampullaceana and Radix, likely being confused with A. balthica and Peregriana
peregra (Rossmässler, 1835) (former synonym Radix labiata; Aksenova et al. [37]) [102]. The
use of molecular methods combined with dissections of the reproductive organs is the best
solution to avoid misidentification [37,68,102,103].

Three species, P. koreanus, P. muelleri and P. vespertilionis, were previously considered
oioxenous, i.e., infecting only one snail host species [6,40,104]. Our study extends the
snail host range to three species (A. balthica, A. lagotis and R. auricularia) for P. koreanus,
two species (A. balthica and R. auricularia) for P. muelleri and four species (A. balthica, A.
lagotis, L. stagnalis and R. auricularia) for P. vespertilionis. In general, Plagiorchis spp. have a
wide range of snail hosts distributed over a large geographical area in Europe. Eleven snail
species belonging to seven genera serve as first intermediate hosts, but DNA sequences of
Plagiorchis spp. are available for only six of them (Figure 1). Several snail species, such as
those of the genera Stagnicola or Galba, have not yet been sufficiently studied with regard
to Plagiorchis diversity and distribution in Europe. In addition, molecular identification of
snail host species is rarely provided [6,17] (present study), but it is highly important for a
reliable assessment of snail host range.

Perhaps the most significant finding in our study, besides the record of two novel
lineages, is the detection of P. vespertilionis from several snail hosts. Since no cox1 sequences
were available in GenBank, our study benefited from the molecular data of Kirillova
et al. [48], allowing us to characterize one of the putative novel lineages as P. vespertilionis
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based on 28S sequences of adult worms. Thus, we were able to partially elucidate the
life cycle of P. vespertilionis, as it was documented in three snail species, A. balthica, A.
lagotis and R. auricularia, in our lakes. The primary definitive hosts of P. vespertilionis are
bats, but the parasite can also be found in lagomorphs, rodents and carnivores [41]. The
Czech Republic harbors a diverse bat fauna with 26 reported species, of which at least
17 occur in northern Bohemia, where infected snails were sampled [105]. Bats are often
found near water bodies due to abundant food sources [106]. This is consistent with our
observation that P. vespertillionis was found exclusively in four post-mining lakes, which
support remarkable animal biodiversity [107], and that most of the isolates were assigned to
this species. The second intermediate hosts of P. vespertilionis remain be identified, but the
host range is likely to be similar to that documented for other Plagiorchis species, including
aquatic insects, crustaceans and snails [6,17,108,109].

In Europe, cercariae of P. vespertilionis have been documented in L. stagnalis from
Belarus [104], but the certainty of the correct identification is questionable due to the lack
of supporting data on the cercarial morphology. To the best of our knowledge, the only
description comes from an earlier study in the USA in which the xiphidiocercariae with
refractile granules were found in L. stagnalis and described as the subspecies Plagiorchis ves-
pertilionis parorchis by Macy [110]. However, later studies demonstrated that adult worms
of this ‘subspecies’ do not morphologically match adult P. vespertilionis from European
bats [33,41]. In the absence of comparative data, we present here the first comprehen-
sive morphometric analysis of the cercariae of P. vespertilionis, potentially aiding future
identification efforts. By integrating the genetic and morphological approaches, we thus
confirm for the first time the occurrence of P. vespertilionis cercariae in Europe. Plagiorchis
vespertilionis belongs to the ‘Plagiorchis vespertilionis group’, comprising also P. koreanus and
P. muelleri, all of which have been confirmed molecularly as distinct species parasitizing bats
in Europe [33]. The adults of the group are morphologically very similar [33,48], and their
cercariae appear to be uniform to a certain extent, especially with regard to the high number
of small and medium-sized lipid droplets (see Figure 5 and descriptions of live cercariae
in the present study and those of P. koreanus and P. muelleri in Zikmundová et al. [40] and
Kudlai et al. [6], respectively). Nevertheless, cercariae of P. vespertilionis are larger in almost
all body parameters than cercariae of P. koreanus described by Zikmundová et al. [40], but
at the same time do not differ significantly from a single cercaria of P. muelleri described by
Kudlai et al. [6]. When comparing the size of the stylet of P. vespertilionis with those of P.
muelleri described by Kudlai et al. [6] and P. koreanus described by Zikmundová et al. [40],
the former two have a similar size of stylet with a slightly thickened base, in contrast to the
much smaller stylet and lack of base thickening in P. koreanus. However, we observed a high
variability in the stylet length between P. koreanus and P. muelleri, making them more similar
in this parameter (data not shown) (Figure 6b,d). The shape of the stylet can be another
distinguishing feature, which in P. vespertilionis has a robust appearance, a pronounced
anterior lateral thickening and a short but relatively wide blade, whereas the stylet in the
remaining two species is more slender with less pronounced anterior thickening and a
longer and narrower blade. Based on these data, we assume that the cercariae of P. ves-
pertilionis can be distinguished from the other two species of the ‘Plagiorchis vespertilionis
group’, mainly due to the size and shape of the stylet and body size.

Although the description of all identified species/lineages of Plagiorchis cercariae was
beyond the scope of this study, we emphasize that future molecular research should include
detailed morphological and morphometric analysis of all possible parameters, which would
allow reliable comparison at both intra- and interspecific levels. It is also worth noting
that analyzing metric data for cercariae is complex, as it largely depends on the number of
specimens and the fixation method influencing the dimensions. While measurements made
on photographs of live cercariae may vary due to their rapid movements, fixed specimens
may be affected differently depending on the method used (hot or cold formalin, hot water,
or ethanol), as has been demonstrated for other helminth parasites [111]. Therefore, it
is necessary to standardize the use of different fixation methods to detect and properly
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evaluate the subtle morphometric differences between cercariae of Plagiorchis species,
especially in situations where molecular analysis is not feasible.

5. Conclusions

Even though Plagiorchis species are common and ecologically important parasites
of snails in Europe, their diversity has been underestimated both before and during the
‘molecular era’. Besides the molecular evidence of high Plagiorchis diversity in snails from
Central European waterbodies, we confirmed a broad host range of lymnaeid snails, with
Ampullaceana balthica being the most important species, and a wide geographical distri-
bution of the parasite in Europe. Therefore, sampling and investigating the diversity of
Plagiorchis species and trematodes in general should not be neglected, as understanding the
richness and biogeographic patterns of parasite diversity is crucial to grasping the impact
of global change [24]. The use of inconsistent fixation methods to obtain metric data from
cercariae leads to challenges in morphological comparison, raising the need for standard-
ized processing of cercariae samples. Furthermore, it is crucial to continue the study of
parasite biodiversity using the ‘best practice’ approach in order to link the sequences of
different developmental stages, elucidate parasite life cycles and host specificity, and assign
formal names to novel species-level lineages. Finally, several Plagiorchis species are still
awaiting molecular confirmation of their validity or occurrence in poorly studied snail
hosts and European countries.
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