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Abstract — According to the classical Enemy Release Hypothesis, one reason for the success of invasive species is
that they have escaped their predators and parasites during migration to newly invaded territories. In this context, the
discovery of any parasite of an invasive species is of particular interest. Here, we report the results of genomic inves-
tigations performed on two invasive species of land flatworms (Geoplanidae) collected in Northern Ireland, Kontikia
andersoni Jones, 1981, and Australoplana sanguinea (Moseley, 1877). We describe the mitogenomes and paralogous
RNA genes of both species. Prey DNA was detected in both flatworm species, providing molecular evidence that their
diet includes earthworms. Unexpectedly, we detected sequences assigned to the microsporidian genus Mitosporidium
Haag et al., 2015, which, prior to this study, included a single species. Each land flatworm species harboured its own
species of Mitosporidium. For nomenclatural reasons, we could not assign binomial names to these species; instead, we
designate them as Mitosporidium sp. JLA67 (in K. andersoni) and Mitosporidium sp. JLA72 (in A. sanguinea). For each
new Mitosporidium species, we describe the gene content of the mitogenome and the complete cluster of nuclear ribo-
somal RNA genes. In the absence of direct evidence of host—parasite relationships, we discuss the possible hosts of
these Microsporidia, which could be the flatworms themselves or their prey; the most likely hypothesis is that they
are parasites of land flatworms. Other Mitosporidium species should be sought for in native land flatworms from
the Australasian region, where the two invasive flatworm species originated. Investigations on the possible pathogenic
role of these parasites are needed.
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Résumé — Un cocktail irlandais d’ADN de vers plats, de vers de terre et de parasites : la génomique de vers
plats terrestres envahissants (Geoplanidae) révele des infestations par deux nouvelles espéces de Mitosporidium
(Microsporidia). Selon I’hypothése classique du « relachement de la pression des ennemis », I’'une des raisons du
succes des espéces envahissantes est qu’elles ont échappé a leurs prédateurs et leurs parasites lors de leur migration
vers les territoires nouvellement envahis. Dans ce contexte, la découverte de tout parasite d’une espéce
envahissante revét un intérét particulier. Nous présentons ici les résultats d’études génomiques réalisées sur deux
espéces envahissantes de vers plats terrestres (Geoplanidae) collectées en Irlande du Nord : Kontikia andersoni
Jones (1981) et Australoplana sanguinea (Moseley (1877). Nous décrivons les mitogénomes et les génes d’ARN
paralogues des deux espéces. De I’ADN de proie a été détecté chez les deux espéces de vers plats, apportant une
preuve moléculaire que leur régime alimentaire comprend des vers de terre. De maniére inattendue, nous avons
détecté des séquences attribuées au genre de Microsporidies Mitosporidium Haag et al., 2015, qui, avant cette
étude, ne comprenait qu’une seule espéce. Chaque espéce de ver plat terrestre hébergeait sa propre espéce de
Mitosporidium. Pour des raisons de nomenclature, nous n’avons pas pu attribuer de noms binomiaux a ces especes;
nous les désignons plutét comme Mitosporidium sp. JLA67 (chez K. andersoni) et Mitosporidium sp. JL472 (chez
A. sanguinea). Pour chaque nouvelle espece de Mitosporidium, nous décrivons le contenu génétique du
mitogénome et le groupe complet des geénes de I’ARN ribosomique nucléaire. En 1’absence de preuve directe de
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relations hote-parasite, nous discutons des hotes possibles de ces Microsporidies, qui pourraient étre les vers plats eux-
mémes ou leurs proies; I’hypothése la plus probable est qu’ils sont des parasites de vers plats terrestres. D’autres
espéces de Mitosporidium devraient étre recherchées chez les vers plats terrestres indigénes de la région
australasienne, d’ou sont originaires les deux espéces de vers plats. Des études sur le role pathogéne de ces

parasites sont nécessaires.

Introduction

In continental Europe, the invasion by more than a dozen
species of terrestrial flatworms has been an increasing cause
for concern in recent years [2, 12, 13, 18, 25, 33, 34, 55, 56,
59-62, 70, 76, 78, 90, 91, 94, 96]. Very recently (July 2025),
three species of geoplanids were added to the list of invasive
alien species of Union concern [32].

In the British Isles, the most widely established invasive
flatworm species is the New Zealand flatworm, Arthurdendyus
triangulatus (Dendy, 1894) Jones & Gerard, 1999, whose
spread, impact and pest management options have been scruti-
nized since the 1970s [1, 8-11, 16, 21, 48, 75, 77]. Arthur-
dendyus triangulatus was added to the list of species of
Union Concern in 2019 [31]. For this species, our team has
recently described the complete and complex mitochondrial
genome and its paralogous clusters of nuclear rRNAs [39].

For several years, genomic studies on Geoplanidae have
been developed, revealing original features of these animals
[36-40, 42, 43, 54, 55, 57, 58, 88, 89]. As a part of these inves-
tigations, we collected additional species in Northern Ireland.
The first species was the indigenous Microplana scharffi (Graff,
1899), from the subfamily Microplaninae Pantin, 1953, for
which we described the mitogenome and additional genomic
features [40]. Specimens of Kontikia andersoni Jones, 1981
and Australoplana sanguinea (Moseley, 1877) were also col-
lected. The aim of our study was initially to populate the data-
bases with sequences of poorly investigated organisms. The
scarcity of molecular studies was exemplified by K. andersoni,
for which not a single sequence was available on GenBank
prior to this study.

While processing the sequencing results, it appeared that
both species showed molecular signals of the presence of two
species of the genus Mitosporidium Haag, James, Pombert,
Larsson, Schaer, Refardt & Ebert, 2015 [46, 47]. Ten years after
its description, the genus Mitosporidium still only includes a
single species, Mitosporidium daphniae Haag et al., 2015
[46, 47], an intracellular parasite of the guts of the planktonic
crustacean Daphnia magna Straus, 1820 from northwestern
Europe (Belgium, Germany, and the United Kingdom).
Mitosporidium daphniae shares similarities with Microsporidia
(e.g. their status as intracellular parasites, and the presence of a
polar tube in spores), but it is clearly distinguished on the evo-
lutionary level by having retained a restricted mitochondrial
genome that contains a limited set of protein-coding genes
(vs. no mitochondrion in Microsporidia). The circularity of this
mitogenome remains to be verified.

The phylogenetic classification of Mitosporidium is not a
matter of consensus, within the framework of the relationships
between “true” Microsporidia and Rozellomycota and other
basal Fungi [45]. Mitosporidium is either considered to be
external to Microsporidia [30] or a member of “expended”
Microsporidia [7], and sometimes designated as “short-branch

microsporidian” [27]. In the most recent (2024) classification
of Fungi, Mitosporidium is considered to be a member of the
Phylum Rozellomycota, although its more precise placement
is not provided [99]. This discussion is out of the scope of this
paper; here we follow the interpretation of Mitosporidium as a
member of the Microsporidia.

This serendipitous discovery of two species of Mitosporid-
ium in invasive flatworms and its implications are described
here, alongside all the information gathered in the course of this
study concerning the genomics of the flatworm hosts and their
preys. We also discuss whether these Mitosporidium species are
actually parasites of the flatworms.

Materials and methods
Sampling

Flatworm collection took place in 2023. A specimen of K.
andersoni was found by Mr Stewart Rosell (AFBI PhD student)
in Castle Espie (latitude 54.53152, longitude -5.69632), a wet-
land reserve located in County Down, Northern Ireland, near a
freshwater lagoon and below a decaying wooden board
(Figs. 1-2). A specimen of Australoplana sanguinea was found
in a private urban garden (latitude 54.588119, longitude -
5.90957) in the main city of Belfast, also in County Down,
below a concrete stone (Figs. 3—4) and adjacent to a compost
box. Both specimens were killed by immersion in ethanol
96%, and kept stored within the ethanol before being sent to
the National Museum of Natural History, France where they
were registered in the collections under accession numbers
MNHN JLA467 for K. andersoni and MNHN JLA72 for
A. sanguinea.

Genomics and bioinformatics

Due to its small size, the complete specimen of K. andersoni
was used for sequencing, while just a posterior piece of 1 cm of
A. sanguinea was cut and used. Samples were sent to the Beijing
Genomics Institute to be sequenced on a DNBSEQ-G400 plat-
form. Both samples returned a final quantity of ca. 140 M of 100
bp clean paired-end reads. Reads were analysed with Kraken 2
[101], version 2.1.3 against the NCBI core_nt database (k2_-
core_nt_20250609 release) with default parameters, using the
THOT superdome flex server of the Laval University (Québec,
Canada). Reads were assembled using SPAdes 4.0 [5] with k-
mer 85, and the resulting contigs files were also analysed with
Kraken 2. The contigs files were later datamined for the genes
or genomes of interest by customised standalone blastn queries
[15] using the mitogenome (OR835203) and the rRNA clusters
(OR797296; OR797297) of A. triangulatus as references. Prey
DNA was datamined as explained in previous publications
[55]. Protein-coding genes of all mitochondrial genomes,
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Figures 1-4. Geoplanids used in this study and their close environment. 1-2, Kontikia andersoni. 1, specimen MNHN JL467, unscaled; 2;
origin of the specimen, below decaying wooden boards. 3—4, Australoplana sanguinea. 3, specimen MNHN JL472, unscaled; 4, origin of the

specimen, below a concrete stone. Photographs by Stewart Rosell.

whether of geoplanids or Mitosporidium spp., were annotated
with the help of MITOS [28] with manual verifications done
by blatsp queries of the open-reading frames displayed by ORF-
finder (https://www.ncbi.nlm.nih.gov/orffinder/). Mitochondrial
tRNA were found using ARWEN, v1.2 [67], while mitochon-
drial rRNA genes were found by manual alignment of the
sequences with reference sequences from A. triangulatus using
MEGAX [66], except for the nuclear rRNA genes whose bound-
aries were found with the help of Rfam [79]. LOGO representa-
tion of the amino-acid alignments were done on the LOGO
website (https://weblogo.threeplusone.com/).
All data are available (see Data availability statement).

Phylogenies

For geoplanids, a recent multiprotein dataset [41] established
with the amino-acid sequences of the 12 proteins was appended
with the sequences of K. andersoni and A. sanguinea. Since, as
explained later, ND4L could not be found for K. andersoni, it
was replaced by a blank sequence in the dataset. For Mitosporid-
ium spp., the mitochondrial protein phylogeny dataset from
Haag er al. (2014) [46], which consists of ATP6, Cob, Coxl,
Cox2 and Cox3, was appended with the corresponding
microsporidian sequences detected in the flatworms. Corre-
sponding sequences from Paramicrosporidium saccamoebae
Corsaro et al., 2014 (GenBank: CMO008827), a parasite of
Amoeba, also considered a basal microsporidian [22], were also

added. All proteins were independently aligned using MAFFT 7
[63] with the -auto option and the resulting alignment trimmed
using trimAl [17] with the -automated] and -keepseqs option.
The best model of evolution was obtained on each alignment
using ModelTest-NG [23] (default option). The alignments were
then concatenated with Phyutility 2.7.1 [86]. All phylogenies
were conducted using IQ-TREE 2.2.0 [72] with 1 000 ultrafast
bootstrap replicates, and with a dataset partitioned with respect
to the best model of evolution found for each alignment. All
alignments and partition files are available as explained in the
Data availability statement.

Attempts to directly observe flatworm tissues to
detect microsporidia spores

A small piece of specimen MNHN JLA72 of A. sanguinea
kept in ethanol was rehydrated in water and squashed between a
slide and a cover glass. The slide was observed (by JLJ) with a
differential interference contrast microscope at various magnifi-
cations for seeking spores. Since the whole specimen of K.
andersoni was destroyed for molecular analysis, no such study
was attempted. Stained sections of four specimens of A. san-
guinea in the personal collection of one of us (LW) were re-
examined, looking for microsporidia: MUZD 555 from Victoria
H&E (Heidenhain’s Iron Haematoxylin); LW 890 from Tasma-
nia (H&E, MSB trichrome); LW 1761 from South Australia
(H&E, MSB trichrome), and LW 1806 A and B from Studley
Hill, Lancs UK, via Hugh Jones (Trichrome).
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Results
Taxonomic distribution of the reads and contigs

The vast majority of reads could not be classified by Kraken
2, with 88.39% and 83.87% of unclassified reads for K. ander-
soni and A. sanguinea, respectively. Only 1.45% and 0.9% of
reads were assigned to Platyhelminthes. However, it should
be noted that no reference nuclear genome is currently available
for geoplanids in GenBank, which could explain the low
assignment rates. The proportions of reads assigned to annelids
were 0.24% and 0.23%, to arthropods 2.11% and 3.39% and to
Mitosporidium spp. 0.08% and 0.17%, for K. andersoni and A.
sanguinea, respectively. The search for traces of other potential
hosts or parasites was also inconclusive. Kraken assigned
approximately 450 reads to Gregarinasina (considered 0.00%
by Kraken) and only 0.01% of reads to Amoebozoa.

As was the case for the reads, the majority of the contigs
could not be classified. For K. andersoni, only 35.30% were
assigned, but this percentage reached 48.72% for A. sanguinea.
Out of these contigs, 0.53% and 0.44% were assigned to Platy-
helminthes, which is lower than the percentage of reads previ-
ously assigned to this group. The percentages of contigs
assigned to annelids were 0.15%/0.19%, to Arthropoda
6.25%/10.19%, to Mitosporidium spp. 0.01%/0.08%, to
Gregarinasina 0.00%/0.00% and to Amoebozoa 0.03%/0.05%
(for K. andersoni/A. sanguinea, respectively). It should be
noted that these results somewhat contradict those obtained fol-
lowing the datamining for prey DNA, as explained below, espe-
cially for the overrepresentation of contigs assigned to
Arthropoda.

Geoplanids: paralogous rRNA genes

Like in all Geoplanids in which this was investigated, the
two species studied here have two paralogous copies of the
nuclear rRNA cluster of genes. Their nomenclature will follow
those recently introduced [39]. For K. andersoni, partial (427
bp) sequences of both copies of the /8S gene could be obtained
from the contigs file, and showed 95.32% identity with each
other. The low coverage copy (LCC), or type I, had coverage
of 133.58x (GenBank: PV468224) and the high coverage copy
(HCC), or type II, had coverage of 305.58x (GenBank:
PV468223). For A. sanguinea, a partial 1,026 bp sequence of
type I was obtained with coverage of 41.84x (GenBank:
PV468328). Only 714 bp could be retrieved for type II, with
coverage of 604.57x (GenBank: PV468329). After trimming
and alignment with Clustal omega, the fragments showed only
92.10% identity with each other.

Geoplanids: mitogenomes and phylogeny

For K. andersoni, the complete mitogenome could not be
assembled; it was recovered as several contigs that could not
be merged. However, it was possible to extract both rRNA
genes plus eleven of the protein coding genes from these con-
tigs (Table 1). ATP6 displayed an alternative TTG codon, and
NDI started with GTG. ND4, ND5 and cob were partial. ND4
was partial in 5’, while cob and ND5 were partial in 3’ ending. It

was thus impossible to verify whether or not ND5 has a prema-
ture stop codon, as generally observed among species of South-
ern Hemisphere Rhynchodeminae [39]. Since it was also not
possible to find ND4L, it is impossible to assess whether or
not there is overlap between ND4L and ND4, as also reported
[39]. The putative protein encoded by cox2 is 461 amino acids
long.

For A. sanguinea, a 17 505 bp contig containing all genes
was retrieved with 164.14x coverage. The genome could, how-
ever, not be circularized because of the lack of redundancy
between its endings and the presence of repetitions, as it is
known to occur among rhynchodemins [39]. For easier reading,
it is represented as circular in Figure 5. The mitogenome codes
for the 12 conserved protein coding genes, 20 tRNA and two
rRNA (GenBank: PV491411). It was not possible to find
tRNA-Thr, which is commonly lost or at least too divergent
to be detected among geoplanids. Also, it was not possible to
find one of the two tRNA-Ser usually found in rhynchodemins:
more precisely, the tRNA-Ser that clusters with tRNA-Leu,
tRNA-Tyr and tRNA-Gly, between the two rRNA genes.
ARWEN suggested that a second tfRNA-Ser might be present,
but on the negative strand, and since all mitogenomes of geo-
planids so far had their genes on the same strand, this result
was not retained. The mitogenome shows several other features:
ND5 shows a premature stop because of the presence of tRNA-
Ser; there is a 32-bp overlap between ND4L and ND4; ND3 dis-
plays an alternative TTG start codon; and the putative Cox2
protein is 464 AA long.

In the multiprotein phylogeny, both taxa belong to a
strongly supported clade (100% support) that also contains A.
triangulatus, Marionfyfea adventor Jones & Sluys, 2016 and
four species of Caenoplana Moseley, 1877 (Fig. 6).

Detection of prey DNA

Kontikia andersoni. A 9 884 contig with coverage of
200.79x was found. Best megablast query returned the com-
pletely covered 3 405 bp long partial 28S gene of Lumbricus
sp. THS-2006 (DQ790041, [92]) with 99.79% identity. An
attempt was made to again assemble the reads with a k-mer
of 55. When datamining the resulting contigs file, it was possi-
ble to find a 1 043 bp contig with low coverage of 6.08x that
returned 100% identity with partial 658 bp coxI sequences
labelled as Lumbricus festivus (Savigny, 1826) (FJ937302,
[83] and JN419206, [29]).

Australoplana sanguinea. A 2 674 bp long fragment with
high coverage of 405.95x was retrieved. Megablast query
returned /8§ hits for several species of earthworms, with the
same percentage of identity of 99.94%. Names, authorities,
accession numbers, lengths and references are indicated in
Table S1 (Supplementary File 1). Also, a 15 822 bp contig with
coverage of 60.42x was found, that matches with the mitogen-
ome of a lumbricid. The contig has TAs at both ends, and con-
tains all the conserved coding parts of a mitogenome. Best
megablast result for the query of the cox/ gene was a partial
658 bp coxI gene belonging to the lumbricid Dendrobaena
octaedra (Savigny, 1826) (GenBank: JQ909014 [80]) with
identity 96.48%, suggesting that a member of the genus Den-
drobaena was a prey.
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Table 1. Genes from the mitochondrial genome of Kontikia andersoni.
Gene Length (bp) Completeness GenBank
ATP6 675 Complete PV540689
coxl 1620 Complete PV540691
cox2 1386 Complete PV540692
cox3 795 Complete PV540693
NDI 894 Complete PV540694
ND?2 954 Complete PV540695
ND3 354 Complete PV540696
ND4L Not found - -
ND4 1186 Not complete PV540697
ND5 1314 Not complete PV540698
ND6 498 Complete PV540699
Cob 966 Not complete PV540690

[ complex | (NADH dehydrogenase)

] complex 11l (ubichinol cytochrome ¢ reductase)
[ complex IV (cytochrome ¢ oxidase)

@ ATP synthase

M transfer RNAs

[ ribosomal RNAs

Australoplana sanguinea

mitochondrial genome
17,505 bp

Figure 5. Australoplana sanguinea, mitogenome. The mitogenome is 17 505 bp in length and is represented as circular. The mitogenome

codes for 12 protein coding genes, 20 tRNA and 2 rRNA.
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* Kontikia andersoni
OR835203 Arthurdendyus triangulatus

ORB835205 Caenoplana variegata
ORB835206 Caenoplana sp.
ORB835204 Caenoplana decolorata

PV491411 Australoplana sanguinea

PV017148 Marionfyfea adventor

Rhynchodeminae

OR835207 Caenoplana coerulea

100

100

100 100 100

100

100 KP208777 Obama nungara
PP727122 Amaga pseudobama
99 MT527191 Amaga expatria

100

100
97 —LEMTOM%O Parakontikia ventrolineata
100 OM456243 Australopacifica atrata

PP711816 Microplana scharffi

PQ468469 Rhynchodemus sylvaticus

MT081580 Platydemus manokwari
I Microplaninae
MZ561470 Diversibipalium mayottensis
MZ561468 Bipalium vagum

MZ561469 Diversibipalium muitilineatum
MK455837 Bipalium kewense
0Q308795 Bipalium admarginatum Bipaliinae
MZ561471 Vermiviatum covidum
MZ561472 Vermiviatum covidum
MZ561467 Bipalium adventitium

Geoplaninae

OKO078614 Dugesia constrictiva

97
100 _IjABm 8487 Dugesia japonica

100

AB618488 Dugesia ryukyuensis
TI: KP090061 Girardia sp.

KM821047 Schmidtea mediterranea

MK962607 Obrimoposthia wandeli
KP208776 Crenobia alpina

KP090060 Phagocata gracilis

0.50

KT363736 Prosthiostomum siphunculus

Figure 6. Maximum likelihood phylogenetic tree of geoplanids, based on concatenated amino acid sequences of 12 mitochondrial proteins.
*For Kontikia andersoni, ND4L, which was not found, was replaced by a blank sequence in the dataset. Subfamilies are indicated on the right.

Support indicated at the nodes.

For none of our samples could any /8S from an Arthro-
poda, Amoebozoa or Gregarinasina be found, although for
Arthropoda, Kraken’s results suggested otherwise.

Presence of Mitosporidium-like sequences

Four sequences, which we ascribe to Mitosporidium spp.,
were found among the contigs files for both samples, with pairs
of corresponding sequences found within each file. These
sequences correspond to two different species. The complete
cluster of nuclear rRNA was retrieved from both samples.
The cluster was 6 245 bp long for K. andersoni with
273.26x coverage (GenBank: PV480898) and 6 420 bp long
for A. sanguinea with 73.01x coverage (GenBank:
PV480899). In Table 2, the lengths of the different parts of
the cluster and their conservation are compared for the two
sequences discovered in this study. Megablast queries of the
18S part returned only two results with similarity >90%. One
belongs to the reference sequence from Mitosporidium daph-
niae (GenBank: MF278562) from Haag et al. (2014) [46],
the other is ascribed to an uncultured and unidentified Crypto-
mycota from a water sample coming from a bog located in the
state of Michigan, USA (GenBank: MZ923257), described in
Quandt et al. (2023) [81].

The Mitosporidium-like mitogenomes will be referred to
herein as Mtspo_JLA467 (Fig. 7) and Mtspo_JL472 (Fig. 8),
depending on the flatworm specimen they were found to be
associated with. Their sizes were 14 870 bp (GenBank:
PV491412) and 11 995 bp (GenBank: PV491413), with cover-
ages of 26.33x and 34.89x, respectively. Their gene content
was identical for the conserved protein-coding genes and rRNA
genes, but differed regarding the non-conserved open-reading
frames (ORFs) (Table 3) and the tRNA (Table 4). Except for
the tRNA, the mitogenome of Mitosporidium sp. Mtspo_JL472
is colinear with that of M. daphniae, although it contains one
less large non-conserved ORF. The mitogenome of Mitosporid-
ium sp. Mtspo_JL472 shows a change in the position of the cob
gene.

Among the non-annotated ORFs, orfl130 from
Mtspo_JL467 and orf138 from Mtspo_JL472 were found to
be well conserved with orfl38 from M. daphniae (GenBank:
QWQO066181). An alignment of these three putative proteins is
provided as a LOGO figure (Fig. 9). In the central part, there
is a nearly entirely conserved 20 amino-acid sequence that is
highlighted on the figure. However, InterProScan could not find
any noticeable conserved domain, and blastp queries just
returned orf138 from M. daphniae as single result. This ORF
is located between ATP9 and cox3 in the three Mitosporidium
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Table 2. Lengths of the different parts of the cluster of nuclear rRNA and their conservation in the two sequences discovered in this study.

Specimen 188 ITS1 5.88 1782 288
Mtspo_JL467 (from K. andersoni) 1828 316 155 401 3545
Mtspo_JL472 (from A. sanguinea) 1827 354 155 535 3549
Mitosporidium daphniae 1823 414 155 726 3724/3533*
Mtspo_JL467 vs. Mtspo_JL472 93.80% 48.64% 95.48% 53.15% 84.73%
Mtspo_JL467 vs. Mitosporidium daphniae 93.36% 49.04% 94.84% 52.64% 85.25%
Mtspo_JL472 vs. Mitosporidium daphniae 98.74% 52.71% 99.35% 57.09% 92.80%

* There were discrepancies between the length of the 28S indicated by the authors and the length suggested by Rfam. The first value is the
length as noted on GenBank; the second is the length measured in this study.

Mitosporidium Mtspo_JL467
mitochondrial genome
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Figure 7. Mitogenome of Mitosporidium sp. JL467 (Mtspo_JL467) from Kontikia andersoni. The mitogenome is 14 870 bp in length. The
mitogenome could not be circularised and is represented as linear.

Mitosporidium Mtspo_JL472
mitochondrial genome
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Figure 8. Mitogenome of Mitosporidium sp JL472 (Mtspo_JL472) from Australoplana sanguinea. The mitogenome is 11 985 bp in length.
The mitogenome could not be circularised and is represented as linear.

Table 3. Protein-coding genes, rRNA genes and non-conserved ORFs content of the mitochondrial genomes of Mitosporidium daphniae,
Mitosporidium sp. Mtspo_JL467 and Mitosporidium sp. Mtspo_JL472.

Name Mitosporidium daphniae Mtspo_JL467 Mtspo_JL472
(from Kontikia andersoni) (from Australoplana sanguinea)
Accession number MW864067 [46] PV491412 (this paper) PV491413 (this paper)
complex I (NADH dehydrogenase) - - -
complex III (ubiquinol cytochrome c reductase) cob cob cob
complex IV (cytochrome c oxidase) coxl, cox2, cox3 coxl, cox2, cox3 coxl, cox2, cox3
ATP synthase ATP6, ATP9 ATP6, ATP9 ATP6, ATP9
SSU ribosomal proteins rpsi2 rpsi2 rpsi2
LSU ribosomal proteins - - -
rRNA rrnS, rrnL rrnsS, rrmL rrnS, rrnL

ORFs orf138, orf292, orf295 orf116, orf130, orf298 orf138, orf287
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Table 4. tRNA content of the mitochondrial genomes of Mitosporid-
ium daphniae, Mitosporidium sp. Mtspo_JL467 and Mitosporidium
sp. Mtspo_JLA472.

tRNA Mitosporidium

daphniae

Mtspo_JL467 Mtspo_JL472
(from Kontikia (from Australoplana
andersoni) sanguinea)

tRNA-Gly
tRNA-Pro
tRNA-Ala
tRNA-Val
tRNA-Leu
tRNA-Ile

tRNA-Met
tRNA-Cys
tRNA-Phe
tRNA-Tyr
tRNA-Trp
tRNA-His
tRNA-Lys
tRNA-Arg
tRNA-Gin
tRNA-Asn
tRNA-Glu
tRNA-Asp
tRNA-Ser
tRNA-Thr
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Figure 9. Alignment, presented as a LOGO figure, of the three
putative proteins orf130 from Mitosporidium Mtspo_JL467, orf138
from Mitosporidium Mtspo_JL472 and orf138 from Mitosporidium
daphniae. There is a nearly entirely conserved 20-amino-acid
sequence in the central part (highlighted in yellow in the figure).

mitogenomes available. For orf116 from Mtspo_JLA467, blastp
queries suggest that it might be a truncated LAGLIDADG
endonuclease. Blastp queries on orf298 from Mtspo_JL467
and orf287 from Mitspo_JLA472 returned orf292 and orf295
from M. daphniae as best results. All seem to have retained
at least partial LAGLIDADG domains, as can be seen in
Figure 10.

There were noticeable differences in the content of tRNA
between the three Mitosporidium mitogenomes. It should, how-
ever, be noted that M. daphniae was annotated using a different
set of software, which could lead to discrepancies. All mitogen-
omes so far seem to lack tRNA-Asp, tRNA-Thr and tRNA-Cys.

The multiprotein phylogeny (Fig. 11) returned results sim-
ilar to Haag et al. (2014) [46]. The three Mitosporidium species
were in a strongly supported clade, sister to Rozella allomycetis
(Doweld) Letcher, which displays a very long branch, and
Paramicrosporidium saccamoebae was sister-group to the

clade containing Mitosporidium and Rozella. Mitosporidium
daphniae and Mitosporidium sp. Mtspo_JL472 were the closest
related, which can be put into perspective with the complete
conservation of the order of the protein-coding genes and rRNA
genes among these two taxa.

Search for microsporidia in flatworm tissues

We have not obtained direct evidence of microsporidia
infection of flatworm tissue. No observation was made on K.
andersoni. For A. sanguinea, our search for microsporidia on
tissues kept in ethanol of the infected specimen MNHN
JLAT2 was negative. Our search on stained serial sections of
other specimens revealed evidence of gregarine infestation with
the exception of the specimen from Tasmania. None exhibited
anything in their intestinal diverticula that had the morphology
of microsporidia, nor anything approaching Graff’s peculiar
sporozoan [97].

(In)formal description of two new species of
Mitosporidium

Microsporidia are now known to belong to the Kingdom
Fungi, but since they were considered unicellular protozoans
in the past, the International Code of Zoological Nomenclature
(ICZN) is still used for them. Therefore the rules of the current
ICZN (1999) [50] apply to the description of new species. Two
of these rules are the need for a description of the species (Arti-
cle 13.1) and deposition of type-specimens (Article 16.4). We
cannot satisfy the first of these rules, since our attempt to visu-
alise spores in the A. sanguinea MNHN JLA472 specimen failed,
and the K. andersoni MNHN JL467 specimen was destroyed,;
for the second rule, we could consider that the remaining part
of the body of specimen MNHN JL472 containing microspor-
idia is the type-bearing specimen, but this would be impossible
for MNHN JL467, which was destroyed. Therefore, we present
below what is currently known for each species, without ascrib-
ing a formal binomial name.

Both species are ascribed to the genus Mitosporidium Haag
et al., 2015 (Microsporidia) on the basis of high similarity of
several DNA sequences (Tables 2—4).

Kingdom Fungi

Subkingdom Rozellomyceta

Genus Mitosporidium Haag, James, Pombert, Larsson,
Schaer, Refardt & Ebert, 2015

(note that according to the ICZN, the date of the taxon is
2015, not 2014, since the 2014 paper did not comply with
the Code) [46, 47].

Mitosporidium sp. JL467

Locality: Castle Espie, Northern Ireland

Host: Kontikia andersoni Jones, 1981, Platyhelminthes,
Tricladida, Geoplanidae

Possible hosts: species of Lumbricus, earthworm preys of
the flatworm (see discussion)

Morphology: unknown

DNA characterisation: see Tables 2—4.



R. Gastineau et al.: Parasite 2025, 32, 67 9

10

"0 et Do oYL AGL IDSESTIKPr et bk T IRokerne Ly TRk DspenTe]

giﬁé%ﬂ%@ﬁmgg DT T TN T T GEENNL T INE Tt a1 s exNKaN R TR | | TsMIEYPFShKse

e aTsL TopereENNKE et SvFKsuY Yecemsk kMY s TsmsmsaT Lz Y psYPLLTeKYesrsok s

2%

“ersseTionlL R IDTKeoE

220 e

wAETCRTYD ™" | ° 1 I

MMMMMM_LMS
e En &

Figure 10. Alignment, presented as a LOGO figure, of the three putative proteins orf298 from Mitosporidium Mtspo_JL467, orf287 from
Mitosporidium Mtspo_JL472 and orf295 from Mitosporidium daphniae. A partial LAGLIDADG domain was retained in the three species
(highlighted in yellow in the figure).

PV491412 Mitosporidium sp. Mtspo_JL467
PV491413 Mitosporidium sp. Mtspo_JL472
MW864067 Mitosporidium daphniae
1% NC 021611 Rozella allomycis
CMO008827 Paramicrosporidium saccamoebae

NC 006836 Rhizopus oryzae
NC 003049 Schizophyllum commune
NC 008368 Ustilago maydis
NC 018792 Cryptococcus neoformans
100 DQ376035 Candida parapsilosis
_IjNC 001224 Saccharomyces cerevisiae
NC 088682 Schizosaccharomyces pombe
NC 016680 Fusarium solani
100 NC 016187 Penicillium solitum
NC 006838 Mortierella verticillata

100 NC 003053 Rhizophydium sp. 136
_I_—NCO03052 Spizellomyces punctatus
o0 | NC 003048 Hyaloraphidium curvatum

100 NC 000844 Daphnia pulex
_:\lC 024511 Drosophila melanogaster
NC 001573 Xenopus laevis
NC 002333 Danio rerio
NC 012920 Homo sapiens
NC 004454 Varroa destructor
NC 001328 Caenorhabditis elegans

NC 008446 Aurelia aurita 0.50

100 L—— NC 000933 Metridium senile
Figure 11. Maximum likelihood phylogenetic tree of the three Mitosporidium species and their relatives, based on concatenated amino acid
sequences. Based on the dataset by Haag et al., 2014 [46], added with the sequence of Paramicrosporidium saccamoebae and the sequences
obtained in the present study for Mitosporidium Mtspo_JL467 and Mitosporidium Mtspo_JL472. The three Mitosporidium species are in a
strongly supported clade, sister to Rozella allomycetis, which displays a very long branch, and P. saccamoebae is sister-group to the clade
containing Mitosporidium and Rozella. Support indicated at the nodes.
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Mitosporidium sp. JL472 Discussion
Locality: Belfast, Northern Ireland Insights into two invasive terrestrial flatworm
Host: Austroplana sanguinea (Moseley, 1877), Platy-  Species

helminthes, Tricladida, Geoplanidae

Possible hosts: species of Lumbricus (Supplemental
Table S1) or species of Dendrobaena, earthworm preys of
the flatworm (see Discussion)

Morphology: unknown

DNA characterisation: see Tables 2—4.

Kontikia andersoni supposedly originates from New Zeal-
and. In Europe, it has been recorded in Cornwall, the Isles of
Scilly, the Isle of Man, Scotland, Northern Ireland, and the
Republic of Ireland [53, 100]. Various reports suggest that K.
andersoni feeds on a wide range of prey that includes arthro-
pods (especially Collembola), molluscs (slugs) and annelids



10 R. Gastineau et al.: Parasite 2025, 32, 67

(earthworms). The species has recently been introduced to the
sub-Antarctic Macquarie Island [44, 101] where it is quickly
spreading [49].

Australoplana  sanguinea originates from South—East
Australia, and is present in Tasmania, New Zealand and the
Chatham Islands. Since its first record in the Isles of Scilly in
1980, it has colonized most of the British Isles including
Ireland, Wales and Scotland and even the Channel Islands
[3, 51, 52, 71, 85]. It seems particularly abundant in Cornwall
and North—West England and is mostly known to feed on earth-
worms. For both species, no reports are known from continental
Europe.

The original goal of this study was to document the genetic
sequences of K. andersoni and A. sanguinea, for later use in
molecular taxonomy and phylogeny. In this regard, and
although the sequencing of K. andersoni was far from optimal,
this task has been fulfilled. Genetic databases are now enriched
with sequences of both species. It was possible in both cases to
obtain partial sequences of both versions of the paralogous /8S
genes [19, 20, 39]. The multiprotein phylogeny clearly sepa-
rates K. andersoni from Parakontikia ventrolineata (Dendy,
1892) Winsor, 1991 and Australopacifica atrata (Steel,
1897), two species that have previously been classified in the
genus Kontikia Froehlich, 1955. This result strongly suggest
that molecular phylogeny might challenge the current classifica-
tion of several Kontikia species.

Identification of prey

It is not possible to separate the organs when performing a
molecular analysis on a fragment of the body of a flatworm,
even more so when a whole specimen is used; for this reason,
the sequences obtained include the flatworm itself, the contents
of the digestive tract and therefore the prey, and (if present) the
parasites, whether those of the flatworm or those of the prey.

For Kontikia andersoni, our molecular results based on both
28S and coxlI sequences suggest that the prey included species
of Lumbricus, probably L. festivus. For Austroplana sanguinea,
results based on a mitogenome suggest that the prey was a spe-
cies of Dendrobaena, and results based on partial /8S sug-
gested that the prey included earthworms that could not be
identified at the species level, which is expected for /8§
sequences [6]. This leaves us with the certainty that the prey
of the two flatworms were earthworms.

No evidence of arthropod DNA (neither /8S nor mitochon-
drial DNA) was found in the contigs file by data mining,
although Kraken assigned between 2% and 3.4% of the reads
to Arthropoda, and an even higher percentage of the contigs.
Some of the largest contigs assigned to Arthropoda by Kraken
were extracted and submitted to a Megablast query on the
NCBI server. They did not return any results. Based on this,
and on the discrepancies mentioned, we consider this to be pri-
marily an artefact of the taxonomic assignment, which is prob-
ably impaired by the absence of a reference nuclear genome
from a Geoplanidae in the database. In previous studies, our
gut DNA datamining protocol [55] has successfully detected
traces of multiple prey types within a single specimen. We must
therefore conclude that no detectable amount of insect DNA
was present in our samples, and that the Kraken assignments

should be interpreted with caution. This point is particularly
noteworthy, given that the only previously described species
of Mitosporidium is a parasite of an arthropod.

Considerations on Mitosporidium species

Based on sequence similarity across multiple loci, we have
no doubt that the closest relative of our two species is
Mitosporidium daphniae, and we therefore assign them to the
genus Mitosporidium.

There were noticeable differences between Mtspo_JLA467
and all related sequences, for both its nuclear rRNA or mito-
chondrial genome and despite the fact that the sample originates
from the same area as Mtspo_JL472. This suggests that the
radiation of Mitosporidium species includes major variations.

We would also like to note the conservation of the ca. 130-
140 AA long ORF. Although it is impossible to assess whether
or not this is a functional gene, in case more mitogenomes of
Mitosporidium spp. became available, it would be worth check-
ing the presence and conservation of this ORF.

Hypotheses and speculations about the hosts of
the two new species of Mitosporidium

On the basis of the available evidence, it is not currently
possible to assess the exact host-parasite relationship between
the two geoplanids investigated and the presence of Mitosporid-
ium spp.

We briefly present here our reasoned doubts and specula-
tions concerning host identity.

Hypothesis 1: The Mitosporidium spp. are parasites of
flatworms. This is the simplest explanation, but we have
not obtained direct evidence of microsporidia infection
of flatworm tissue. This should be attempted by means
of light and electron microscopy of various worm tis-
sues. It is known that parasitic flatworms (Neodermata)
can be parasitised by microsporidia [4, 68, 73, 87, 95].
However, no microsporidia appear to have been reported
for terrestrial flatworms (Tricladida, Geoplanidae).

Hypothesis 2: The Mitosporidium spp. are parasites of
earthworms, which are common prey for both flatworm
species. Our results on the DNA of the prey indeed
show that both flatworms consume earthworm species.
However, only very few microsporidia parasitic in earth-
worms are known from an early light and electron
microscopy study [14, 24], with none described with
modern molecular methods.

If species of Mitosporidium are indeed parasites of
earthworms and exhibit strict host specificity, then under
Hypothesis 2, our findings could only be explained if two flat-
worm species, co-occurring in the same geographical area, each
preyed upon a distinct earthworm species, and each of those
earthworms was itself infected by a distinct Mitosporidium
species. Such a scenario appears statistically far less plausible
than Hypothesis 1, which posits that each Mitosporidium
species is a parasite of a single flatworm species. In this latter
case, our results would represent two independent flatworm—
Mitosporidium host—parasite associations.
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Both flatworm species studied here are native to the
Australia—New Zealand region. This suggests the existence of
radiation of Mitosporidium in the Geoplanidae of this region,
which should be verified.

Alternative hypotheses may be proposed. The only species
of Mitosporidium formerly described, M. daphniae, is a parasite
of a freshwater crustacean. Neither geoplanids nor their earth-
worm preys have aquatic stages nor contact with freshwater ani-
mals; the hypothesis of a freshwater host is therefore rejected.
The Mitosporidium detected here could be hyperparasites, i.e.
parasites of parasites infecting flatworms or earthworms, such
as amoebae. Indeed, some ““basal’” microsporidian species, such
as Paramicrosporidium saccamoebae, parasitise amoebae [22].
However, given the absence of amoebal DNA in our samples,
we dismiss this hypothesis.

The great similarities between the GenBank partial /8S
sequence MZ923257 [81] with M. daphniae and Mtspo_JLA472
are puzzling. This sequence was derived from an aquatic sam-
ple [81]. If this sequence belongs to a species of Mitosporidium,
What was its host?

Conclusion

In this study, we characterised multiple sequences from two
invasive flatworm species in Northern Ireland and, unexpect-
edly, detected the genetic signatures of two distinct
microsporidian species — one in each flatworm host:
Mitosporidium sp._JLAT2 in Australoplana sanguinea and
Mitosporidium sp._JLA67 in Kontikia andersoni. The two
microsporidian species are genetically distinct yet both clearly
belong to the genus Mitosporidium. Due to the limitations
imposed by the ICZN, we are currently unable to formally
describe these species or assign them Latin binomials.

As our study was based on a “cocktail” of DNA — including
DNA of flatworms, earthworms and microsporidia — some
uncertainty remains regarding the actual host of the microspor-
idia. We acknowledge that our conclusions rely on a single
specimen per flatworm species, and that a definitive determina-
tion of host specificity will require additional sampling. Never-
theless, we consider the hypothesis that each Mitosporidium
species is specific to its respective land flatworm host to be
the more plausible explanation.

Following this study, the genus Mitosporidium comprises
three species: one parasitic on a freshwater crustacean [46]
and two parasitic on land flatworms. This significantly broadens
the known host range of the genus.

A possible reason for the success of an invasive species
when introduced into a new territory is the absence of predators
and parasites, which allows the invasive species to reproduce
exponentially; this is known as the Enemy Release Hypothesis
[64]. Therefore, the discovery of parasites in invasive species is
of particular interest. The case of the invasive yellow-legged
(Asian) homet (Vespa velutina nigrithorax Lepeletier, 1836)
is emblematic [74], with the description of several parasites
or pathogens [35, 65, 97], although none seem to reduce the
spread of the species. Mitosporidium daphniae has been
reported to exert a negative, albeit marginal, effect on the life-
time fecundity of its crustacean host [45, 83]. At present, noth-
ing is known about the potential pathogenic effects of the newly

identified Mitosporidium species on their respective hosts, and
this question warrants further investigation.
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