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Based on spore morphology and small subunit ribosomal DNA sequences, we describe a new Myxobolus species,
Myxobolus tihanyensis n. sp., parasitizing the European perch (Perca fluviatilis) from Lake Balaton in Hungary. The
brownish plasmodia were found in various locations of the body, mainly in the muscle adjacent with fins and
vertebrae. The spores were ovoid, and measured 9.84 + 0.38 pm in length, 7.69 + 0.23 pm in width, and 5.35 +
0.21 pm in thickness, with 8-10 sutural (edge) markings. The polar capsules were mostly equal in size, with 4.91
+ 0.39 pm in length and 2.27 + 0.24 pm in width. The polar tubule length is 38.15 pm + 2.70, and coiled 6-7
times. In particular, these morphological data overlap with those of Myxobolus sandrae Reuss1906 infecting the
European perch (Perca fluviatilis), the pikeperch (Sander lucioperca), and the Volga pikeperch (Sander volgensis)
according to previous descriptions and the taxonomic data here described. However, the phylogenetic analyses
separate the two species as sister clades with 16.8% genetic distance. This study has demonstrated that the two
species of Myxobolus exhibit phenotypic similarity while displaying significant genetic divergence. Therefore, the

importance of including molecular data in the taxonomic description of myxozoans is emphasized.

1. Introduction

Classifying Myxozoan (phylum Cnidaria) parasites into nominal
species provides insights into the estimation of species diversity, ecol-
ogy, biogeography and their evolution (Brooks and Hoberg, 2000). The
genus Myxobolus Biitschli, 1882, is one of the most species-rich genera,
with more than 900 described members. They are cosmopolitan para-
sites infecting an extensive diversity of fishes (Liu et al., 2019; Eiras
et al.,, 2021). The validity of their classification is questioned by the
occurrence of morphological convergence, as speciation does not
necessarily lead to concomitant morphological changes (Bickford et al.,
2007; Forro and Eszterbauer, 2016). Several taxonomic descriptions of
myxozoans are based only on morphology of the spores, together with
biological features such as host specificity and tissue tropism (Molnar
and Eszterbauer, 2015). However, most attributes occur as analogous (e.
g., length and width measurements), resulting in overlapping features
that cause species delimitation difficulties, especially when spores
develop in the same organs or tissues of phylogenetically closely related
fish hosts (Cech et al., 2012; Holzer et al., 2013; Alama-Bermejo et al.,
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2016; Guo et al., 2018). Most myxozoan species are recognised as
host-specific and tissue-restricted parasites (Molnar, 1994), while others
infect a wide range of hosts regardless of species and type of tissues
(Forr6 and Eszterbauer, 2016). This partial inconsistency leads to a
misidentification of species, whereby the authentic diversity of myxo-
zoans is not perceived (Andree et al., 1999; Eszterbauer, 2002;
Bartosova-Sojkova et al., 2014; Wang et al., 2022). Integrating molec-
ular biology and phylogenetic analyses has significantly accelerated the
taxonomic identification of many species, thus effectively resolving the
taxonomic challenges (Andree et al., 1999; Guo et al., 2018; Wang et al.,
2022).

Currently, several myxozoans belonging to the family Myxobolidae
and inhabiting the European perch, Perca fluviatilis Linnaeus, 1758, have
been identified: Henneguya psorospermica Thélohan, 1895, Henneguya
texta Cohn, 1895, Henneguya minuta, Cohn 1896, Henneguya wolinensis
Romuk-Wodoracki, 1990, Henneguya dogieli Akhmerov, 1960, Henne-
guya lobosa and Heneguyya creplini Gurley, 1894, Henneguya jaczoi
Székely et al., 2018, Myxobolus permagnus Wegener, 1910; Myxobolus
guyenoti Naville, 1928; and Myxobolus sandrae Reuss (1906); Lom et al.
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(1991); Székely et al. (2018). The species mentioned above create
plasmodia in gills, except H. wolinensis — epidermis under the scales, and
M. sandrae. The latter was detected in the muscles and intermuscular
connective tissue outside the vertebral column and was described as a
pathogen causing severe damage to the caudal nerves and abnormal
curvature of the vertebral column of the European perch (Lom et al.,
1991). Originally, M. sandrae was described from the muscles of the
pikeperch, Sander lucioperca (Linnaeus, 1758) by Reuss (1906) and later
documented by Soltynska (1967). Subsequently, Andree et al. (1999)
and Ferguson et al. (2008) also provided 18 S rDNA gene sequences
without morphological data. In the routine parasitological survey of the
European perch collected in Lake Balaton, we detected plasmodia in the
musculature near the skin covered base of the fin rays, in and in the
vicinity of the vertebral column and the buccal cavity. Interestingly,
according to spore morphology, the Myxobolus spores presented here
were remarkably similar to M. sandrae (Lom et al., 1991).

Therefore, in order to clarify the contradictions and establish the
validity of Myxobolus tihanyensis n. sp. as a novel species, morphological
and molecular data were performed and compared with the existing
descriptions of M. sandrae, including updated information on spore
morphology and molecular data.

2. Material and methods
2.1. Sample collection

Perca fluviatilis specimens (n = 23; total length 8-13 cm) were
collected in March 2023 in Tihany, Lake Balaton (46.90891° N,
17.87923° E). All specimens were transported alive in oxygenated
plastic containers to the Laboratory of Fish Pathology and Parasitology
at the Veterinary Medical Research Institute (HUN-REN VMRI) and kept
in an aerated aquarium until necropsy. The perch were routinely
screened for myxozoan parasites by macroscopic examination. All pro-
cedures were performed in accordance with the European Directive on
the Protection of Animals Used for Scientific Purposes (Directive, 2010/
63/EU). Therefore, specimens were anaesthetised and slaughtered by a
cervical cut. All organs, including the skeleton (head, trunk, and fins),
were removed and observed under a stereo-microscope (Olympus
SZX16) for plasmodia detection. If plasmodia were present, photomi-
crographs were taken under a light microscope (Olympus BX53)
equipped with a digital camera (Olympus DP74). Subsequently, the
plasmodia were ruptured by a sharp needle, and the spores were
collected in 1.5 ml microcentrifuge tubes filled with 80% ethanol for
morphological and molecular analyses (Sellyei et al., 2022). Similarly,
sample stocks of Myxobolus sandrae were processed from infected mus-
cles of Sander lucioperca (n = 3) and Sander volgensis (Gmelin, 1789) (n
= 1) collected in Lake Balaton in 1996 and 2005, respectively, and
stored at —20 °C in the Fish Pathology and Parasitology Laboratory at
the Veterinary Medical Research Institute (HUN-REN VMRI).

2.2. Morphological identification

Fresh and Lugol-stained spores were mounted on glass slides under a
coverslip and measured according to the guidelines of Lom and Arthur
(1989) using ImageJ software (http://imagej.nih.gov/ij).

For histology, the posterior part of the body with the caudal fin of
two infected perches was used, cutting them in sagittal or transverse
directions, respectively. The sagittal section was fixed in Bouin’s solu-
tion for 4 h. The transversal section — was fixed in 10% formalin for 3
days, then soaked in 5% HCL for 5 h. Both the samples were washed and
dehydrated in an ascending ethanol series and embedded in paraffin
wax. In addition, the paraffin block with transversal section was
decalcified in RDC (Rapid Decalcifier, HLJ-011, Histo-Lab) solution for
3 h and washed under running water for 30 min to remove the solution.
The blocks were then cut into 4-5 pm sections and stained with hae-
matoxylin and eosin (H&E).
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Photomicrographs about histological slides were taken under a light
microscope (Olympus BX53) with a digital camera (Olympus DP74). All
measurements are given in micrometres (um) and are presented as the
mean, followed by the +tstandard deviation (SD) and the range in
parentheses.

2.3. PCR and sequencing

DNA was extracted from myxosporean spores isolated from perch,
pikeperch, and Volga pikeperch using a Genomic DNA Mini Kit (Geneaid
Biotech Ltd., Taiwan) according to the manufacturer’s instructions. Two
overlapping fragments of the 18 S ribosomal RNA (18 S rDNA) gene
were amplified by Polymerase chain reaction (PCR) using the following
primer pairs: ACT1F-ACT1R, and Myxgen4F-Myxgen4R, and Myxgen4F-
ERB10 (Barta et al., 1997; Hallett and Diamant 2001; Diamant et al.,
2004) (see Table 1 for more details). Primers amplified three over-
lapping fragments from 600 to 900 bp, approximately. All PCR ampli-
fications were performed in 50 pl volume reactions using 5 pl of 10 x
DreamTaq buffer (Thermo Scientific, Vilnius, Lithuania), 1 pl of 2 mM
dNTP mix (Thermo Scientific), 0.5 pl of 10 pmol of each primer, 0.5 pl of
DreamTaq polymerase (1 U; Thermo Scientific), 1 pl of template DNA,
and 41.5 pl of nuclease-free water to volume. The amplification condi-
tions were the same for all paired primers: 94 °C for 3 min, followed by
35 cycles of three steps of 94 °C for 45 s, 55 °C for 50 s, and 72 °C for 1
min; and a final elongation step of 72 °C for 10 min. DNA amplicons
were electrophoresed through a 1% agarose 1 x tris-acetate-EDTA
buffer (TAE) gel stained with ethidium bromide (0.5 pl/ml) and exam-
ined under ultraviolet light. The appropriate-sized bands were cleaned
with the DNA Fragment Purification Kit (Invitek, Berlin, Germany). Each
PCR product was sequenced with the same primers performed for
amplification in both (forward and reverse) directions using a BigDye
Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City,
USA) and run on an ABI PRISM 3100 Genetic Analyser (Applied
Biosystems).

2.4. Phylogenetic analyses

The sequence chromatograms were checked visually and edited in
Chromas software v. 2.6.6 and assembled in MEGA 11 (Tamura et al.,
2021). To determine the phylogenetic relationship, 32 representative
sequences of the 18 S rDNA gene of myxosporeans were retrieved from
the GenBank database (see Appendix S1 for more details), and the
Chloromyxum auratum (AY971521) sequence was used as an outgroup.
The nucleotide sequences were aligned using ClustalW in MEGA 11
(Tamura et al., 2021), and ambiguously aligned positions were elimi-
nated using GBlocks v0.91 b with less stringent selection parameters
(Castresana, 2000; Talavera and Castresana, 2007).

Phylogenetic relationships were performed using Maximum Likeli-
hood (ML) and Bayesian Inference (BI). Both analyses were performed
using the general time-reversible model (GTR + G) as the most plausible

Table 1
List of primers used for the amplification and sequencing of the 18 S rDNA gene
for Myxobolus tihanyensis n. sp. and Myxobolus sandrae.

Primer Sequence (5-3") Paired Reference
with
ACT1F TGGCAGCGAGAGGTGAAATT ACT1R Hallett and
(forward) Diamant (2001)
ACT1R AATTTCACCTCTCGCTGCCA ACT1F Hallett and
(reverse) Diamant (2001)
Myxgen4F GTGCCTTGAATAAATCAGAG Myxgen4R Diamant et al.
(forward) (2004)
Myxgen4R CTY TGATTTATTCAAGGCAC Myxgen4F Diamant et al.
(reverse) (2004)
ERIB10 CTTCCGCAGGTTCACCTACGG  Myxgen4F Barta et al.
(reverse) (1997)
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model according to the Akaike Information Criterion (AIC) and Bayesian
Information Criterion (BIC) executed in jModelTest 2.1.10 v20160303
(Darriba et al.,, 2012). ML analyses were performed by MEGA 11
(Tamura et al., 2021), and nodal support values were calculated based
on Bootstrap analysis using 1000 replicates. Similarly, BI analyses were
conducted by MrBayes v. 3.2 (Ronquist et al., 2012), using nst = 6, with
gamma-distributed rate variation across sites and a proportion of
invariable sites (rates = invgamma). Posterior probability distributions
were generated using the Markov Chain Monte Carlo (MCMC) method,
with four chains running simultaneously for 2,000,000 generations.
Burn-in was set at 2,500, and trees were sampled every 100 generations,
making a total of 7500 trees used to compile the majority rule consensus
trees. Bootstrap values (BS) > 70% for ML and Posterior probabilities
(PP) > 0.95 values for BI analyses were considered strongly supportive
for clades. The resulting trees were first visualised in MEGA 11 (Tamura
et al.,, 2021) and FigTree v. 1.4.4 (Rambaut, 2018), respectively, and
both were edited in CorelDRAW Graphics Suite 2019 v. 21.3.0.755. To
evaluate the genetic distance between the Myxobolus species clustering
together with the newly obtained sequences, the pairwise method with
the p-distance model was carried out in MEGA 11. The variance was
estimated by the bootstrap method (1000 replicates) and the uniform
nucleotide substitution rate (transition - transversions).

3. Results

All (n = 21) examined specimens of P. fluviatilis were infected by
spore-forming plasmodia associated with the connective tissue in
different fish body regions, mentioned below: attached to the subcu-
taneous muscle beneath the hypodermis (Fig. 1C and Supplementary
Fig. S1B), adjacent to the vertebral skeletal system, close to the neural
and hemal spines (Fig. 4C-D and Supplementary Fig. S1A) under the
skin among the rays (interrays) near the distal radials of the pectoral and
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pelvic fins (Supplementary Figs. S1C-D), or close to the proximal radials
(pterygiophore) of the dorsal and anal fins; associated with the hypural
plates of the caudal fin (homocercal tails) (Fig. 1B-D) and Supplemen-
tary Fig. E), and the cartilaginous palatal region of the buccal cavity
(Supplementary Fig. S1G).

In the rest of the fish body, plasmodia of Myxobolus tihanyensis n. sp.
were not detected. Furthermore, the fish showed no abnormalities, such
as lesions or deformities related to this parasite. Morphometric,
morphological, and molecular analyses (Figs. 1-5) indicated that the
myxosporean collected in Tihany on Lake Balaton, should be considered
a new species of the genus Myxobolus.

3.1. Description

3.1.1. Myxobolus tihanyensis n sp

Plasmodia (n = 50): brownish and polymorphic in (long, slender,
spherical to ovoid) shape; and vary in size, 249 pm + 156 (60-850)
length, 174 pm + 49 (50-523). Rarely irregularly shaped plasmodia (n
= 2) were recorded (Fig. 1; Fig. S1). However, all examined plasmodia
contained mature spores.

Spores (n = 30): Mature spores are ovoid or slightly pyriform in shape
(Figs. 2 and 3). The sutural ridge presents 8-10 sutural markings sym-
metrically distributed. Spore length 9.74 pm + 0.33 (8.6-10.19). Width
7.69 pm =+ 0.23 (7.2-8.15) and thickness 5.35 pm + 0.21 (5.08-5.78)
(Fig. 2, Table 2). Spores with 2 polar capsules of approximately equal
size, length 4.9 pym + 0.39 (4.05-5.87), width 2.27 pm + 0.24
(1.78-2.75) (Fig. 2B-F). Polar tubule coiled 6-7 times, with a length of
38.15 pm + 2.70 (32.36-42.61) (Fig. 2D-H). All spore measurements
were taken on fresh spores, with the exception of the polar tubule length,
measured after Lugol staining.

Fig. 1. Myxobolus tihanyensis n. sp. plasmodia inhabiting Perca fluviatilis. (A). Plasmodia in the mesenchymal tissue between the caudal fin rays beneath the skin. (B)
Plasmodia in the subcutaneous muscle close to the cartilage and ossified caudal fin rays (C) Plasmodia close to the pleural centrum (pc) located in the homocercal
caudal fin. (D) Plasmodia is shown in the homocercal caudal skeleton in the urostyle (u) and the hypural (h). Note plasmodia are indicated in black arrows. Scale bars

= 500 pm.
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Fig. 2. Photomicrographs of Myxobolus tihanyensis n. sp. spores from Perca fluviatilis. (A-D) Myxobolus tihanyensis n. sp., and (E-H), Myxobolus sandrae from Sander
lucioperca. (A, E) Numerous mature spores (s) illustrate an ovoid shape and two polar capsules (pc). (B, F) Ovoid spores with sutural markings (white arrows) with
two polar capsules which contain coiled polar tubules (pf) (C, G) Spore in sutural view showing the suture (su) (D, H) Spores releasing the polar tubules (pf) and
showing sutural markings. Figs. C, G and H represented spores stained with Lugol solution. Scale bars = 10 pm.

3.2. Taxonomy summary

Type host: Perca fluviatilis Linnaeus, 1758, European perch
(Percidae).

Locality: Tihany, Lake Balaton, Hungary (46.90891° N, 17.87923°
E).

Prevalence of infection: 21/21 (100%)

Infection site: Spore-forming plasmodia located predominantly at the
fin bases adjacent to radials as follows: caudal fin 23/23 (100%), anal fin
3/23 (13%), anterior and posterior dorsal fin 8/23 (34.7%), pectoral fins
7/23 (30.4%), pelvic fins 8/23 (34.7%). Some were found between the
hemal and/or neural spines and muscle fibers 3/23 (13%), but also in
the muscles attached to the vertebrae of the spine 7/23 (30.4%), and
occasionally in the cartilage palatal region of the buccal cavity 2/23
(8.6%). No plasmodia were found in the trunk muscle.

Histology: Small, round, oval or amorphous plasmodia of Myxobolus
tihanyensis n. sp. were observed in the connective tissue, namely in the
lepidotrichial region between the fin rays or near the proximal pter-
ygiophores of the fins (Fig. 4A-BA), and between the hemal spines and
muscle fibers (Fig. 4C-D). Despite severe infection with plasmodia in the
hypural region of the caudal fin, no discernible morphological changes

or observable lesions were detected.

Sequences: 18 S rDNA sequences were deposited in the GenBank
under the accession numbers OR960700, OR960701, OR960702,
OR960703, OR960704.

Type material: Photo-types and histological preparations were
deposited in the parasitological collection of the Zoological Department,
Hungarian Natural History Museum, Budapest, Coll. No. HNHM-PAR-
20893.

Etymology: The name of the species refers to the name of the town of
Tihany, where the first host specimens were collected from Lake
Balaton.

Remarks: The myxospores of Myxobolus tihanyensis n. sp. overlap
morphometrically and morphologically with M. sandrae. The compara-
tive metrical data and microphotographs of the present species and M.
sandrae are provided in Table 2 and Fig. 2, respectively. BLAST analysis
of the 18 S rDNA gene sequences revealed no significant similarity
(<89%) with any known myxosporean species. The molecular phylo-
genetic analyses confirm that Myxobolus tihanyensis n sp. was robustly
placed in a monophyletic group that exhibited the closest genetic rela-
tionship with M. sandrae (Fig. 5).
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Fig. 3. Schematic drawings of the mature spore of Myxobolus tihanyensis n. sp.
from the caudal fin of Perca fluviatilis (A) in frontal view, (B) in sutural view.
Scale bar = 10 pm.

3.3. Phylogenetic analyses

Five partial 18 S rDNA sequences of Myxobolus tihanyensis n. sp. (in a
total length of 1584 bp, 1596 bp, 1591 bp, 1595 bp, 1579 bp with their
respective GenBank accession number OR960700, OR960701,
OR960702, OR960703, OR960704) obtained from five European perch,
four M. sandrae sequences from three pikeperch, and one Volga pikeperch
(in a total length of 1567 bp, 1564 bp, 1561 bp, 1553 bp with their
respective GenBank accession numbers: OR951403, OR951404,
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OR951405, OR951404) were compared with each other and other
myxozoan sequences. Each sequence of Myxobolus tihanyensis n. sp. from
different body regions (e.g., caudal fin, dorsal fin, vertebrae, and buccal
cavity) confirmed that all spore-forming plasmodia belonged to the
same species.

The final dataset comprised a total of 42 taxa and 1151 positions, and
the phylogenetic analyses revealed analogous ML and BI topologies.
Therefore, only the BI tree was used to represent the general tree to-
pology (Fig. 5; Supplementary Fig. S2 ). All sequences of Myxobolus
tihanyensis n. sp. were grouped in the same clade and were conspecific
with the highest nodal support values (PP = 1.0 and BS = 100%). This
clade formed a sister group to another well-supported monophyletic
clade (PP = 1.0 and BS > 86%), which included both the M. sandrae
sequences from the present study and those of Ferguson et al. (2008)
(PP = 1.0 and BS = 100%) (Fig. 5). The genetic divergence values be-
tween Myxobolus tihanyensis n. sp. and M. sandrae (EU346379) and M.
sandrae (AF085181) were 16.8%, and 27.7%, respectively. In contrast,
the divergence distance between both M. sandrae sequences (AF085181
and EU346379) was 30.3%. The difference varied from 16.3% to 18.3%
between Myxobolus tihanyensis n. sp. and other Myxobolus species.
(Table 3).

4. Discussion

The present study was conducted to identify Myxobolus tihanyensis n.
sp. inhabiting the European perch based on morphological features,
phylogenetic analyses, and genetic distance. Our results provide evi-
dence for the discovery of a novel species of Myxobolus. Furthermore,
our findings demonstrated that spores of M. tihanyensis n. sp. and M.
sandrae, previously recorded by Reuss (1906), Soltynska (1967) and
Lom et al. (1991), could not be distinguished by morphological

Fig. 4. Histology sections of Perca fluviatilis using the haematoxylin and eosin (H & E) technique. (A-B) Sagittal section of the proximal region of the caudal fin. (A)
Rounded plasmodia (p) developing in the mesenchyme (mh) closely attached to the bases of the rays (r), scale bar = 100 pm. (B) Higher magnification of plasmodia-
containing spores. Scale bar = 20 pm. (C-D) Transversal section of the caudal vertebrate region. (C) Plasmodia located between the hemal spine (hs) and muscular
fibres (mf), scale bar = 200 pm. (D) Higher magnification of plasmodia containing spores (black arrows), scale bar = 20 pm.
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Fig. 5. Bayesian inference phylogenetic tree based on dataset of 42 aligned myxosporean 18 S rDNA sequences. The GenBank accession numbers are shown next to
the species names. Chloromyxum auratum was used as an outgroup. Posterior probabilities (PP)/maximum likelihood bootstrap (BS) values are shown above the
nodes. Weakly supported nodes (PP < 0.95 and BS < 70%) are represented with dashes or blanks. Scale bar = 0.2 substitutions per site. Note: The fish host species
names of Myxobolus tihanyensis n. sp. and Myxobolus sandrae are indicated under their drawings. The complete data of all sequences used in this analysis are listed in
the Supplementary Table S1.



Table 2
Comparative description of Myxobolus tihanyensis n. sp. with morphologically similar species, including Myxobolus sandrae. Mean + SD and range in parentheses are expressed in pm. Unavailable data are indicated by a
dash (-).
Myxobolus Shape Spore length Spore width Thickness Polar capsule Polar capsule Polar Polar filament Sutural Infection site Host Reference
spp. length width filament length markings
coiled
M. Ovoid 9.84 + 0.38 7.69 £+ 0.23 5.35+0.21 491 +0.39 2.27 + 0.24 6-8 38.15 + 2.70 8-10 Muscle and subcutaneous Perca fluviatilis This study
tihanyensis (8.67-10.85) (7.28-8.15) (5.08-5.78) (4.05-5.87) (1.78-2.75) (32.36-42.61) muscle near the fins,
n. sp. vertebrates. Cartilage of the
buccal cavity
M. sandrae Discoidal, 10.26 + 0.40 8.5+ 0.36 5.50 + 0.34 4.60 2.40 6-8 3225+ 3 8-10 Muscle Sander lucioperca  This study
ovoid (9.4-11.3) (7.6-9.2) (4.83-6.12) (3.7-5.2) (1.79-2.89) (27.97-77.35) and Sander
volgensis
M. sandrae Ellipsoidal 10.1 8.0 (7.4-8.5) NA - - 6 NA 6 Muscles and intermuscular Perca fluviatilis Lom et al.
(9.2-11.3) connective tissues outside (1991)
of the vertebral column
M. sandrae Oval, 6.8-10.6 5.7-8.5 3.8-6 3.2-5.4 1.3-2.7 7-8 30-35 5-8 Connective tissue of the Sander lucioperca  Soltynska
discoidal, head, branchial, cavity, (1967)
oviod gills
M. sandrae Oviod 9.25 (9.25-10) 7.75 NA 3.5(3.5-4) 2(1.16-2.2) - - - Muscle Sander lucioperca  Reuss (1906)
(7.25-8.26)
M. inornatus Ovoid, 11.3 £ 0.2 8.6 £ 6.6 +£0.1 5.6 £0.2 2.6 +0.1 6-8 21.7 £ 0.9 8-10 Muscle Micropterus Walsh et al.
pyriform (8.6-17.4) 0(7.1-13.7) (5.7-7.8) (4.2-9.5) (1.7-4.6) 22 (17.2-27.2) dolomieu (2012)
M. doubleae Rounded 11.7 £ 0.4 8.6 + 0.4 5.2+ 0.4 5.7 £ 0.4 2.7 +£0.2 8-9 50 Yes Intrafilamental-epithelial Perca flavescens Milanin
(10.7-12.3) (7.7-9.0) (4.6-5.6) (5.1-6.5) (2.4-3.2) gills et al. (2020)
M. osburni Ovoid 10.15 11.79 6.8 (6.4-8.0) 5.2 (4.8-5.6) NA 6-7 35.2 (30.4-40) 10 Mesentary Micropterus Herrick
(9.6-11.2) (9.6-12.8) dolomieu and (1936)
Eupomotis
gibbosus
M. dechtiari Ovoid 11.5 8.0 (7.0-9.0) 7.5 (7.0-8.0) 5.0 (4.0-6.0) 2.5 (2.0-3.0) - 44 (37-55) 7-9 Gills Lepomis gibbosus Cone and
(10.0-14.0) Anderson
(1977)
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Table 3
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Genetic p-distance (below the diagonal) and sequence similarities (in %, above the diagonal) of Myxobolus tihanyensis n. sp., Myxobolus sandrae, and closely related
Myxobolus spp. based on 18 S rDNA sequence data, followed by their respective GenBank accession numbers.

1 2 3 4 5 6 7 8

1. Myxobolus tihanyensis n. sp. (OR960700-4) 83.2 83.2 72.3 83.7 83.6 83.1 81.7
2. Myxobolus sandrae (OR951403-6) 0.168 100 69.7 79.1 79.4 78.8 77.4
3. Myxobolus sandrae (EU346379) 0.168 0.000 69.7 79.1 79.4 78.8 77.4
4. Myxobolus sandrae (AF085181) 0.277 0.303 0.303 71.3 72.5 72.2 71.5
5. Myxobolus inornatus (JN8967069) 0.163 0.209 0.209 0.287 95.7 85.3 87.1
6. Myxobolus doubleae (MK592012) 0.164 0.206 0.206 0.275 0.043 85.7 86.9
7. Myxobolus osburni (AF378338) 0.169 0.212 0.212 0.278 0.147 0.143 83.9
8. Myxobolus dechtiari (MW588907) 0.183 0.226 0.226 0.285 0.129 0.131 0.161

comparisons; however, it is possible to separate these two species by
molecular analysis. The taxa M. tihanyensis n. sp. and M. sandrae exhibit
unambiguous divergence from a shared ancestral lineage and are
distinctly classified into sister clades, supported by evidence of genetic
distance. Therefore, it is clear that without genetic data, it would have
been impossible to distinguish and identify this new species based
merely on morphology and host species information.

Andree et al. (1999) were the first to compare the 18 S rDNA se-
quences of several Myxobolus species. They found a low correlation
between spore morphology and size or host specificity. However, in
some cases, spores of similar size and shape (e.g., Myxobolus cerebralis
Hofer, 1903 and Myxobolus squamalis Iversen, 1954) were phylogenet-
ically distant from each other. In contrast, spores with divergent
morphology and size were sometimes found to be closely related (e.g.,
M. cerebralis and Myxobolus insidiosus Wyatt and Pratt, 1963). In this
context, the myxozoans demonstrated the limitations of taxonomy based
on the size and morphological characteristics of spores and host species;
and strongly recommended the inclusion of molecular data in taxonomic
analyses. The study of Andree et al. (1999) provided molecular data for
the identification of some myxozoans without morphometric informa-
tion. Comparing molecular data of M. tihanyensis n. sp. with the M.
sandrae sequences (AF085181 by Andree et al. (1999) and EU346379 by
Ferguson et al. (2008)) indicated 72.3% similarity (27.7% genetic dis-
tance) and 83.2% similarity with 30.3% genetic distance, respectively
(Table 3). Meanwhile, Ferguson et al. (2008) reported a 65.9% genetic
similarity percentage between sample sequences AF085181 and
EU346379; we reported 69.7% similarity. The M. sandrae sequences
here generated (OR951403-6) are identical to M. sandrae of Ferguson
et al. (2008). Furthermore, our results indicate a higher percentage of
sequence similarity (83.2%) between the sequences of M. tihanyensis n.
sp. with the sequence here provided of M. sandrae and EU346379
(Table 3). Comparing our results with the phylogenetic tree of Andree
et al. (1999) a similar clade topology can be observed. Where the M.
sandrae sequence (AF085181) is positioned in a clade comprising Myx-
obolus bramae Reuss (1906), Myxobolus djragini (Akhmerov, 1954),
Myxobolus ellipsoides Thélohan, 1892, Myxobolus neurobius Schuberg and
Schroder, 1905, Myxobolus arcticus Pugachev and Khokhlov, 1979,
Myxobolus insidiosus Wyatt and Pratt, 1963, and Myxobolus squamalis
(Iversen, 1954); and rooted in another clade comprised of M. cerebralis.
Against this background and in the absence of morphological data for
the sequence AF085181, the identification of the specimen as M. sandrae
is questionable; that the record AF085181 could correspond to a still
undescribed species (Ferguson et al., 2008).

The morphological descriptions of M. sandrae, a muscle-dwelling
parasite of pikeperch, were primarily reported via line drawings.
Then, a further insight was presented by Lom et al. (1991), providing
microphotographs of fresh spores. However, it is important to note that
the samples in the latter publication, by Lom et al. (1991), were
collected from a different species of fish, namely the European perch,
particularly from the intermuscular connective tissue near the verte-
brae. Compared to the previous descriptions, our microphotographs
reveal that the spores of M. sandrae have a somewhat rounder shape.

Although morphological and molecular genetic investigations are

preferred, studying host, organ, and tissue specificity provides addi-
tional important information for accurately identifying myxosporean
spp. Molnar (1994) found that most myxosporeans have a relatively
strict organ specificity and an even stricter tissue specificity. Investi-
gating this issue, Molnar and Székely (2014) demonstrated that
M. sandrae, a known parasite of the musculature of the pikeperch, should
be considered a parasite of connective tissue, as its vegetative devel-
opment and sporogony occur in the intermuscular connective tissue. The
plasmodia and spores of M. tihanyensis n. sp. showed morphological
similarity with M. sandrae and were also closely related in their mo-
lecular sequences.

In its histology, the new species also proved to be connective tissue-
specific. However, the two species differed regarding host and location
in organs. While plasmodia of M. sandrae are mainly associated with the
connective tissue of the skeletal muscle, the plasmodia of M. tihanyensis
n. sp. develop near the basal part of fins and close to the vertebral col-
umn. In contrast, M. sandrae from European perch (described by Lom
et al., 1991) resembles M. tihanyensis n. sp. not only in morphology but
host fish, and tissue tropisms (vicinity of the vertebral column) implying
a potential close relationship between them.

The concept of cryptic species has been earning a fast reputation in
myxozoan descriptions. Cryptic species can be defined as two or more
morphologically indistinguishable species that can be differentiated
solely via molecular analyses (Saez and Lozano, 2005; Bickford et al.,
2007). Among the myxobolids, some species have been identified as
potentially cryptic (Ferguson et al., 2008; Cech et al., 2012; Atkinson
et al., 2015; Vieira et al., 2022). For example, based on the morpho-
logical similarities observed among Myxobolus gill infections in cypri-
nids, it is possible to infer that the ide (Leuciscus idus Linnaeus, 1758),
asp (Aspius aspius Linnaeus, 1758), and white bream (Blicca bjoerkna
Linnaeus, 1758) may be susceptible to infection by Myxobolus dujardini,
which was previously described in chub (Leuciscus cephalus Linnaeus,
1758). However, the 18 S rDNA sequence analysis of the spores revealed
there are two different species: Myxobolus alvarezae Cech et al., 2012
which parasite two fish species, namely the ide and asp; and Myxobolus
sitjae Cech et al., 2012 infesting white bream, are involved in these in-
fections (Cech et al., 2012). Concurrently, it has been hypothesized that
closely related host species tend to have more similar parasites, and
phylogenetically more similar parasite species tend to infect a phylo-
genetically similar group of host species (Dallas and Becker, 2021). In
this regard, the European perch (P. fluviatilis), the pikeperch (S. lucio-
perca), and the Volga pikeperch (S. volgensis) belong to the same family
(Percidae), they are morphologically very similar and their geographical
distribution overlapping in Europe, including Lake Balaton in Hungary
(Specziar and Bird, 2003; Kottelat and Freyhof, 2007; Weiperth, 2014).
The morphological and molecular findings presented in this study
confirm that M. sandrae also inhabits Volga pikeperch, in agreement
with Molnar (2011). This finding is consistent with the evidence that
some myxozoans can infect closely related hosts (Forro and Eszterbauer,
2016).
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5. Conclusion

The two morphologically similar spores, of M. tihanyensis n. sp., from
the European perch and M. sandrae, inhabiting the pikeperch and Volga
pikeperch, could be merely differentiated by molecular data. The two
species belong to phylogenetic sister groups and are the closest relatives
of each other to date. The present study can serve as a basis for future
studies confronted with a similar taxonomic complexity. It also supports
the idea that appropriate molecular markers, in combination with
morphological analysis, can play a crucial role in characterising the
diversity of myxozoans.
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