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A B S T R A C T

Six distinct actinospore types were identified in the intestinal epithelium of oligochaetes collected from the
Szigetbecse and Makád fish farms of Ráckeve Danube Arm Fishing Association, in Hungary. Four new types:
triactinomyxon type, raabeia type, aurantiactinomyxon type 1, and aurantiactinomyxon type 2, were described
morphologically and molecularly from three invertebrate host species: Limnodrilus hoffmeisteri, Ophidonais ser-
pentina, and Tubifex tubifex. The 18S ribosomal DNA (rDNA) analysis revealed that these new types of actino-
spores did not match any myxospore sequences available in GenBank. Phylogenetic analysis placed the
triactinomyxon type within the Myxobolus clade that parasitizes cyprinid fish, while the raabeia type and aur-
antiactinomyxon type 2 were both placed within the Myxobolus clade associated with Perciformes fish. Aur-
antiactinomyxon type 1 was clustered in a clade containing gill-infecting Henneguya spp. from Esociformes fish.
However, no myxospores have been found yet to link to the newly sequenced actinospores reported in this
survey. This study also reports the first occurrence of two oligochaetes species, Branchiodrilus hortensis and
Ophidonais serpentina in Hungary, specifically in fish farms of Ráckeve Danube Arm Fishing Association. More-
over, this is the first report on the involvement of Ophidonais serpentina in the life cycle of myxozoans.

1. Introduction

Myxozoa is a group of spore-forming parasites within the phylum
Cnidaria that have gathered significant attention from scientists due to
their complex life cycle and potential impact on fish health. The life
cycle of myxozoans consists of alternation between a vertebrate host
(releasing myxospores) and an invertebrate host (releasing actino-
spores), where actinospores serve as the infective stage for vertebrate,
capable of penetrating and infecting the vertebrate host. These spores
infect fish and a wide range of aquatic organisms, including amphibians,
reptiles, mammals (Dyková et al., 2007; Prunescu et al., 2007) and birds
(Bartholomew et al., 2008). Nevertheless, direct transmission of
fish-to-fish and annelid-to-annelid can be assumed not possible
(Okamura et al., 2015).

In Hungary, actinosporean fauna in oligochaetes is less documented,

than myxosporean infections in fish; eight types of actinospores (aur-
antiactinomyxon, guyenotia, neoactinomyxum, raabeia, tri-
actinomyxon, hungactinomyxon, echinactinomyxon and
synactinomyxon) have been described (El-Mansy and Molnár, 1997a, b;
El-Mansy and Molnár, 1997a, b; El-Mansy et al., 1998a, b, c; Székely
et al., 1998, 1999, 2002, 2005, 2009, 2014; Molnár et al., 1999; Esz-
terbauer et al., 2000, 2006; Rácz et al., 2004, 2005; Marton and Esz-
terbauer, 2011; Borkhanuddin et al., 2014; Zhao et al., 2016; Borzák
et al., 2021). Surveys of actinosporean infections have been focused in
wild environments, including Lake Balaton, which consists of
Kis-Balaton Reservoir, Keszthely, Tihany, Balatonvilágos, Bala-
tonszemes, Siófok and the River Zala, as well as the River Tisza. How-
ever, surveys on actinosporean fauna in fish farms have only been
conducted at theWarmwater Fish Hatchery (TEHAG) in Százhalombatta
(El-Mansy et al., 1998b; Rácz et al., 2005; Eszterbauer et al., 2006;
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Marton and Eszterbauer, 2011). In this study, we extend our survey to a
new location, fish farms of Ráckeve Danube Arm Fishing Association, to
better understand the ecology, distribution, and host preferences of
actinospores.

Most myxozoan parasites do not cause visual signs and symptoms in
fish hosts, but some species have been identified to cause emerging
diseases that impact both wild populations and cultivated fish stocks,
leading to substantial economic losses in fisheries and aquaculture in-
dustries (Okamura et al., 2015). The prevalence of myxozoan infection
in ponds is higher due to the high density of fish, where released acti-
nospores from the infected colonizer annelids find vertebrate hosts more
easily. In Hungary, several disease-causing myxozoans have been
described from farmed fish, including Myxobolus lentisuturalis (Suhaimi
et al., 2023), Sphaerospora molnari (Eszterbauer et al., 2013), Sphaer-
ospora renicola (Eszterbauer and Székely, 2004), Thelohanellus hovorkai
(Székely et al., 1998), and Thelohanellus nikolskii (Borzák et al., 2021).
Since Hungary produces 76% of its fish production from pond culture,
and the aquaculture industry is growing (EUMOFA, 2023), it is impor-
tant to study potential myxozoan infections for risk assessment and
health management. Hence, this study investigated myxozoan infections
in annelids from fish farms belonging to the Ráckeve Danube Arm
Fishing Association.

2. Materials and methods

2.1. Study area and sample collection

The survey of actinosporean infections of oligochaetes was con-
ducted in fish ponds of Csepel Island, located about 50 km south of
Budapest, Hungary. The survey areas comprised the following fish
farms: Szigetbecse (Supplementary Fig. S1) and Makád (Supplementary
Fig. S2) belonging to the Ráckeve Danube Arm Fishing Association. The
Szigetbecse fish farm consists of 12 small fishponds with a total area of
1.9 ha, while the Makád fish farm consists of 6 fish ponds with 87.35 ha.
These fish farms mainly produced carp (Cyprinus carpio) but also a small
proportion of herbivores and predatory fish such as pike (Esox lucius),
asp (Aspius aspius), pikeperch (Sander lucioperca), tench (Tinca tinca),
wels catfish (Silurus glanis), and grass carp (Ctenopharyngodon idella) in
the amount of approximately 200–220 tons of fish annually. A large
portion of this production will be stocked into the Ráckeve Danube
Branch to sustain fish populations.

Sediment containing oligochaetes was collected from the ponds of
fish farms with low water levels on May 31, 2023, using a shovel and a
1000 μm mesh size net. The collected sediments were transported with
minimal pond water to the Fish Pathology and Parasitology Laboratory
of the HUN–REN Veterinary Medical Research Institute in Budapest,
Hungary. In the laboratory, mud was maintained in the buckets with an
aeration system, regularly supplied with dechlorinated tap water to
avoid it drying up and kept at a temperature of 23 ◦C. The oligochaetes
were hand-sorted on light panel covered transparent tray and placed
individually into the wells of the 48-well microtiter plates containing
dechlorinated water. Large-sized oligochaetes, such as Branchiura
sowerbyi and Branchiodrilus hortensis were placed individually into the
wells of the 24-well microtiter plates. Each plate was examined daily for
2 months to detect the presence of released actinospores using Zeiss
Axiovert 25 inverted microscope (Zeiss, Jena, Germany).

2.2. Microscopic examination

Freshly released actinospores from infected oligochaetes were
examined on a glass slide and photographed under the light microscope
(Olympus BX53) equipped with Olympus DP74 digital camera. The
spores were collected in 1.5 mL of Eppendorf tube and preserved in 80%
ethanol for molecular studies. Spore morphology and morphometric
parameters were determined from fresh spores following the guidelines
of Lom et al. (1997) using ImageJ software (http://imagej.nih.gov/ij).

All measurements are given as the mean value and standard deviation
(SD) followed by the range of variation in parentheses in micrometres
(μm) and number (n) of measured actinospores.

The infected worms were collected, with the anterior part preserved
in 80% ethanol to facilitate species identification through molecular
techniques. Consequently, the posterior segment was preserved in 5%
neutral buffered formalin, embedded in paraffin wax, and sliced into
4–5 μm thick sections. For histological analysis, these sections were
stained with haematoxylin and eosin (H&E). The sections were exam-
ined with an Olympus BX53 microscope and photographed with an
Olympus DP74 digital camera to determine the site of infection within
the oligochaetes.

2.3. Molecular analysis

Preserved actinospores in 80% ethanol were centrifuged at 13,000
rpm for 15 min, and the ethanol was removed by pipetting. The pelleted
spores were washed twice with elution buffer (10 mM Tris-HCl, pH 8.5)
to remove residual ethanol. Genomic DNA extraction was performed
from the pellet using the Geneaid Tissue Genomic DNA Mini kit
(Geneaid Biotech Ltd., Taiwan) following the manufacturer’s recom-
mended protocol for animal tissues. Subsequently, direct PCR was
conducted to amplify the 18S rDNA gene of the actinospores using
different primer combinations listed in Table 1. The polymerase chain
reactions (PCR) were performed in 25 μL reaction volumes, containing 2
μL of template DNA, 1× of DreamTaq buffer (10 × ; Thermo Scientific),
0.2 mM of dNTP mix (10 mM; Thermo Scientific), 1.25 U of DreamTaq
polymerase (5 U; Thermo Scientific), 12.5 pmol of each primer, and
molecular water. Different primers’ amplifications of PCR reactions
were carried out using different protocol conditions. Both ERIB10-
Myx1F and ERIB10-MyxospecF were amplified with an initial denatur-
ation at 95 ◦C for 3 min, followed by 35 cycles of 95 ◦C for 1 min,
different annealing temperatures (55 ◦C and 50 ◦C, respectively) for 1
min, 72 ◦C for 2 min and a final extension at 72 ◦C for 7 min. Concur-
rently, PCR reactions of ERIB1-ACT1R were carried out according to
Atkinson and Bartholomew (2009). For the identification of oligochaete
hosts, 16S rRNA gene of mitochondrial DNA (mtDNA) was amplified
using 16sar-L and 16sbr-H primers (Palumbi et al., 2002) in a 25 μL
reaction mixture, containing the same amount of components as master
mix for actinospores mentioned above. PCR reactions of 16S rRNA were
conducted using the conditions previously described by Rocha et al.
(2019a). PCR products were visualized by agarose gel electrophoresis on
1% TAE gel stained with ethidium bromide. The PCR products of the
expected size were purified using DNA Fragment Purification kit
(InViTek GmbH, Berlin, Germany) and sequenced bidirectionally using
the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems,
Foster City, CA, USA) and an ABI PRISM 3100 Genetic Analyser (Applied
Biosystems) with primers listed in Table 1.

2.4. Sequence assembly

The partial 18S rDNA sequences obtained from actinospores origi-
nating from infected oligochaete were assembled and checked using
Geneious Prime v.11.1 (Kearse et al., 2012). Five newly obtained 18S
rDNA sequences and 27 closely related published sequences were
retrieved from GenBank database, and Chloromyxum cyprini (AY604198)
was chosen as an outgroup to assess the phylogenetic analysis. The
nucleotide sequences were aligned using the Clustal W algorithm
(Thompson et al., 1994) in MEGA X (Kumar et al., 2018). The phylo-
genetic tree was obtained using Maximum Likelihood (ML) analysis.
Gaps were treated with the option of partial deletion and with 75% site
coverage cutoff. ML analysis was calculated using GTR + G + I model
according to the model selection by Akaike information criterion (AIC),
with bootstrap confidence values calculated with 1000 replications. The
resulting topologies were visualized in MEGA X (Kumar et al., 2018) and
annotated with Inkscape (Free Software Foundation, Inc., MA, USA).
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The distance estimation was performed using a distance matrix model
p-distance for transitions and transversions in MEGA X software
package.

3. Results

During a seven-month follow-up period, a total of 1920 oligochaetes
were isolated from sediment collected from fish farms at Szigetbecse and
Makád, with 1680 from fish ponds of Szigetbecse and 240 from fish
ponds of Makád. Actinosporean infection was detected in the intestinal
epithelium of 22 oligochaetes, resulting in an overall prevalence of
1.14% (22 out of 1920 oligochaetes examined) in the fish farms of
Ráckeve Danube Arm Fishing Association. The prevalence of infection
varied according to the sampling site, being highest in the fish ponds at
Szigetbecse (1.25%), with 21 infected out of 1680 oligochaetes exam-
ined, and 0.42% in the fish ponds at Makád, with only one infected out
of 240 oligochaetes examined. In total, six different actinospore types
belonging to collective groups of triactinomyxon, raabeia, and

aurantiactinomyxon were identified in this study. Two out of six types
were identified as triactinomyxon of Myxobolus pseudodispar previously
described by Forró and Eszterbauer (2016) (KU340985) and raabeia
type 1 by Borkhanuddin et al. (2014) (KJ152184). Others were identi-
fied as new types comprising one triactinomyxon, one raabeia and two
aurantiactinomyxon and described here based on morphological
(Table 2) and molecular characterization. The nucleotide sequences of
actinospore were 1559, 1648, 1917 and 2019 bps long. The alignment of
the sequences contained 2151 nucleotide positions including 950 con-
servative and 1148 variable nucleotide sites.

This survey revealed the presence of eight morphologically distinct
species of oligochaetes in the sediment samples: Branchiura sowerbyi,
Tubifex tubifex, Limnodrilus hoffmeisteri, Dero sp., Stylaria sp., Potamothrix
sp., Branchiodrilus hortensis, and Ophidonais serpentina. However,
myxozoan infections were detected only in three genera: Limnodrilus,
Tubifex, and Ophidonais, with worms belonging to Limnodrilus
comprising 32% of oligochaetes examined. The oligochaete hosts were
morphologically identified following the characteristics described by
Timm (2009) and through nucleotide analysis of the mitochondrial 16S
rRNA gene (Rocha et al., 2019a). A BLAST search of the 16S rRNA se-
quences obtained from the infected oligochaetes revealed a 99.4%
similarity to the sequences of Ophidonais serpentina (DQ459939) and
Tubifex tubifex (JQ247495), as well as a 99.1% similarity to Limnodrilus
hoffmeisteri (KY369377). Therefore, it is confirmed that the infected
worms belong to Ophidonais serpentina, Tubifex tubifex, and Limnodrilus
hoffmeisteri.

Noteworthy, we discovered B. hortensis and O. serpentina in the
sediment sample, marking their first detection in Hungary, specifically
in fish ponds of Ráckeve Danube Arm Fishing Association, where the
water source originated from Danube River (Ráckeve Danube Branch).
The morphological characteristics of the examined individuals corre-
sponded to the species B. hortensis according to the guides by Nesemann
et al. (2004), Timm (2009), and van Haaren and Soors (2013). This
species can be recognized by having pairs of dorso-lateral gills nearly
along the body (Fig. 1A). On the anterior part of the body, simple
pointed and fine needle setae are enclosed within the gill (Fig. 1B). In
contrast, the needle setae are free and not enclosed within the gills on
the posterior part of the body (Fig. 1C). Furthermore, 4–5 setae per
bundle can be seen on the ventral part of the body (Fig. 1D). Ophidonais
serpentina in this study can be characterised by having a pale body with
pigment stripes on its anterior segments (Fig. 2A), and the presence of
eye spots (Fig. 2B), which are similar to characteristics described by Yu
et al. (2022). The needle setae are absent at posterior segments
(Figs. 2C), and 3–5 setae per bundle can be seen at the ventral part of the
body (Fig. 2D). Molecular analyses confirmed that the 16S rRNA se-
quences showed 99.1% similarity to the sequence of Branchiodrilus
hortensis (KY333141), and 99.4% similarity to Ophidonais serpentina
(DQ459939), respectively. Hence, it is confirmed by both morphological
and molecular analyses that the oligochaetes belong to B. hortensis and
O. serpentina.

3.1. Description of novel actinospore types

3.1.1. Triactinomyxon type (Fig. 3A and B)
Description: Spore body: cylindrical, elongated, 37.6 ± 4.9

(29.1–48.8) μm long, 13.6± 1.4 (11.5–15.8) μmwide. Style: long, 131.2
± 13.9 (103.6–154.4) μm long, 16.4 ± 1.1 (14.7–19.6) μm wide. Total
length: 172.4 ± 10.6 (153.3–192.4) μm. Caudal process: upward,
tapering to pointed ends, equal length, 274.89± 15.3 (257.8–298.9) μm
long, 21.2 ± 1.9 (17.2–24.4) μm wide at base. Largest span: 486.2 ±

76.3 (311.2–560.3) μm. Valve cell nuclei: located at base of caudal
processes, 4.9 ± 0.7 (4.1–6.1) μm diameter (n = 5). Polar capsule:
pyriform, equal size, protruding from anterior end, 6.0 ± 0.9 (4.3–7.7)
μm long, 4.0 ± 0.6 (3.2–5.0) μm wide. Polar tubule: coiled 4–5 times.
Sporoplasm: 32 secondary cells. Measurements from 15 fresh
actinospores.

Table 1
List of primers used for DNA amplification and sequencing of each actinospore
type and oligochaete.

Specimen Primer Application Reference

Triactinomyxon type ERIB10 PCR and
sequencing

Barta et al. (1997)

 MyxospecF PCR and
sequencing

Fiala (2006)

 Myxgen4F Sequencing Diamant et al. (2004)
 ACT1R Sequencing Hallett and Diamant

(2001)

Raabeia type ERIB10 PCR and
sequencing

Barta et al. (1997)

 Myx1F PCR Hallett and Diamant
(2001)

 ERIB1 PCR Barta et al. (1997)
 ACT1R PCR and

sequencing
Hallett and Diamant
(2001)

 ACT1fr Sequencing Hallett and Diamant
(2001)

 18E Sequencing Hillis and Dixon
(1991)

 Myxgen4F Sequencing Diamant et al. (2004)

Aurantiactinomyxon
type 1

ERIB10 PCR and
sequencing

Barta et al. (1997)

 Myx1F PCR and
sequencing

Hallett and Diamant
(2001)

 ERIB1 PCR and
sequencing

Barta et al. (1997)

 ACT1R PCR and
sequencing

Hallett and Diamant
(2001)

 ACT3F Sequencing Hallett and Diamant
(2001)

 Myxgen4F Sequencing Diamant et al. (2004)

Aurantiactinomyxon
type 2

ERIB10 PCR Barta et al. (1997)

 Myx1f PCR Hallett and Diamant
(2001)

 ERIB1 PCR and
sequencing

Barta et al. (1997)

 ACT1R PCR and
sequencing

Hallett and Diamant
(2001)

 SphR Sequencing Eszterbauer and
Székely (2004)

 ACT1fr Sequencing Hallett and Diamant
(2001)

 ACT3F Sequencing Hallett and Diamant
(2001)

Oligochaete 16sar-L PCR and
sequencing

Palumbi et al. (2002)

 16sbr-H PCR and
sequencing

Palumbi et al. (2002)
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Host: Limnodrilus hoffmeisteri Claparède, 1862.
Site of infection: The intestinal epithelium.
Prevalence: 0.14% (1 out of 735 infected host species).
Locality: Szigetbecse, Csepel Island, Hungary.
Type material: Series of phototypes was deposited in the collection of

Fish Pathology and Parasitology Research Team, Veterinary Medical
Research Institute, Budapest, Hungary.

18S rDNA sequence: One sequence with a length of 1648 bp was
deposited in GenBank under the accession number PQ164813.

Remarks. The morphology and morphometrics of the present tri-
actinomyxon type were distinct from those described in the literature.
Triactinomyxon type of the present study was morphologically similar
to triactinomyxon type 2 (Székely et al., 2014) but was not the same
morphometrically. The spore body length of the triactinomyxon type in
this study closely resembled those of triactinomyxon type 5 (El-Mansy
et al., 1998a) and triactinomyxon type 3 (Lowers and Bartholomew,
2003). The triactinomyxon type examined also greatly resembled to
triactinomyxon type 4 described by El-Mansy et al. (1998a), though the
polar capsules in our study were slightly smaller (6.0 × 4.0 vs 5.9 ×

3.5). Additionally, the length of the style of the triactinomyxon type in
present study was also slightly smaller compared to triactinomyxon type

4 of El-Mansy et al. (1998b). Notably, the length and width of the caudal
processes of the triactinomyxon type differed from those described in the
literature. The 18S rDNA sequence from the triactinomyxon type did not
match any of the myxozoan sequences available in GenBank and was
most similar to those within the clade of cypriniform-infecting myx-
obolids (Fig. 8). Distance estimation of the newly obtained sequence
showed the highest similarities to Myxobolus diversicapsularis reported
from the gills of Rutilus rutilus (98.4%; GU968199) and triactinomyxon
sp. type 3 (98.0%; AY495706). Other sequences (AY495705,
MK053784, AY495707, DQ439807, FJ851449) presented percentage
similarity values lower than 98.0% (Supplementary Table S1). Phylo-
genetic analysis revealed that the triactinomyxon type clustered withM.
diversicapsularis and triactinomyxon type 3, with high bootstrap support.
Additionally, the triactinomyxon type identified in this study formed a
sister group with two species of Myxobolus and triactinomyxon type 2.
This triactinomyxon type was also positioned basally in a monophyletic
clade together with triactinomyxon type 4, Myxobolus rotundus, Myx-
obolus diversipsularis, triactinomyxon type 3, Myxobolus arcasii, tri-
actinomyxon type 2 and Myxobolus muellericus, with maximum
bootstrap support (Fig. 8).

Table 2
Measurements (mean value and standard deviation (SD) followed by the range of variation in parentheses) of freshly released actinospores from oligochaetes. L: length,
W: width, D: diameter. All measurements are in μm.

Actinosporean Caudal processes Spore body Polar capsule Style No. of
secondary

cellL W L W L W L W

Triactinomyxon type
1

274.8 ± 15.3
(257.8–298.9)

21.2 ± 1.9
(17.2–24.4)

37.6 ± 4.9
(29.1–48.8)

13.6 ± 1.4
(11.5–5.8)

6.3 ± 0.7
(4.7–7.6)

4.0 ± 0.4
(3.4–5.0)

131.2 ± 13.9
(103.6–154.4)

16.4 ± 1.1
(14.7–19.6)

32

Raabiea type 1 153.0 ± 16.5
(123.9–136.0)

7.0 ± 0.9
(5.5–8.7)

51.8 ± 2.7
(47.7–50.2)

5.5 ± 0.9
(4.1–6.0)

5.0 ± 0.8
(3.9–4.7)

2.8 ± 0.4
(1.9–2.7)

Absent Absent 16

Aurantiactinomyxon
type 1

25.7 ± 2.9
(21.3–31.6)

7.4 ± 1.3
(4.2–10.1)

D: 13.6 ± 1.9 (8.2–17.3) D: 2.4 ± 0.3 (1.9–3.3) Absent Absent 32

Aurantiactinomyxon
type 2

64.5 ± 4.2
(55.8–71.6)

4.7 ± 0.6
(3.7–5.7)

D: 10.5 ± 0.9 (8.8–13.3) D: 2.6 ± 0.3 (2.0–3.2) Absent Absent 16

Fig. 1. Branchiodrilus hortensis. A) Dorso-lateral gills present along the entire length of the body. B) Simple, fine, pointed needles located at the anterior of the body.
C) Posterior part of the body. D) 4–5 hair setae located on the ventral part of the body.
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3.1.2. Raabeia type (Fig. 4A–D)
Description: Spore body: elongated, cylindrical in side view, 51.8 ±

2.7 (47.7–50.2) μm long, 5.5 ± 0.9 (4.1–6.0) μm wide. Caudal process:
equal length, long, curved upwards, tapering to sharp point, 153.0 ±

16.5 (123.9–136.0) μm long and 7.0 ± 0.9 (5.5–8.7) μm wide at base.
Valve cell nuclei: located at spore body base, 3.2 ± 0.6 (2.2–4.6) μm
diameter (n = 19). Polar capsule: spherical in apical view, pyriform in
side view, protruding from anterior end, 5.0 ± 0.8 (3.9–4.7) μm long
and 2.8 ± 0.4 (1.9–2.7) μm wide, each with 4 coils polar tubule. Spor-
oplasm: 16 secondary cells, arranged in 2 columns. Measurements from
30 fresh actinospores.

Host: Limnodrilus hoffmeisteri Claparède, 1862.
Site of infection: The intestinal epithelium. Pansporocyst of the raa-

beia type is visible in the intestinal epithelium of the infected oligo-
chaete (Fig. 4E).

Prevalence: 1.63% (12 out of 735 infected host species).
Locality: Szigetbecse, Csepel Island, Hungary.
Typematerial: Series of phototypes was deposited in the collection of

Fish Pathology and Parasitology Research Team, Veterinary Medical
Research Institute, Budapest, Hungary.

18S rDNA sequence: One sequence with a length of 2019 bp was
deposited in GenBank under the accession number PQ217959.

Remarks. Morphology of the raabeia type resembled raabeia type 2
(Borkhanuddin et al., 2014) and “triactinomyxon ‘F’” (Xiao and Desser
1998), with both having cylindrical spore body and 16 secondary cells
arranged in 2 columns. This morphology did not resemble any of the
raabeia types described so far. In terms of morphometric measurements,
the raabeia type of present study was most similar to “triactinomyxon
‘F’” in polar capsule length, although “triactinomyxon ‘F’” has larger
caudal processes and a slightly smaller spore body. Compared to the
raabeia type of Borkhanuddin et al. (2014), our raabeia type had slightly
larger caudal processes but a smaller spore body. Additionally, the spore
body length of our raabeia type closely resembled Raabeia magna
(Janiszewska, 1957), while the width was most similar to raabeia type 2

Fig. 2. Ophidonais serpentina. A) Pigment stripes at the anterior part of the body. B) Eye spots present. C) Needle setae absent at the posterior part of the body. D) 3–5
setae located on the ventral part of the body.

Fig. 3. Triactinomyxon type. A) Schematic drawing of mature actinospore. B)
Fresh unstained triactinomyxon type.
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(Borkhanuddin et al., 2014). The length of the caudal processes of the
raabeia type was slightly larger than the raabeia type of Rosser et al.
(2014) but slightly narrower. However, the spore body width was
similar to raabeia type 2 of Borkhanuddin et al. (2014). The polar
capsule length was similar to Raabeia furciligera (Marques, 1984) and
raabeia type 2 of Oumouna et al. (2003). The 18S rDNA sequence from
the raabeia type did not match any of the myxozoan sequences available
in GenBank. Distance estimation of the newly obtained sequence
showed the highest similarity to “triactinomyxon ‘F’” (98.7%;
AF378351). Other sequences (U13828, MW588907, JN896706,
KJ152184, MK592012), presented percentage similarity values lower
than 98.0% (Supplementary Table S1). Phylogenetic analysis revealed
that the raabeia type clustered with “triactinomyxon ‘F’”, with
maximum bootstrap support, and formed a sister group with raabeia
type 1, Myxobolus dechtiari, and Myxobolus sp. (Fig. 8).

3.1.3. Aurantiactinomyxon type 1 (Fig. 5A–E)
Description: Spore body: triangular apical view, 13.6 ± 1.9

(8.2–17.3) μmdiameter, subspherical in side view. Caudal process: three
leaf-like, equal size, 25.7 ± 2.9 (21.3–31.6) μm long and 7.4 ± 1.3
(4.2–10.1) μm wide at base, slightly curved downwards in side view.
Valve cell nuclei: located randomly in each caudal process, 2.1 ± 0.3
(1.5–2.6) (n = 15). Polar capsule: positioned at apex of spore body,
globular in apical view, 2.4 ± 0.3 (1.9–3.3) μm diameter, pyriform in
side view. Polar tubule: not visible. Sporoplasm: approximately 32
secondary cells. Measurements from 20 fresh actinospores.

Host: Ophidonais serpentina (Müller, 2015).
Site of infection: The intestinal epithelium.
Prevalence: 0.9% (1 out of 110 infected host species).
Locality: Makád, Csepel Island, Hungary.
Type material: Series of phototypes was deposited in the collection of

Fish Pathology and Parasitology Research Team, Veterinary Medical
Research Institute, Budapest, Hungary.

18S rDNA sequence: One sequence with a length of 1917 bp was
deposited in GenBank under the accession number PQ189140.

Remarks. The morphology and morphometrics of the present aur-
antiactinomyxon type 1 were inconsistent with any previously described
aurantiactinomyxon types. The closest morphology resemblances were
found with the aurantiactinomyxon type of Zhao et al. (2017). However,
the present aurantiactinomyxon type 1 possessed longer caudal pro-
cesses and a smaller spore body, although both aurantiactinomyxon
types had a similar number of secondary cells. In addition, the
morphometric measurements of the present aurantiactinomyxon type 1
were almost similar to the aurantiactinomyxon type described by
McGeorge et al. (1997), with the present aurantiactinomyxon type 1
having slightly longer caudal processes and smaller spore body, and
polar capsules diameters. The spore body diameter closely resembled
that of aurantiactinomyxon type 1 (Székely et al., 2003). The present
aurantiactinomyxon type 1 had a slightly larger polar capsule size than
aurantiactinomyxon type 1 (El-Mansy et al., 1998a) and aur-
antiactinomyxon type 9 (El-Mansy et al., 1998b) collected from Bran-
chiura sowerbyi, while it was slightly smaller than aurantiactinomyxon
type 4 (Özer et al., 2002) from Tubifex tubifex. The 18S rDNA sequence
from the aurantiactinomyxon type 1 did not match any of the myxozoan
sequences available in GenBank and was most similar to those clustered
with gill-infecting myxobolids (Fig. 8). Distance estimation of the newly
obtained sequence showed the highest similarity to Henneguya sp. re-
ported from the gills of Esox lucius (96.9%; EU732601). Other sequences
(EU732600, MT711164, AF378356, MZ905347, KM000055,
DQ673465, MZ905344, KY996557, JF714994, AB693050, OQ269720)
presented percentage similarity values lower than 96.0%
(Supplementary Table S1). Phylogenetic analysis revealed that the

Fig. 4. Raabeia type. A) Schematic drawing of mature actinospore. B) Fresh unstained raabeia type. C) Higher magnification of spore body showing two of three
polar capsules and secondary cells arranged in two columns. D) Polar capsule contains 4 coils. E) Pansporocyst of the raabeia type in the intestinal epithelium of an
infected oligochaete.
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aurantiactinomyxon type 1 clustered withHenneguya sp. Esox luciuswith
high bootstrap support. Additionally, the aurantiactinomyxon type 1
identified in this study formed a sister group with Henneguya lobosa and
Henneguya michiganensis with maximum bootstrap support. This aur-
antiactinomyxon type 1 was also positioned basally in a monophyletic
clade together with seven species of Henneguya, Aurantiactinomyxon
type, and Myxobolus sp. (Fig. 8).

3.1.4. Aurantiactinomyxon type 2 (Fig. 6A–E)
Description: Spore body: spherical in apical view, 10.5 ± 0.9

(8.8–13.3) μm diameter, bulbous in side view. Caudal process: long,
straight, sharp point, equal length, 64.5 ± 4.2 (55.8–71.6) μm long, 4.7
± 0.6 (3.7–5.7) μm wide at base, slightly curved downwards in side
view. Valve cell nuclei: located randomly in each caudal process. Polar
capsule: positioned at apex of spore body, globular in apical view, 2.6 ±

0.3 (2.0–3.2) μm diameter, pyriform in side view. Polar tubule: not
visible. Sporoplasm: approximately 16 secondary cells. Measurements
from 30 fresh actinospores.

Host: Tubifex tubifex (Müller, 2015).
Site of infection: The intestinal epithelium. Histological analysis and

microscopic examination showed that the pansporocysts located in the
intestinal epithelium of the infected oligochaetes (Fig. 7A–C). In the
semithin sections, matured spores could be observed within the pan-
sporocyst (Fig. 7D).

Prevalence: 0.35% (2 out of 573 infected host species).
Locality: Szigetbecse, Csepel Island, Hungary.
Type material: Series of phototypes was deposited in the collection of

Fish Pathology and Parasitology Research Team, Veterinary Medical
Research Institute, Budapest, Hungary.

18S rDNA sequence: Two sequences from different individuals with

lengths of 1559 bp and 1582 bp were deposited in the GenBank under
the accession numbers PQ189138 and PQ189141, respectively.

Remarks. The morphology and morphometrics of the present aur-
antiactinomyxon type 2 were inconsistent with any previously described
aurantiactinomyxon types. The spore body diameter of the aur-
antiactinomyxon type 2 closely resembled those described by Borkha-
nuddin (2013), Borzák et al. (2021), and Freeman and Kristmundsson
(2018), with the present aurantiactinomyxon type 2 having a larger
spore body. Notably, the length and width of the caudal processes of the
aurantiactinomyxon type 2 differed from those described in the litera-
ture, with the present aurantiactinomyxon type 2 having larger caudal
processes than previously described aurantiactinomyxon types but
smaller than those described by El-Mansy et al. (1998b). Additionally,
the diameter of polar capsules was closest similar to those of aur-
antiactinomyxon type 1 (Özer et al., 2002), aurantiactinomyxon type B
(Eszterbauer et al., 2006) and aurantiactinomyxon types described by
Borkhanuddin (2013), Rocha et al. (2019b), Borzák et al. (2021). Two
almost identical 18S rDNA sequences (99.6%) from the aur-
antiactinomyxon type 2 did not match any of the myxozoan sequences
available in GenBank. Distance estimation of the newly obtained se-
quences showed the highest similarities toMyxobolus sp. (89.1%, 88.5%;
U13828), the raabeia type identified in this study (88.6%, 87.9%;
PQ217959), Myxobolus dechtiari (87.1%, 86.7%, MW588907), and the
“triactinomyxon ‘F’” (87.0%, 87.7%; AF378351). Other sequences
(JN896706, KJ152184, MK592012) presented percentage similarity
values lower than 85.0% (Supplementary Table S1). Phylogenetic
analysis revealed that the aurantiactinomyxon type 2 formed a
well-supported sister group with the Myxobolus spp. clade, including
Myxobolus inornatus, Myxobolus doubleae, Myxobolus sp., and Myxobolus

Fig. 5. Aurantiactinomyxon type 1. A) Schematic drawing of mature actinospore in apical view. B) Schematic drawing of side view. Fresh unstained aur-
antiactinomyxon type 1 in C) apical view and D) side view. E) Higher magnification of mature spore showing the secondary cells in the spore body.
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dechtiari, as well as triactinomyxon F, raabeia type 1 and raabeia type
identified in the present study (Fig. 8).

4. Discussion

In the past, studies on actinospores in fish ponds in Hungary were
conducted and well-studied only at the TEHAG fish farm, describing
more than 30 actinospore types from six collective groups, including
triactinomyxon, raabeia, neoactinomyxum, aurantiactinomyxon, hun-
gactinomyxon, echinactinomyxon, (El-Mansy et al., 1998b; Rácz et al.,
2005; Eszterbauer et al., 2006; Marton and Eszterbauer, 2011). In this
study, we attempted to explore new fish farm locations in Hungary to
survey myxozoan diversity and describe new actinospore stages of
myxozoans and their alternate annelid hosts. During a seven-month
follow-up period, we successfully described novel four actinospore
types namely raabeia, triactinomyxon, and aurantiactinomyxon from
1920 examined oligochaetes collected from Szigetbecse and Makád fish
farms located in Csepel Island. We also successfully detected the
occurrence of two oligochaetes species in Hungary for the first time.

In Hungary, several species of oligochaetes are commonly found in
natural waters and fish ponds, such as Branchuira sowerbyi, Limnodrilus
hoffmeisteri, Tubifex tubifex, Isochaetides michaelseni, Nais sp., Stylaria sp.,
and Dero sp. (El-Mansy et al., 1998a, b; Borkhanuddin et al., 2014;
Székely et al., 2014; Atanacković et al., 2020). However, Branchiodrilus
hortensis and Ophidonais serpentina have never been recorded in Hungary
until our discovery at the fish farms of Ráckeve Danube Arm Fishing
Association. Branchiodrilus hortensis is native in Asia (India, Pakistan,
Burma, China, Japan, Russian Far East, Indonesia), Australia and Africa
(Ghana, Sudan, Zambia) and rarely found in Europe (Cekanovskay,
1962; Brinkhurst and Jamieson, 1971). So far, B. hortensis has been
recorded in the U.K., the Netherlands, Belgium, France, Slovakia, Ger-
many, and recently in Serbia (van Haaren et al., 2005; Šporka, 2009; van
Haaren and Soors, 2013; Martin et al., 2018; Baumgartner et al., 2020;

Atanacković et al., 2021). Contrarily, O. serpentina is a common species
in Europe (Slovakia, Poland, Turkey), America, and Africa (Spenser and
Wisseman, 1993; Krno et al., 1999; Arslan and Şahin, 2006; George
et al., 2009; Krodkiewska et al., 2016). The occurrence of both
B. hortensis and O. serpentina in Hungary, specifically in fish ponds of
Ráckeve Danube Arm Fishing Association, can be attributed to the water
source coming from Danube River (Ráckeve Danube Branch). This is
supported by the presence of both B. hortensis and O. serpentina pop-
ulations in Danube River of Slovakia and B. hortensis population in
Serbia (Šporka, 2009; Atanacković et al., 2021), indicating their spread
through Danube River into Hungary. Danube River traversing 10 Eu-
ropean countries, provides a hydrological connectivity that allows for
the dispersal of B. hortensis and O. serpentina through water flow and
river currents into Hungarian waters. Furthermore, the fish farms of
Ráckeve Danube Arm Fishing Association source water come from
Danube River (Ráckeve Danube Branch) and are directly connected to
the river’s ecosystem. This connection enables the introduction of the
riverine species into the controlled environments of fish farms. As the
water is pumped or flows into the farms, it brings with it the organisms
of the river, including B. hortensis and O. serpentina.

The prevalence of infected worms in this study was low (1.14%).
These results contrast with the findings of El-Mansy et al. (1998b), Özer
et al. (2002), and Eszterbauer et al. (2006), who reported a high prev-
alence of infection in oligochaetes collected from fish farms in Hungary
and an Atlantic salmon fish farm in Scotland. For example, El-Mansy
et al. (1998b) determined a 3.14% prevalence rate during a year-long
examination with biweekly sampling, while Özer et al. (2002) detec-
ted a total prevalence of 2.9% over two years of oligochaete examination
and Eszterbauer et al. (2006) reported a prevalence rate of 1.82% during
an eight-month examination of oligochaetes with sampling conducted
twice. Here, the lower prevalence could be explained by the sampling
strategy, where oligochaetes were collected once and studied in a
seven-month follow-up period, compared to a longer sampling duration

Fig. 6. Aurantiactinomyxon type 2. A) Schematic drawing of mature actinospore in apical view. B) Schematic drawing of side view. Fresh unstained aur-
antiactinomyxon type 2 in C) apical view and D) side view. E) Mature spore in side view showing three caudal processes.
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of two years with more frequent sample collection at biweekly intervals.
The triactinomyxon type described in this study was morphologically

similar to triactinomyxon type 2 (Székely et al., 2014), but differed
morphometrically. Remarkably, the length and width of the tri-
actinomyxon type identified in this study were distinct from all known
triactinomyxon types described in the literature. The life cycles of
myxosporeans appears to maintain a correlation between actinospore
morphotypes and myxosporean genera in both marine and freshwater
environments. For example, the tetractinomyxon morphotype has been
associated to the life cycles of species such as Ellipsomyxa (Køie et al.,
2004; Rangel et al., 2009), Gadimyxa (Køie et al., 2007), Parvicapsula
(Køie et al., 2013), Sigmomyxa (Karlsbakk and Køie, 2012), and Cerato-
myxa (Køie et al., 2008) in the marine environment. Similarly, in
freshwater environments, the triactinomyxon morphotype is mainly
associated with the life cycles of Myxobolus species (Yokoyama, 2003).
However, there are a few Myxobolus species such as Myxobolus cultus
(Yokoyama et al., 1995), Myxobolus dispar (Molnár et al., 1999; Holzer
et al., 2004) andMyxobolus lentisuturalis (Caffara et al., 2009), that have
been recorded to have raabeia type actinospore stages. The phylogenetic
tree and genetic distance analysis support this observation, as the tri-
actinomyxon identified in this study shows close genetic similarity to
Myxobolus spp. and is grouped within a clade primarily containing
gill-infecting Myxobolus spp. from cyprinid fish (Fig. 8). The tri-
actinomyxon in this study shares a genetic affinity with
M. diversicapsularis, which parasitizes the gill lamellae of Rutilus rutilus.
This is significant because M. diversicapsularis has a known life cycle
involving triactinomyxon actinospores (Eszterbauer et al., 2015), high-
lighting the possibility that the identified triactinomyxon type in the
present study could also complete its life cycle in cyprinid hosts,
developing into aMyxobolus species in the gills of fish. So far, life cycles
involving triactinomyxon types have been described for M. drjagini
(El-Mansy and Molnár, 1997a), M. hungaricus (El-Mansy and Molnár,

1997b), M. portucalensis (El-Mansy et al., 1998c), M. bramae
(Eszterbauer et al., 2000), M. pseudodispar (Székely et al., 1999, 2001),
M. macrocapsularis (Székely et al., 2002), M. intimus (Rácz et al., 2004),
M. rotundus (Székely et al., 2009), M. wootteni, and M. diversicapsularis
(Molnár et al., 2010), M. erythrophthalmi, M. fundamentalis and
M. shaharomae (Székely et al., 2014) in Hungary. Therefore, future work
should aim to collect more cyprinids from the same ponds to elucidate
the life cycle by identifying the potential myxospore stage of the tri-
actinomyxon type.

The raabeia type described in this study exhibits morphology similar
to raabeia type 2 (Borkhanuddin et al., 2014) and minimal morpho-
metric differences from “triactinomyxon ’F’” (Xiao and Desser, 1998).
These minimal morphometric variations between the raabeia type
identified in this study and “triactinomyxon ’F’” could be explained by
their infection of similar oligochaete hosts, specifically L. hoffmeisteri. In
contrast, raabeia type 2 described by Borkhanddin et al. (2014) exhibits
distinct morphometric variations due to the actinospores developing in
Isochaetides michaelseni. Both the raabeia type from this study and “tri-
actinomyxon ’F’” share key characteristics with the raabeia collective
group, which is characterized by an elongated spore body without a
style and caudal processes that curve upwards. However, Xiao and
Desser (1998) classified “triactinomyxon ’F’” within the triactinomyxon
collective group rather than the raabeia collective group, possibly due to
confusion or challenges in accurately assigning spore types to these
groups in earlier studies. Given that our raabeia type is morphologically
similar to the raabeia collective group (lacking a style) and displaying
distinct differences from the triactinomyxon collective group. Thus, we
have classified our raabeia type within the raabeia collective group.
Furthermore, the placement of our raabeia spore within raabeia type 1
(KJ152184) in the phylogenetic tree suggests significant morphological
overlap. The phylogenetic analysis performed in this study revealed that
the raabeia type described here clusters with “triactinomyxon ’F’” and is

Fig. 7. Pansporocysts of new type of aurantiactinomyxon type 2. A) Higher magnification of the infected oligochaete showing numerous pansporocysts. B-C)
Semithin sections showing heavily infected Tubifex tubifex with pansporocysts at various stages of development in the intestinal epithelium. D) Mature spores with
polar capsules (white arrow) and secondary cells (black arrow) can be seen.
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closely related to raabeia type 1 andMyxobolus spp. infecting the gills of
Lepomis gibbosus and Cottus bairdii (Fig. 8). This suggests that the cor-
responding myxospore stages of the raabeia typemay develop in the gills
of perciform or scorpaeniform fishes and have close affinities to the
genus Myxobolus. However, to the best of our knowledge, the fish farms
where the oligochaetes were collected do not contain scorpaeniform
fishes. Therefore, future work should focus on collecting more fish from
the order Perciformes and thoroughly examining their gills to elucidate
the life cycle by identifying the potential myxospore stage of the raabeia
type.

Actinospores belonging to the aurantiactinomyxon collective group
often present challenges when comparing morphological characteristics,

as this approach is unreliable for distinguishing among different aur-
antiactinomyxon types (Hallett et al., 2002; Eszterbauer et al., 2006;
Zhao et al., 2016). In this study, both aurantiactinomyxon type 1 and
aurantiactinomyxon type 2 were compared using morphological,
morphometric, and molecular analyses. Notable differences were
observed between them in all morphological features including the
length and width of the caudal processes, spore body diameters, polar
capsules diameter, and the number of secondary cells (Table 2). Distinct
morphometric variations between the aurantiactinomyxon type 1 and
aurantiactinomyxon type 2 could be explained by their infection of
different oligochaete hosts: Ophidonais serpentina and Tubifex tubifex.
Four aurantiactinomyxon types have been previously reported within

Fig. 8. Maximum likelihood phylogenetic tree based on small subunit 18S ribosomal DNA sequences of the actinosporeans studied and related species. The tree is
rooted to the Chloromyxum cyprini as the outgroup, with bootstrap support ≥70% indicated at nodes. GenBank accession numbers are given in parentheses, followed
by the name of the parasite species. Actinosporean examined in the present study are in bold. The scale bar indicates the number of expected substitutions per site.
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the genusNais, inNais bretscheri (Bartholomew et al., 1992),Nais elinguis
(Trouillier et al., 1996), and Nais spp. (Grossheider and Korting, 1992;
Borkhanuddin et al., 2014; Borzák et al., 2021). However, no myx-
osporean infections have been reported from Ophidonais serpentina.
Aurantiactinomyxon types produced by Nais spp. as described by
Grossheider and Korting (1992), Borkhanuddin et al. (2014), and Borzák
et al. (2021), may originated from Ophidonais serpentina host; however,
the authors did not provide details on the morphology of the hosts,
preventing confirmation that the oligochaete host is indeed Ophidonais
serpentina. This new record suggests that Ophidonais serpentina is a pre-
viously unrecognized annelid host for myxospores within the family
Naididae in freshwater environments and may harbour a greater di-
versity of these parasites and infections that is currently known. Addi-
tionally, ten aurantiactinomyxon types have been reported from Tubifex
tubifex (El-Matbouli et al., 1992; El-Mansy et al., 1998b; Székely et al.,
1998, 2003; Hallett et al., 2002; Özer et al., 2002; Morris and Freeman,
2010). All these ten previously described aurantiactinomyxon types
exhibit distinct morphological and morphometric characteristics
compared to aurantiatinomyxon type 2 identified in this study. The
infection in Tubifex tubifex indicates that this oligochaete is suitable host
for the development of aurantiactinomyxon.

Molecular studies have demonstrated that aurantiactinomyxon type
1 and aurantiacinomyxon 2 do not share significant genetic similarities,
with value of 69.4%. It is also supported by the phylogenetic tree, which
shows that aurantiactinomyxon type 1 and aurantiactinomyxon type 2
are placed in separate clades: one associated withHenneguya species and
the other with Myxobolus species. Aurantiactinomyxon type 1 is closely
related to Henneguya sp. from Esox lucius and Henneguya lobosa, and it
groups within a clade containing gill-infecting Henneguya spp. from
Esociformes fish (Fig. 8). It suggests that the corresponding myxospore
stages of the aurantiactinomyxon type 1 may develop in the gills of fish
from order Esociformes and have close affinities to the genus Henneguya.
To date, only three Henneguya spp. namely H. psorospermica (Thélohan,
1895), H. lobosa (Cohn, 1895), and H. michiganensis (Rosser et al., 2021)
have been found to infect the gills of fish from the order Esociformes.
However, only one of these species has been reported to infect the gills of
Esox lucius in Hungary (Székely et al., 2018). In addition, aur-
antiactinomyxon type 2 is closely related to Myxobolus inornatus and
Myxobolus doubleae, and it groups within a clade containing Myxobolus
spp. from order Perciformes (Fig. 8). This indicates that the corre-
sponding myxospore stages of the aurantiactinomyxon type 2 may
develop in fish from the order Perciformes and have close affinities to
the genus Myxobolus. Therefore, future work should concentrate on
collecting Esox lucius and thoroughly examining the gills, as well as
collecting other fish species from the order Perciformes to elucidate the
life cycle by identifying the potential myxospore stages of aur-
antiactinomyxon type 1 and aurantiactinomyxon type 2.

Overall, the phylogenetic tree and genetic distance analysis in our
study supported that myxozoan species tend to cluster based on host
species and their tissue specificity. Specifically, the triactinomyxon type,
raabeia type, aurantiactinomyxon type 1 and aurantiactinomyxon type
2 of this study are primarily grouped within a gill-infecting clade, tar-
geting fish from Cypriniformes, Esociformes and Perciformes (host
specificity). This finding is consistent with previous studies that showed
myxosporean parasites clustering based on their host species and
infection sites (Fiala and Bartosová, 2010; Liu et al., 2011), which
suggests a possible co-evolution between the parasites and their hosts,
where parasites adapt to specific hosts and tissues, leading to speciation
events. Furthermore, gills serve as a common infection site for many
myxozoans due to their dense and fine capillary network, thin epithelial
barriers, and direct contact with the environment, which facilitate
parasite entry and transmission (Lom and Dyková, 2006).

Traditionally, most life cycle studies of myxozoans were based on
experimental infections (El-Matbouli and Hoffmann, 1989, 1993;
El-Mansy and Molnár, 1997a, b; El-Mansy et al., 1998c; Székely et al.,
1999, 2001, 2002, 2009; Eszterbauer et al., 2000; Rácz et al., 2004), that

offer several advantages for researchers, including laboratory studies
under controlled conditions and manipulation of experimental settings
such as temperature, parasite dose, etc. Additionally, it allow for the
assessment of the pathogenic potential of various myxozoan species.
However, these experimental studies were often laborious,
time-consuming, and produced questionable results. The use of molec-
ular tools has provided an alternative approach to identifying the
appropriate developmental stages (actinospore-myxospore pairs), lead-
ing to more reliable and accurate confirmation of myxozoan life cycles.
Molecular analysis has also proven particularly useful in the identifi-
cation of congeneric myxozoan species with only minor morphological
and spore structural differences that were difficult to distinguish using
traditional morphological methods alone. According to the latest review
by Eszterbauer et al. (2015), the life cycles of 34 myxozoan species have
been successfully identified using molecular analysis. Since then, eight
more actinospores were matched with myxospores using molecular
methods (Rangel et al., 2015, 2017; Zhao et al., 2017; Rocha et al., 2020;
Jorge et al., 2022; Tilley et al., 2024). However, in the current study, the
actinospores did not match any of the known myxosporean develop-
mental stage sequences available in GenBank, indicating that more
myxozoan species are yet to be discovered in the fish farm ecosystems or
that some described myxospores have not passed molecular analysis.

In conclusion, four actinospore types were described through both
morphological and molecular analyses, collected from three oligochaete
host species. Additionally, comprehensive surveys of fish stocks,
particularly those belonging to the orders Cypriniformes, Esociformes,
and Perciformes in these fish farms are necessary, as they may serve as
potential hosts for the four actinospore types described in this study.
Remarkably, this survey has documented the occurrence of two oligo-
chaetes species, Branchiodrilus hortensis and Ophidonais serpentina, in
Hungary for the first time, with one of these species serving as a host for
aurantiactinomyxon type 1.
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pathogenic muscle-infecting parasite of gibel carp (Carassius auratus gibelio Berg,
1932) in Hungary. J. Fish. Dis. 46, 1367–1376. https://doi.org/10.1111/jfd.13855.
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