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Research ArticleAn integrative assessment of Dactylosoma cf. ranarum (Apicomplexa: Dactylosomatidae) from Pelophylax water frogs
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Abstract

While various haemoparasites have been reported from anuran hosts, this study provides the first published record of dactylosomatid parasites (Dactylosomatidae Jakowska & Nigrelli, 1955 emend. Levine, 1971) in frogs from Slovakia. Of the 239 anurans screened for apicomplexans, 67 individuals belonging to three species of water frogs, Pelophylax esculentus (Linnaeus, 1758), P. ridibundus (Pallas, 1771), and P. lessonae (Camerano, 1882) were found to be infected with haemogregarines of the genus Dactylosoma Labbé, 1894. Our results demonstrate that the haemogregarine found in all three species of water frogs, collected from three different localities in western Slovakia, represents a single taxon that morphologically resembles the type species, Dactylosoma ranarum (Kruse, 1890). Based on comprehensive morphometric, morphological, and molecular data from newly collected isolates from Pelophylax frogs, including the type host, we provide an integrative assessment of Dactylosoma cf. ranarum. We also conducted molecular screening of dipterans collected from the study sites, which could serve as potential vectors of the parasite, but no representatives of Dactylosoma were detected in any of the examined specimens.

Résumé

Bien que divers hémoparasites aient été signalés chez des hôtes anoures, cette étude fournit la première mention publiée de dactylosomatidés (Dactylosomatidae Jakowska & Nigrelli, 1955 emend. Levine, 1971) parasites de grenouilles de Slovaquie. Parmi les 239 anoures examinés pour la recherche d'apicomplexes, 67 individus appartenant à trois espèces de grenouilles, Pelophylax esculentus (Linnaeus, 1758), P. ridibundus (Pallas, 1771) et P. lessonae (Camerano, 1882) étaient infectés par des hémogrégarines du genre Dactylosoma Labbé, 1894. Nos résultats démontrent que l'hémogrégarine présente chez ces trois espèces de grenouilles, collectées dans trois localités différentes de l'ouest de la Slovaquie, représente un taxon unique qui ressemble morphologiquement, à Dactylosoma ranarum (Kruse, 1890). À partir de données morphométriques, morphologiques et moléculaires exhaustives issues d'isolats nouvellement collectés chez des grenouilles du genre Pelophylax, y compris l'hôte-type, nous proposons une évaluation intégrative de Dactylosoma cf. ranarum. Nous avons également effectué un criblage moléculaire des diptères collectés sur les sites d'étude, qui pourraient servir de vecteurs potentiels du parasite, mais aucun représentant de Dactylosoma n'a été détecté dans aucun des spécimens examinés.
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Introduction
Amphibians are often heavily infected by a wide range of pathogens due to their mixed terrestrial–aquatic habits, which expose them to different conditions that facilitate infection [26]. Despite this, they have historically received limited attention in parasitological research in Europe, and our current understanding of the diversity of their parasites remains inadequate. The primary focus of parasitological studies has traditionally been on parasites of significant epidemiological relevance, particularly those affecting mammals, including humans and domestic animals. To date, a total of six genera of apicomplexan haemoparasites (Apicomplexa Levine 1970, emend. Adl et al. 2012), belonging either to haemogregarines (Adeleorina) or haemococcidia (Eimeriorina), have been discovered in anuran hosts [63, 68]. Among them is the genus Dactylosoma Labbé, 1894 (Dactylosomatidae (Jakowska & Nigrelli, 1955) emend. Levine, 1971), for which only six species from anuran hosts have been described to date, and the complete life cycle of all remains unclear [21, 43, 56, 64, 100, 101]. Taxonomic disputes have surrounded Dactylosoma representatives over time. Most findings relied solely on morphological and morphometric data (e.g., [4, 6, 14, 43, 56, 60, 82, 105, 106]), which, given the morphological uniformity of the genus, may not guarantee completely reliable discrimination between individual Dactylosoma species.
According to Netherlands et al. [64], discrepancies began with the first described species, Dactylosoma ranarum, with Lankester [47] sometimes credited for this discovery (e.g., [4, 5, 51]). However, closer examination of the original descriptions [47, 48] revealed that he had been working with a species of Lankesterella Labbé, 1899 (initially known as Drepanidium erected by Lankester in 1882). The first description of Dactylosoma ranarum was provided by Kruse [43], who described the parasite from Pelophylax water frogs collected in the vicinity of Naples, Italy, originally naming it Drepanidium ranarum [105]. He proposed classifying the parasite among the haemogregarines and, should the generic name Drepanidium be rejected, naming it Haemogregarina ranarum (Kruse, 1890). Subsequently, some authors classified it as H. ranarum [13], while others considered it a malarial parasite [27]. It was not until Labbé [45] described the unique morphological features that distinguished this species from other proposed genera that it was formally established as a member of a newly erected genus Dactylosoma, based on: (1) different cell forms – cylindrical and amoeboid, sometimes pyriform; (2) areolar structure, vesicular nucleus, and hyaline cytoplasm; (3) absence of pigment and presence of retractile granules; (4) minimal effect on the host cell and its nucleus; and (5) merogony (“sporulation”) yielding 5–12 sporozoites arranged in a rosette- or fan-like pattern [45, 64]. While Labbé [45] originally named this species Dactylosoma splendens, it was later synonymised with Dactylosoma ranarum (Kruse, 1890) [64, 67, 105].
The life cycle of Dactylosoma spp. comprises two morphologically distinct merogonic cycles occurring within the peripheral blood of the vertebrate host. During primary merogony, large trophozoites and multinucleate meronts producing up to 20 merozoites through simultaneous peripheral budding can be observed [101]. This budding often occurs along one side of the meront, displaying a characteristic hand-like appearance from which the genus derives its name. The free merozoites then invade other erythrocytes, either repeating primary merogony or initiating secondary merogony, during which smaller secondary meronts generate up to eight merozoites. These may either recycle or transform into gamont stages, which are likely ingested by the vector during blood feeding and the development proceeds with gamogony and sporogony [4, 64]. However, the development of any Dactylosoma parasite in a natural vector has not yet been elucidated.
Although D. ranarum holds the distinction of being the first formally described intraerythrocytic apicomplexan parasite [5], knowledge of the genus Dactylosoma remains surprisingly limited. Therefore, in this study, we performed the microscopic and molecular screening for Dactylosoma representatives in western Slovakia, in order to identify the parasites to the species level, expand understanding of their host spectrum, and clarify aspects of their life cycle. Additionally, we conducted molecular screening of blood-sucking dipterans from the same areas, as these insects may serve as potential vectors of Dactylosoma. This study provides the first published record of blood apicomplexans in anurans from Slovakia and is among the few investigations of apicomplexan parasites in ectotherms in this country.
Materials and methods
Material collection
Ethics statement
Scientific permits for material collection and processing were provided by the Ministry of the Environment of the Slovak Republic (permit No. 519/2022-6.3).
Field sampling of anurans, blood collection, and processing
A total of 239 individuals representing nine anuran species from seven genera (Table 1) were collected from three localities in western Slovakia – Devín (48.1752, 16.9769), Rusovce (48.0564, 17.15400), and Moravský Svätý Ján (48.5760, 16.9535). Localities Devín and Rusovce were selected as they have been identified in our previous unpublished studies to harbour the hosts and parasites of interest. The sampling site in Rusovce was visited five times in total – in June and August 2022 (summer period), and in April (spring), June, and August 2023 (summer). Sampling in Devín was performed three times – in June 2022 (summer), and in April and May 2023 (spring) – as sampling in late summer was not possible due to the drying up of the water source. Additionally, Moravský Svätý Ján, was visited once in June 2024 (summer) based on our knowledge of the occurrence of the potential vector Culex territans, a mosquito species that primarily feeds on frog blood [11] and was absent from the previous two locations.
The frogs were collected by hand at night and, after processing, were immediately released at the capture site. The species and sex (male/female) of the frogs were determined according to their morphological characteristics [29, 73, 90]. Subsequently, a small volume of blood was taken from each anuran via puncture of the facial vein using a sterile insulin syringe [24]. A portion of the blood samples collected at the Devín and Rusovce sites was used to prepare two to three thin blood smears per host specimen on clean glass slides. The remaining blood was placed into two sterile 1.5 mL microtubes; one with 96% ethanol for molecular analysis and the other 2.5% (v/v) glutaraldehyde in 0.1 M Sorensen’s phosphate buffer for transmission electron microscopy. Only molecular methods were used to examine the frog blood samples from Moravský Svätý Ján for the presence of Dactylosoma. Furthermore, sequence data of a Dactylosoma sp. isolated from a single P. esculentus collected as part of a separate survey (unpublished data) in Perpignan, France (42.690389, 2.726911) during May 2015 (spring) were included for phylogenetic comparison.
Table 1 
Overview of collected frog species (Anura).

Field sampling and processing of potential Dactylosoma dipteran vectors
To search for potential insect vectors, we collected blood sucking dipterans using CDC style mosquito traps augmented with dry ice releasing CO2 set at the localities of Devín and Rusovce in May, July, and August 2023, and in Moravský Svätý Ján in June 2024. The traps were hung to a tree approximately 1.5 m above the ground at dusk and collected after dawn the next day. A total of 454 mosquitoes, representing three genera and seven species, and 746 blackflies from a single species were collected (Table 2). After collection, the dipterans were transported to the laboratory, where they were kept in a refrigerator at 4 °C for a few minutes to slow down their activity and subsequently identified to species based on their morphology [39, 42, 80]. Additionally, DNA extracted from pooled samples of 1,475 mosquitoes collected from various localities in western Slovakia, belonging to five genera and eleven species (Table 3; originally obtained for molecular detection of various microbial pathogens), was analysed for the presence of Dactylosoma.

Table 2
 
Overview of collected dipteran species (Diptera).


Table 3
 
Overview of mosquitos (Diptera: Culicidae) in pooled samples.

Light microscopic analysis
The prepared thin blood smears were fixed with absolute methanol and stained with a 5% Giemsa solution prepared in distilled water and adjusted to a pH of 7.2 [103]. Smear preparations were observed and photodocumented using a 100× immersion oil objective of an Olympus BX61 microscope equipped with DP71 digital camera.
Captured parasites were measured using the Stream Motion imaging software programme. Measurements were recorded in micrometres (μm), comprising the length and the width of the parasite, with the average, standard deviation, and range given. Parasitaemia (expressed as percentage of parasitised erythrocytes) was calculated after scanning 50 visual fields of approximately 20 erythrocytes, meaning approximately 103 erythrocytes were examined per blood smear. Parasite prevalence was established as the proportion of infected individuals out of the total number of anurans sampled. Mean abundance of infection and mean intensity of infection were calculated from the parasitaemia values. Mean abundance of infection was determined by averaging parasitaemia across all sampled anurans, while the mean intensity of infection excluded data from uninfected ones. To compare the level of parasitaemia among individuals (P. esculentus, n = 33, 85% females) collected in April, June, and August 2023 in Rusovce, a Kruskal–Wallis test was used. Prior to the test, normality of data was tested via a Shapiro–Wilk test (α = 0.05). The analysis was performed in the R, v. 4.5.1 [74] using the “tidyr” [108], and “dplyr” [107] packages.
Ultrastructural analysis
For transmission electron microscopy (TEM), the samples were fixed overnight in a freshly prepared 2.5% glutaraldehyde in 0.2 M Sorensen’s phosphate buffer (pH 7.2). Based on light microscopic analysis of blood smears, only samples with the highest parasitaemia were selected for further processing. The specimens were washed three times in the same buffer, post-fixed with 1% osmium tetroxide in the same buffer for 2 h at room temperature, dehydrated in a graded series of ethanol and embedded into Spurr resin (SPI-pon, SPI) blocks. The ultrathin sections were made using Ultracut UCT (Leica) microtome and stained according to the standard protocol [102]. Ultrathin sections were examined and photodocumented using a 1400 Flash (JEOL) transmission electron microscope.
Molecular and phylogenetic analyses
Molecular detection of Dactylosoma in anuran blood
A small volume of blood from parasitised hosts preserved in 96% ethanol was transferred to a new microtube and residual ethanol was subsequently removed using a vacuum centrifuge at 60 °C. Afterwards, DNA was extracted from all the collected blood samples using a NucleoSpin® Tissue kit (Macherey-Nagel, Düren, Germany), following the manufacturer’s standard protocol for human or animal tissue and cultured cells. After extraction, DNA was used for polymerase chain reaction (PCR) amplification undertaken in a Mastercycler® EP Gradient Thermal Cycler (Eppendorf, Hamburg, Germany). The partial fragments (approximately 600 bp) of the 18S rDNA gene were amplified using the primer set HepF300 (5′–GTTTCTGACCTATCAGCTTTCGACG–3′) and HepR900 (5′–CAAATCTAAGAATTTCACCTCTGAC–3′) [99]. PCR reactions were carried out in volumes of 20 μL, containing 14 μL of FIREPol® Master Mix (Solis BioDyne, Tartu, Estonia), 4 μL of RNase-Free Water, 0.5 μL of each primer (10 μM), and 1 μL of the extracted DNA. PCR conditions were as follows: initial denaturation at 95 °C for 15 min, followed by 35 cycles comprising denaturation at 95 °C for 45 s, annealing at 61 °C for 45 s, and extension at 72 °C for 1 min 30 s, followed by a final extension at 72 °C for 10 min. PCR products were subjected to gel electrophoresis at 100 V for 30 min on a 1.5% agarose gel stained with GoodView Nucleic Acid Gel Stain (SBS Genetech, Beijing, PR China) and then visualised under ultraviolet light using an UV transilluminator. Finally, the products were purified by adding 2 μL of EPPiC Fast (A&A Biotechnology, Gdańsk, Poland) to 10 μL of PCR product, according to the manufacturer’s protocol and sent to a commercial sequencing company (Macrogen Europe, Amsterdam, Netherlands) for sequencing in both forward and reverse directions.
The obtained sequence chromatograms were assembled and edited to produce a partial 18S rDNA consensus sequence using the bioinformatics software Geneious Prime [37]. Species identity was verified against previously published sequences using the Basic Local Alignment Search Tool (BLAST) (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Subsequently, all available sequences for Dactylosoma spp. and representative sequences of four other genera parasitising in blood of amphibians and reptiles (i.e., Haemogregarina, Hepatozoon, Hemolivia, and Karyolysus) were downloaded from the NCBI GenBank, along with the ortholog sequences of Klossia helicina [GenBank accession number HQ224955] and Adelina dimidiata [DQ096835], which were selected as the outgroup [64]. The newly obtained sequences were aligned with all downloaded sequences using the MAFFT 7 online alignment tool (https://mafft.cbrc.jp/alignment/server/index.html) [36]. The bioinformatics software MEGA11 [95] was used to manually trim the alignment and remove any alignment gaps and ambiguities. Phylogenetic reconstructions were conducted through Bayesian inference (BI) using MrBayes 3.2.7 and Maximum likelihood (ML) analysis using RAxML 8.1.12 [81, 91]. For both analyses, the generalised time reversible (GTR) [97] nucleotide substitution model was applied. In the BI analysis, the Markov Chain Monte Carlo (MCMC) algorithm was run for 106 generations, sampling every 100 generations. The initial 30% of the trees were discarded as “burn-in”. In the ML analysis, nodal support was evaluated based on 1,000 bootstrap replicates. The resulting phylogenetic trees were visualised and summarised into a consensus tree using FigTree 1.4.4 [77].
Molecular detection of Dactylosoma in dipterans
The mosquitos and blackflies were separated into 1.5 mL microtubes according to the species identification and locality, with each tube containing ~20 individuals (or fewer in the case of a small number of collected individuals). Homogenisation of each sample was performed with a motorised pestle mixer. DNA extraction, PCR amplification, and gel electrophoresis were carried out in the same way as for frog blood processing.
Results
Prevalence of Dactylosoma cf. ranarum in frogs from western Slovakia
From the 239 anurans screened, a total of 67 individuals (28.03%) belonging to three species (P. esculentus, P. ridibundus, and P. lessonae) were found to be infected with Dactylosoma. The prevalence in all frogs collected in Devín was 12.12% (12/99), in Rusovce 37.29% (44/118), and Moravský Svätý Ján 45.45% (10/22) (Table 4). The overall prevalence of Dactylosoma in the three infected species was 42.86% (54/126) in P. esculentus, 45.83% (11/24) in P. ridibundus, and 14.29% (2/14) in P. lessonae.
Additional infection parameters were assessed by light microscopy of blood smears and, therefore, are available only for water frogs collected at the Devín and Rusovce sites. The mean intensity of infection (in %) was 1.7 ± 2.0 (0.1–8.7) in P. esculentus (n = 45) and 2.3 ± 2.0 (0.4–6.4) in P. ridibundus (n = 11); that is, on average, 17 and 23 out of 1,000 erythrocytes observed in an infected frog were parasitised by Dactylosoma, respectively. The mean abundance of infection (in %) was 0.7 ± 1.5 (0–8.7) in P. esculentus and 1.1 ± 1.8 (0–6.4) in P. ridibundus, i.e. on average, 7 and 11 out of 1,000 erythrocytes observed in a frog, regardless of its infection status, were parasitised by Dactylosoma, respectively.
The Kruskal–Wallis test showed no significant effect of the sampling month on the parasitaemia of Dactylosoma in P. esculentus (χ2 = 3.0244, p = 0.2204). However, the analysis of the seasonal dynamics of other epidemiological parameters showed a relatively clear and mutual trend. In April (spring), the prevalence (32.26%), intensity (1.96%), and abundance (0.63%) were moderate. In June (summer period), all three values increased significantly, with prevalence at 45.16%, intensity at 2.45%, and abundance at 1.11%. In August (summer), the values for all parameters fell to the lowest figures, with prevalence at 30%, intensity at 0.8%, and abundance at 0.24%.

Table 4
 
Prevalence of Dactylosoma cf. ranarum SK at the sampling localities in Slovakia.

Supplementary description of Dactylosoma ranarum (Kruse, 1890) from specimens collected in this study
Phylum: Apicomplexa Levine, 1970
Class: Conoidasida Levine, 1988
Subclass: Coccidia Leuckart, 1879
Order: Eucoccidiorida Léger, 1911
Suborder: Adeleorina Léger, 1911
Family: Dactylosomatidae (Jakowska & Nigrelli, 1955 emend. Levine, 1971)
Genus: Dactylosoma Labbé, 1894
Type species: Dactylosoma ranarum (Kruse, 1890)

Dactylosoma cf. ranarum (Kruse, 1890)

Type host: Pelophylax esculentus (Linnaeus, 1758)

Other hosts: Amnirana albolabris (Hallowell, 1856), Amnirana galamensis (Dumeril and Bibron, 1841), Fejervarya limnocharis (Gravenhorst, 1829), Hylarana guentheri (Boulenger, 1882), Hyperolius marmoratus (syn. Rappia marmorata), Pelophylax ridibundus (Pallas, 1771), Pelophylax nigromaculatus (Hallowell, 1861), Pelophylax saharicus (Boulenger in Hartert, 1913), Pyxicephalus adspersus Tschudi, 1838, Ptychadena oxyrhynchus (Smith, 1849), Ptychadena submascareniensis (Guibe and Lamotte, 1953), Rhinella marina (Linnaeus, 1758), Sclerophrys regularis (Reuss, 1833), Sylvirana guentheri (Boulenger, 1882) (for review, see [4, 64, 105], and this study). Note: This list includes records derived in part from older literature; some identifications may therefore be inaccurate and should be interpreted with caution.
It should also be noted that in some cases, the hosts were more likely infected with several different blood parasites [64].

Hosts in this study: Pelophylax esculentus (Linnaeus, 1758), Pelophylax lessonae (Camerano, 1882), Pelophylax ridibundus (Pallas, 1771).

Site of infection: Peripheral blood.

Definitive host and vector: Unknown.

Type locality: An exact locality was not provided in the original description, only reference to frogs being collected in the vicinity of Naples, Italy.

Other localities: Cosmopolitan, reported across Europe, Central and South America, Africa, and Asia (for review, see [4, 64, 105], and this study).

Locality in this study: Slovakia: Bratislava – Devín (48.1752, 16.9769), Bratislava – Rusovce (48.0564, 17.15400), and Moravský Svätý Ján (48.5760, 16.9535), all in western Slovakia.

Materials deposited: The voucher material (DR1/2022, DR2/2022, DR3/2022) consists of Giemsa-stained blood smears containing representative developmental stages of D. cf. ranarum. The slides were deposited at the Department of Zoology, Faculty of Natural Sciences, Comenius University in Bratislava, Slovakia, where they are accessible for future studies. Additionally, a DNA sample collected from the same specimen as slide DR1/2022 (SK-API1exA) was deposited in the same collection as the voucher material.

Representative DNA sequence: A nucleotide sequence of the partial gene for 18S rDNA (629 bp, GenBank accession number PZ099871). No intraspecific variability was found in the studied material.
The developmental stages of D. ranarum observed in the Giemsa-stained blood smears include (i) trophozoites, (ii) young primary meronts, (iii) primary meronts, (iv) primary merozoites, (v) young secondary meronts, (vi) secondary meronts, (vii) secondary merozoites, and (viii) gamonts. Most of these stages were observed within erythrocytes, although some trophozoites and gamonts were also occasionally detected within leukocytes. Typically, intracellular stages, including trophozoites, meronts, and immature gamonts, were also observed extracellularly, primarily near destroyed erythrocytes.

Trophozoites (Figs. 1A, 2A–2C): Elongated to ovoid (depending on maturation stage) in shape, typically tapering towards one end, measuring 5.76 ± 0.64 (4.24–6.79) μm in length and 2.68 ± 0.39 (1.82–3.97) μm in width (n = 50). Small, round and dense nucleus located in the middle or towards the rounded end with chromatin staining pinkish or purplish. Cytoplasm staining whitish purple or pink-purple to purple, with vacuoles and non-staining inclusions observed in some cases, usually near the blunt end. No significant distortion of parasitised erythrocytes or displacement of their nucleus detected.
	[image: Thumbnail: Figure 1 Refer to the following caption and surrounding text.]	Figure 1 Dactylosoma cf. ranarum SK in blood smears of Pelophylax esculentus. A) Trophozoite. B–G) Primary merogony: B) Early meront. C; D) Young primary meront released from host cell, presumably due to cell damage or lysis. The meront in C appears to be partially protruding into the lymphocyte, suggesting a possible interaction. E; F) Primary meront with 12 budding merozoites. G) Primary merozoites. The top inset shows one of the merozoites that has already invaded the nearest erythrocyte; the bottom inset shows another primary merozoite from a different smear preparation. H–L) Secondary merogony: H; I) Young secondary meront. J) Maturing secondary meront with eight nuclei. K) Secondary meronts with eight budding merozoites. L) Secondary merozoites. M) Immature gamonts at various stages of development and a secondary merozoite. N) Immature gamont released from degraded erythrocyte. O) Mature intracellular gamont. P) Mature extracellular gamonts. Bright-field microscopy, Giemsa staining. Scale bar applies to all micrographs. Black arrowhead – condensed chromatin/nucleus, black asterisk – merozoite following erythrocyte invasion, de – degrading erythrocyte, ly – lymphocyte, white arrowhead – apical end of gamont.



	[image: Thumbnail: Figure 2 Refer to the following caption and surrounding text.]	Figure 2 
Dactylosoma cf. ranarum SK in blood smears of Pelophylax ridibundus. A) Trophozoite. B; C) Trophozoite transforming into meront stage. D–I) Primary merogony: D; E) Early primary meront. F) Young primary meront. G) Maturing primary meront with initial merozoite formation. H) Primary meront with budding merozoites. I) Primary merozoites. The inset shows a primary merozoite following erythrocyte invasion. J–K) Secondary merogony: J) Maturing secondary meront with five clearly visible nuclei. K) Secondary merozoite following erythrocyte invasion. L) Immature intracellular gamonts at different stages of development. M) Mature intracellular gamont. N) Mature intracellular gamont straightening prior to exiting the erythrocyte. O) Mature gamont emerging from an erythrocyte. P) Extracellular immature (top) and mature (bottom) gamont released from damaged erythrocytes. Bright-field microscopy, Giemsa staining. Scale bar applies to all micrographs. Black arrowhead – condensed chromatin/nucleus, black asterisk – merozoite after invasion of erythrocyte, de – degrading erythrocyte, white arrowhead – apical end of gamont; white asterisk – trophozoite.




Young primary meronts (Figs. 1B–1C, 2D–2E): Roundish in shape, measuring 7.36 ± 0.51 (6.51–8.40) μm in length and 3.52 ± 0.55 (2.65–4.94) μm in width (n = 30). Multinucleate with nuclear division occurring close to the pellicle, chromatin staining purple or dark pink. Cytoplasm staining whitish purple or pink-purple to purple and packed with vacuoles or inclusions of various size, sometimes occupying up to half of the cell. Slight displacement of the host cell nucleus and distortion of the host cell occasionally present.

Primary meronts (Figs. 1E–1F, 2F–2H): Varying in shape, usually between round, amoeboid, and dactylate, measuring 7.41 ± 0.61 (6.17–8.49) μm in length and 6.39 ± 0.68 (5.20–7.81) μm in width (n = 20). Multinucleate and showing up to 16 nuclei (mostly 12) located peripherally with chromatin staining dark pink or dark purple. Cytoplasm staining bluish purple, purple or pink-purple, rarely with small cytoplasmic vacuoles or non-staining inclusions. Host cells occasionally showing displacement of their nucleus and a slight distortion.

Primary merozoites (Figs. 1G, 2I): Pear-shaped or crescent-shaped, measuring 3.71 ± 1.05 (2.05–5.52) μm in length and 1.18 ± 0.26 (0.64–1.76) μm in width (n = 50). Small stages grouping together in erythrocytes or scattered freely between blood cells, usually in numbers up to 16 (most often 12). Occasionally, solitary intraerythrocytic merozoites are observed after erythrocyte invasion. Roughly spherical nucleus mostly located towards one end of merozoite, staining light to dark purple or dark pink. Cytoplasm containing small vacuoles and staining light purple or pink-purple to bluish-purple. No significant host cell distortion or displacement of host cell nucleus documented.

Young secondary meronts (Figs. 1H–1I): Roundish to round, measuring 4.91 ± 0.40 (4.25–5.33) μm in length and 4.17 ± 0.39 (3.54–4.78) μm in width (n = 7). Only rarely detected in blood smears. Multinucleate, showing up to eight nuclei located close to their pellicle with chromatin staining dark pink or dark purple. Cytoplasm staining whitish purple to purple and rarely containing small vacuoles. Slight displacement of the host cell nucleus and host cell distortion occasional detected.

Secondary meronts (Figs. 1J–1K, 2J): Dactylate or fan-like in appearance, measuring 6.24 ± 0.65 (5.26–7.75) μm in length and 5.29 ± 0.28 (4.83–5.88) μm in width (n = 30). Multinucleate, showing up to eight nuclei located peripherally on one side of the cell with chromatin staining dark pink or dark purple. Cytoplasm staining whitish-purple, pink-purple to bluish-purple, rarely containing small vacuoles. Occasionally causing slight displacement of the host cell nucleus and host cell distortion.

Secondary merozoites (Figs. 1L, 1M-top micrograph, 2K): Crescent or pear-shaped, measuring 3.52 ± 0.57 (2.24–4.42) μm in length and 1.11 ± 0.25 (0.71–1.66) μm in width (n = 23). Small and relatively rare stages, observed in clusters in erythrocytes or scattered freely between blood cells, in numbers up to eight. Solitary intraerythrocytic merozoites present after erythrocyte invasion. Spherical, slightly elongated, or bean-shaped nucleus mostly positioned toward one end of the cell, staining dark purple to dark pink. Cytoplasm staining whitish- to bluish-purple or pink-purple and containing larger and more numerous vacuoles compared to primary merozoites. No significant host cell distortion or displacement of host cell nuclei observed.

Immature gamonts (Figs. 1M–1N, 2L, 2P–top micrograph): Cylindrical and slightly tapering to one end to elongated depending on stage of development, measuring 8.56 ± 2.21 (5.05–11.87) μm in length and 2.19 ± 0.33 (1.38–2.75) μm in width (n = 33). Straight or slightly flexed, with increasing dimensions, more often recurved within the host erythrocyte. The cytoplasm pale, staining faintly pink-purple, with a few dark pink inclusions and an indistinct nucleus. Observed mostly intracellularly in erythrocytes. No significant host cell distortion or displacement of the host cell nucleus detected.

Mature gamonts (Figs. 1O–1P, 2M–2O, 2P–bottom micrograph): Elongated and vermicular, measuring 13.43 ± 1.20 (11.12–15.94) μm in length and 1.69 ± 0.37 (1.12–2.71) μm in width (n = 50). Straight or slightly flexed in the middle, usually slightly tapering at both ends. Large round to oval nucleus located in or near the centre of the cell, with peripheral chromatin and karyosome (only rarely distinct) staining light purple or dark pink. The cytoplasm staining whitish- to bluish purple or pink-purple, only rarely containing small vacuoles. Observed extracellularly, intracellularly in erythrocytes, or potentially invading leukocytes. Intracellular gamonts were mostly recurved within the host erythrocyte, folding at or just posterior to the region of their nucleus. No significant host cell distortion or displacement of the host cell nucleus detected.
Remarks and differential diagnosis
Since the original descriptions of D. ranarum are based solely on morphological and morphometric observations supported by drawings [43, 67, 105], and do not include any molecular data, the taxonomic status of this species remains problematic. The studied species of Dactylosoma, found in Slovakia (SK) and hereinafter referred to as D. cf. ranarum SK, shares phenotypic characteristics typical of the genus and closely resembles D. ranarum. Although D. cf. ranarum SK generally falls within the morphological descriptions of D. ranarum (Kruse, 1890) and Dactylosoma sp. from P. lessonae provided by Netherlands et al. [64], such as round shape of early meronts, dactylate appearance of mature meronts, and elongated and slender gamonts, it significantly deviates in morphometric characteristics from both these species (Table 5). However, the original description of D. ranarum by Kruse [43] appears to be somewhat broad and does not align well with the reported sizes of other Dactylosoma species. Compared to the Dactylosoma sp. described by Netherlands et al. [64], the parasite observed in our study showed significantly smaller dimensions at all developmental stages. The greatest morphometric differences were observed in primary meronts and gamonts. It is unclear whether this discrepancy could be due to the limited sample size in previous studies, potentially limiting the capturing of greater variation in cell dimensions, or possible artifacts that may arise during processing of blood smears (i.e. large blood components may be pushed to the edges of the slide, leading to peripheral flattening of other blood components, which then appear larger under the light microscope). This confirms the conclusion of other studies that although morphometric characteristics provide valuable insights, typical morphological features should be considered more important for the identification of haemoparasites [15, 110]. However, even in this respect D. cf. ranarum SK differs from the species mentioned above since we observed a different number of nuclear divisions and resulting merozoites during both primary and secondary intraerythrocytic merogony. In contrast to this study documenting production of up to 16 primary (but mostly 12) merozoites and 8 secondary merozoites, previous studies on D. ranarum described the large primary meronts producing from 4 to 16 merozoites and smaller secondary meronts producing 6 merozoites [4, 5, 12, 56, 67, 96].
Netherlands et al. [64] reported up to 12 merozoites during primary merogony and up to 6 merozoites during secondary merogony of Dactylosoma sp. from P. lessonae and speculated that it rather corresponds to description of D. splendens (synonymised with D. ranarum). It is unclear whether this difference could also be due to the limited sample size in their study (i.e. description on a sample from only a single infected individual). Furthermore, D. splendens was synonymised with D. ranarum more than 100 years ago [67, 105], at a time when the close resemblance between different species was not well understood [64]. Since precise morphometric data are not available from the original description, we cannot confirm that D. splendens indeed represents a synonym of D. ranarum. Moreover, the molecular data on these species are limited to two available sequences of D. ranarum [9], which were provided without accompanying morphological identification of the parasite.
In comparison to the less closely related Dactylosoma species, some developmental stages of D. cf. ranarum SK exhibit similar morphometric values to those of D. kermiti, D. piperis, and D. amphibia [64, 100, 101]. However, morphologically, significant differences can be observed between D. cf. ranarum SK and the above-mentioned species. All three species differ from D. cf. ranarum SK in the number of merozoites produced during primary merogony (up to 14 in D. kermiti, up to 10 in D. piperis, and up to 20 in D. amphibia). Furthermore, only the number of secondary merozoites in D. piperis matches that of D. cf. ranarum SK, as both D. kermiti and D. amphibia produce only up to 6 secondary merozoites. In addition, D. piperis can be clearly distinguished from D. cf. ranarum SK by its unique elongated trophozoites. When comparing D. cf. ranarum SK with D. taiwanensis and D. sylvatica, mostly different morphometric values were observed. Although the exact number of primary merozoites was not specified for these species, they both produce up to 8 merozoites during secondary merogony [21, 56], matching the number of secondary merozoites of D. cf. ranarum SK.

Table 5
 
Overview of morphometric data on developmental stages of anuran Dactylosoma spp.

Subcellular organisation
Intraerythrocytic stages, including trophozoites, and primary and secondary meronts with budding merozoites, and gamonts were detected in ultrathin sections of anuran blood samples. All Dactylosoma stages observed were contained within a parasitophorous vacuole with numerous membranous extensions into the host cell cytoplasm.

Trophozoites (Figs. 3A–3C) distinguished by their ovoid or irregularly oval shape, usually somewhat flexed. They were covered by a three-layered pellicle, composed of the plasma membrane and the closely apposed inner membrane complex. In early stages, remnants of the apical complex were still present (Fig. 3A). The cytoplasm of mature trophozoites exhibited medium electron density and contained prominent mitochondria with tubular cristae, a well-developed rough endoplasmic reticulum, Golgi apparatus, a few amylopectin granules, and large lipid droplets (Figs. 3B–3C). The large nucleus, with a prominent nucleolus, was situated at the centre of the cell.
	[image: Thumbnail: Figure 3 Refer to the following caption and surrounding text.]	Figure 3 Subcellular organisation of Dactylosoma cf. ranarum SK trophozoites and primary merogonic stages. A) Trophozoite showing remnants of the apical complex. B; C) Trophozoite transforming into a meront stage. D) Early meront displaying the mitotic spindle. E) Young meront showing the initial stages of merozoite budding. F) Primary meront with budding merozoites. G) Anterior region of the merozoite shown in F. Transmission electron microscopy. a – amylopectin granule(s), black arrowhead – parasite plasma membrane, black arrows – mitotic spindle, black asterisk – microneme(s), black circle – micropore, c – conoid, double black arrowhead – inner membrane complex, e – erythrocyte, er – rough endoplasmic reticulum, g – Golgi apparatus, l – lipid droplet, m – mitochondrion, n – nucleus, pr – polar rings, small white arrow – subpellicular microtubule, white arrow – parasitophorous vacuole, white asterisk – apical pole of a budding merozoite.




Young meronts (Figs. 3D–3E) were observed only rarely in ultrathin sections. The earliest stage corresponded to the onset of trophozoite transformation into a meront, as evidenced by the presence of a mitotic spindle (Fig. 3D). The subsequent stage was an early meront with an amoeboid shape and visible apical protrusions of emerging merozoites, including a clearly distinguishable conoid (Fig. 3E). The cytoplasm exhibited electron density similar to that of mature trophozoites. At this stage, a prominent micropore showing signs of feeding activity was also observed between the budding merozoites.

Primary meronts (Figs. 3F–3G) exhibited an irregular shape with peripherally budding merozoites. A maximum of six budding merozoites were visible per ultrathin section, and they appeared to develop synchronously. The budding merozoites possessed a well-developed three-layered apicomplexan pellicle and contained all organelles of the apical complex, including a conoid, a pair of preconoidal rings, two polar rings and associated subpellicular microtubules, micronemes, and a rhoptry with a crystalline appearance (Fig. 3G). A large micropore was observed in the anterior region of developing merozoites (Fig. 3F). The cytoplasm of primary merozoites was denser than in previous stages and contained a spherical nucleus with a large nucleolus, rough endoplasmic reticulum, a large mitochondrion, and a few small lucent vacuoles. No amylopectin granules were observed in the cytoplasm of primary merozoites.

Secondary meronts (Figs. 4A–4F) with budding merozoites were slightly smaller and exhibited a more electron-dense cytoplasm with few amylopectin granules compared to the stages of primary merogony. The merozoites were covered by a well-developed, three-layered pellicle (Fig. 4F) and displayed a prominent micropore in the anterior region (Fig. 4A). Their apical end contained the conoid, two preconoidal rings, two polar rings and subpellicular microtubules, micronemes, and a prominent rhoptry with a crystalline appearance (Figs. 4B, 4D, 4E). A section through one merozoite indicated that the subpellicular microtubules are arranged in a helical pattern (Fig. 4B). The nucleus of secondary merozoites was slightly irregular, somewhat elongated or bean-shaped, and surrounded by endoplasmic reticulum. The cytoplasm posterior to the nucleus contained several dense bodies and medium-sized, electron-lucent vacuoles (Fig. 4C). A large mitochondrion was seen in both the anterior and posterior regions of the developing merozoites. Solitary merozoites were observed after invading the host erythrocyte (Figs. 4G–4H). Their cytoplasm exhibited a similar electron density to that of budding secondary merozoites, with peripherally arranged micronemes in the anterior region, large lipid droplets, and a prominent mitochondrion. These forms appeared to lack amylopectin granules. Regularly spaced subpellicular microtubules were clearly visible in their tangential sections (Fig. 4G), and in some cases, a well-developed micropore could also be observed (Fig. 4H). The membrane of the parasitophorous vacuole surrounding solitary merozoites was strongly folded, with extensions into the cytoplasm of the host erythrocyte.
	[image: Thumbnail: Figure 4 Refer to the following caption and surrounding text.]	Figure 4 Subcellular organisation of Dactylosoma cf. ranarum SK secondary merogonic stages. A) Meront with budding merozoites. B) Apical end of the merozoite shown in A. C) Meront with budding merozoites. D; E) Anterior region of the merozoite shown in C (two different sections). F) High magnification of the pellicle and subpellicular microtubules in a budding merozoite. G) Tangential section through the anterior region of a merozoite following erythrocyte invasion. H) Cross-sectioned posterior region of a merozoite with a prominent micropore after erythrocyte invasion. Transmission electron microscopy. a – amylopectin granule, black arrowhead – parasite plasma membrane, black asterisk – microneme(s), c – conoid, cr – preconoidal rings, db – dense body, double black arrowhead – inner membrane complex, e – erythrocyte, er – rough endoplasmic reticulum, l – lipid droplet, m – mitochondrion, n – nucleus, pr – polar ring(s), small white arrow – subpellicular microtubule, v – vacuole, white arrow – extensions of the parasitophorous vacuole membrane into the erythrocyte cytoplasm, white arrowhead – parasitophorous vacuole, white asterisk – apical pole of a budding merozoite, white circle – micropore.



Occasionally, solitary intraerythrocytic stages resembling newly emerging trophozoites were observed; however, unlike trophozoites, they retained all organelles of the apical complex, including rhoptries and numerous micronemes surrounding the large nucleus (Figs. 5A–5E). The rhoptries exhibited a vesicular rather than crystalline appearance, and their size and density were reduced. The cytoplasm of these stages was granular but exhibited significantly lower electron density than that of budding merozoites or merozoites immediately after erythrocyte invasion and contained only a few amylopectin granules. Their anterior region was packed with numerous micronemes surrounding a large bean-shaped nucleus (Figs. 5A–5C). Subpellicular microtubules, emerging from the polar ring and extending posteriorly along the longitudinal cell axis, were clearly visible and appeared more numerous than in developing merozoites (Figs. 5C–5E). Based on the ultrastructural characteristics described above, we assume that these stages represent secondary merozoites undergoing transformation into gamonts. In surface sections of these parasites, unknown circular structures were observed at the level of subpellicular microtubules (Fig. 5E). It is not possible to determine whether these represent the lower part of cross-sectioned micropores containing host membrane coils or another unknown structure.
	[image: Thumbnail: Figure 5 Refer to the following caption and surrounding text.]	Figure 5 Subcellular organisation of Dactylosoma cf. ranarum SK secondary merozoites. A) Tangential section through a merozoite following erythrocyte invasion. Note the micropore (encircled) in its anterior region. B–C) Apical end of a secondary merozoite in mid-longitudinal (B) and superficial (C) sections. D–E) Tangentially sectioned anterior end of secondary merozoite showing the apical complex (D) and subpellicular microtubules with circular structures (encircled in E). Transmission electron microscopy. a – amylopectin granule, black arrowhead – parasite plasma membrane, black asterisk – microneme(s), c – conoid, cr – preconoidal rings, double black arrowhead – inner membrane complex, e – erythrocyte, n – nucleus, pr – polar ring(s), r – rhoptry, small black arrow – intraconoidal microtubule, small white arrow – subpellicular microtubule, white asterisk – rhoptry duct.




Gamonts (Figs. 6A–6J) were characterised by an electron-dense, grainy appearance, mainly due to abundant ribosomes filling their cytoplasm. The slightly flexed, immature gamonts were rather cylindrical to ovoid in shape and contained fewer organelles and a few amylopectin granules (Figs. 6A–6E). Micropores with a typical apicomplexan organisation, interrupting the inner membrane complex, were occasionally observed. An apparently active micropore was observed in one of the immature gamonts (Fig. 6C). As gamonts matured, they became more elongated and recurved within the erythrocyte (Fig. 6I). The number of organelles in their cytoplasm increased (Figs. 6D–6I), and dense bodies of various sizes appeared in the posterior region of mature gamonts (Fig. 6J). Amylopectin granules were observed only rarely. A large mitochondrion was also present, although it was not captured in the images shown. The well-developed apical complex contained the conoid with two preconoidal rings, prominent polar ring(s), few large rhoptries, and abundant micronemes (Figs. 6A–6B, 6D–6H). Regularly spaced, longitudinally oriented subpellicular microtubules associated with the polar ring were evident in the anterior region of all gamonts (Figs. 6B–6C, 6E).
	[image: Thumbnail: Figure 6 Refer to the following caption and surrounding text.]	Figure 6 Subcellular organisation of Dactylosoma cf. ranarum SK gamonts. A) Anterior region of an immature gamont. B) Apical end of the gamont shown in A. C) Pellicle details showing subpellicular microtubules (top micrograph) and an active micropore with membrane structures filling its invaginated part (bottom micrograph). D) Anterior region of a more advanced stage of an immature gamont. E) Detail of the apical end of the gamont shown in D. F) Anterior region of a maturing gamont. G) Detailed views of the apical ends of maturing gamonts (top micrograph corresponds to the gamont shown in F). H) Anterior region of a mature gamont with a prominent nucleus and numerous micronemes. I) Longitudinal section of a recurved mature gamont in its folding region. J) Mid-posterior part of a mature gamont with a micropore (encircled) and several dense bodies. Transmission electron microscopy. Black arrowhead – parasite plasma membrane, black asterisk – microneme(s), c – conoid, cr – preconoidal rings, db – dense bodies, double black arrowhead – inner membrane complex, e – erythrocyte, er – rough endoplasmic reticulum, n – nucleus, pr – polar ring(s), pv – inner space of parasitophorous vacuole, r – rhoptry, small white arrow – subpellicular microtubule, white arrow – extensions of the parasitophorous vacuole membrane into the erythrocyte cytoplasm, white arrowhead – parasitophorous vacuole, white asterisk – rhoptry duct.



Molecular detection and phylogenetic analysis
All 56 newly obtained sequences from positive specimens were identical to each other and were assigned by BLAST to the unidentified Dactylosoma sp. [MN879399], previously isolated by Netherlands et al. [64] from a single specimen of P. lessonae collected in Belgium. Therefore, a single representative sequence (isolated from P. ridibundus collected in Devín) was chosen for further analyses. The newly obtained sequences were 99.84% identical (629/630 bp) to the D. ranarum sequences in GenBank [HQ224957–HQ224958]. The genetic similarity to other Dactylosoma species from GenBank was 99.36% to D. kermiti [MN879398], 98.92% to D. piperis [MW264134], and 97.37% to D. amphibia [OP480169].
The final alignment used for the phylogenetic analyses included 66 ortholog sequences and spanned 614 unambiguous nucleotide positions. Both BI and ML reported similar tree topologies. Therefore, a consensus tree (Fig. 7) containing nodal support values for both analyses – posterior probability (PP) for BI and bootstrap support (BS) for ML – was generated. All analysed Dactylosoma sequences formed a well-supported monophyletic group with the unresolved position to the other analysed taxa. The Dactylosoma isolate from this study formed a moderately supported lineage (PP = 0.91; BS = 80) with Dactylosoma sp. from P. lessonae collected in Belgium, a newly sequenced Dactylosoma sp. from P. esculentus collected in France, and two sequences of D. ranarum from P. esculentus collected on Corsica. The sister lineage consisted of two species found in Brazilian anurans – D. amphibia from Leptodactylus latrans, Rhinella diptycha, and Trachycephalus typhonius (all sequences forming a monophyletic group) and D. piperis from Leptodactylus labyrinthicus. The position of sequences assigned to D. kermiti from Ptychadena anchietae and Sclerophrys gutturalis collected in South Africa within the Dactylosoma clade was not fully resolved.
	[image: Thumbnail: Figure 7 Refer to the following caption and surrounding text.]	Figure 7 Phylogenetic tree of 66 sequences of various haemogregarine taxa reconstructed by Bayesian inference. The tree is based on a 614 bp-long alignment of ortholog partial 18S rDNA sequences and is rooted using Adelina dimidiata and Klossia helicina as outgroup. Values at the nodes indicate posterior probabilities (>70) from the Bayesian inference, and bootstrap values (>50) from the maximum likelihood analysis. Lower values are shown as dashes (–). The length of branches represents the number of substitutions per site. Newly generated sequence of Dactylosoma cf. ranarum SK collected from Slovakia is in red. GenBank accession numbers are in parentheses at the taxa name.



Evaluation of potential Dactylosoma dipteran vectors
In total, 454 mosquitoes representing seven species (A. cantans, A. cinereus, A. sticticus, A. vexans, A. maculipennis, Cx. pipiens, and Cx. territans) and 746 blackflies belonging to a single species (S. balcanicum) were collected and molecularly analysed for the presence of Dactylosoma (Table 2). Additional molecular screening was conducted on DNA extracted from pooled samples of 1,475 mosquitoes collected from various localities in western Slovakia, including frog sampling sites in Bratislava–Devín and Moravský Svätý Ján. The pooled mosquito samples represented five genera and eleven species (see Table 3 for the list of species and the number of individuals collected). No Dactylosoma spp. were detected in any of the examined dipteran species.
Discussion
Currently, there are eight recognised species of Dactylosoma, with two of them described from fish hosts [21, 84]. The remaining six species were described from anuran hosts: (i) D. kermiti from the plain grass frog (Ptychadena anchietae) and the guttural toad (Sclerophrys gutturalis) in South Africa [64], (ii) D. piperis from the labyrinth frog (Leptodactylus labyrinthicus) in Brazil [100], (iii) D. amphibia from the cururu toad (Rhinella diptycha), veined tree frog (Trachycephalus typhonius), and Criolla frog (Leptodactylus latrans) in Brazil [101], (iv) D. sylvatica from the wood frog (Boreorana sylvatica) in Canada [21], (v) D. taiwanensis from the Alpine cricket frog (Fejervarya limnocharis) in Taiwan [56], and the type species (vi) D. ranarum first reported from P. esculentus in Italy [43], but subsequently documented in numerous other host species across Europe, Central and South America, Africa, and Asia [6, 12, 25, 54, 56, 72, 85, 88, 104, 106]. In addition, there are reports of unidentified species that could be assigned to Dactylosoma, albeit with varying degrees of certainty. These include, for example: (i) a haemogregarine morphologically conforming to Dactylosoma from toads collected in Brazil [19], (ii) Dactylosoma sp. isolated from P. lessonae collected in Belgium [64], and (iii) Dactylosoma sp. from Chaco granulated toad (Rhinella major) and can toad (R. marina) collected in Brazil [14]. Of these, only four recognised species (D. amphibia, D. kermiti, D. piperis, and D. ranarum) and a single unidentified Dactylosoma species from Belgium have been characterised molecularly, suggesting the potential existence of multiple distinct species.
Species previously classified under Dactylosoma include Babesiosoma mariae [33] and B. jahni [66]. Among species of uncertain affinity formerly considered Dactylosoma are D. amaniae found in the Fischer’s chameleon (Kinyongia fischeri) collected in West Africa [3] and D. tritonis described from the northern crested newt (Triturus cristatus) collected in an unspecified European country, likely the United Kingdom [20]. Neither species has ever been reported a second time, and both are more likely inclusions of rickettsial organisms based on their morphological descriptions [4]. Lastly, D. clariae infecting the African sharptooth catfish (Clarias gariepinus) [31] and D. tilapiae from unspecified Nile tilapia [34] both collected in Egypt lack sufficient evidence to confirm their validity as distinct species [62].
Prior to this study, there were no published records of Dactylosoma or other blood apicomplexans in Slovak anurans. In a survey of 239 individuals representing nine anuran species from western Slovakia, Dactylosoma was detected in three Pelophylax species (P. esculentus, P. ridibundus, and P. lessonae), with an overall prevalence of 40.85% (67/164). Given the absence of examined type material and the lack of comparative molecular data from specimens collected at or near the type locality, we conservatively assign the material examined here to Dactylosoma cf. ranarum.
Molecular identification
In the analysed short 18S rDNA region, the Dactylosoma in this study were genetically identical to the previously recorded Dactylosoma sp. from Belgium [64]. Although the authors of the former study hypothesised its identity to be D. ranarum, an interspecific divergence of 0.2% was recorded between Belgian Dactylosoma sp. and the sequences of D. ranarum obtained from Corsica. Several other haemogregarines also exhibit similarly low interspecific divergence, namely Hepatozoon clamatae and H. catesbianae, and H. chinensis and H. ayorgbor (both pairs with a divergence of 0.3%). The 18S rDNA sequence of D. cf. ranarum SK differs marginally from the sequences designated in GenBank as D. ranarum [HQ224957–HQ224958], which may represent intraspecific genetic variability. Unfortunately, these are the only D. ranarum sequences available to date [9], published without any morphological identification of the parasite (i.e. nonugens – GenBank sequences unaccompanied by morphological evidence).
While the 18S rDNA gene serves as a common molecular marker for a broad range of apicomplexan parasites, including haemogregarines, it has been shown to possess limited resolution between closely related species within the suborder Adeleorina [9]. The gene provides sufficient information on the relationships between different genera, however, it is less informative for species differentiation. Furthermore, several studies have documented very low interspecific divergence within various haemogregarine genera, with particularly low values observed among Dactylosoma spp. [64, 100]. This often complicates accurate identification and classification of haemogregarine species. In haemogregarines, three genomes are present, two of which are extrachromosomal: one mitochondrial and one apicoplast [22, 50]. Apicomplexan mitochondrial genomes are small compared to those of most other eukaryotes (6–7 kb) and have a conserved structure, containing three protein-coding genes: COI, cytochrome c oxidase subunit III (COIII), and cytochrome b (CytB), along with various RNA fragments. The complete mitochondrial genome of H. catesbianae was sequenced by Léveillé et al. [49], but similar work on Dactylosoma is still lacking. In anuran Hepatozoon spp., interspecific pairwise differences in COI, COIII, and CytB range from 0.3–1.8% [50], whereas Haemogregarina spp. from turtles in Colombia, showed up to 24.0% intraspecific variability in these genes, thus the authors hypothesised that above 30% genetic distance in mitochondrial markers might be associated with different parasite species [30]. The potential of individual mitochondrial protein-coding genes as genetic markers for different anuran blood apicomplexans, relative to the whole mitogenome, has yet to be assessed, and although these regions can be highly variable in some taxa, they may still preserve valuable phylogenetic signals [30]. However, no mitochondrial genome data are currently available for Dactylosoma, and future research should prioritise obtaining such data to help resolve taxonomic uncertainties in this group.
Morphology, life cycle, and vectors
In blood smears from Pelophylax frogs, we observed all developmental stages of Dactylosoma known to occur in vertebrate peripheral blood, including trophozoites, primary and secondary merogony stages, and gamonts. The phenotypic characteristics of D. cf. ranarum SK are typical of the genus and are consistent with previously published light microscopic observations on Dactylosoma spp. (e.g., [4, 64, 100, 101]). Interestingly, all developmental stages of D. cf. ranarum SK exhibited variability in the intensity and shade of Giemsa staining. However, it should not be considered a reliable characteristic, as differences in Giemsa staining are commonly observed between smears prepared in different laboratories. As illustrated in our photodocumentation, smears prepared in Bratislava stained an intense pink (e.g. top micrographs in Figs. 1K and 1P), whereas smears prepared in Brno showed a more blue-violet hue (e.g. bottom micrographs in Figs. 1K and 1P). These discrepancies are typically attributable to the use of Giemsa stains from different batches or manufacturers, or to differences in the properties of tap water used for rinsing (e.g. Brno tap water has higher hardness). Dactylosoma also appears to exhibit considerable variability in the number of merozoites produced during both primary and secondary merogony, even within the same species, as observed in this study. This variability represents one of the main sources of uncertainty in D. ranarum identification (see Remarks and differential diagnosis). Such variations during merogony, resulting in different numbers of merozoites produced, have also been observed in other apicomplexans [58].
The differentiation between primary and secondary merogony stages in this study was based on a combination of morphological and quantitative characters observed consistently across multiple specimens and supported by comparison with published data. Primary meronts were generally larger, more variable in shape, and contained more nuclei (up to 16, most often 12), whereas secondary meronts were smaller, with fewer nuclei (up to 8) typically arranged on one side of the cell. Primary meronts also showed greater variability in cytoplasmic structure, with young stages often containing numerous vacuoles and non-staining inclusions of various sizes, whereas secondary meronts were more uniform and frequently exhibited a fan-like or dactylate morphology. Differences between merozoites were subtler; however, secondary merozoites were less numerous (up to 8 vs. up to 16) and tended to contain more prominent cytoplasmic vacuoles.
The subcellular organisation of D. cf. ranarum SK generally corresponds to that described in previous studies [4, 5, 12]. It should be noted that determining the type of merogony in ultrathin sections requires sufficient material for comparison and may not be completely unambiguous. Except for the absence of amylopectin granules in primary merozoites and differences in cytoplasmic density reported by Barta [4], the criteria used in previous studies [4, 5, 12] to determine the type of merogony remain unclear. Although Boulard et al. [12] claimed to describe type primary meronts with developing merozoites, and Barta et al. [4, 5] focused on secondary merogony, published electron micrographs do not reveal any clear differences that would allow for an unambiguous distinction between primary and secondary merogony, with the merogonic stages depicted in their studies appearing nearly identical.
In this study, we evaluated the TEM data in relation to previously published ultrastructural studies and our own light microscopy observations. We classified the less electron-dense meronts with budding merozoites that lack amylopectin granules as stages of primary merogony, while the slightly smaller, more electron-dense stages with merozoites containing a few amylopectin granules, along with electron-dense bodies and several vacuoles in their cytoplasm, were classified as stages of secondary merogony. The subcellular organisation of merogonic stages of both generations in this study corresponded to that reported in previous studies [4, 5, 12], including the presence of a prominent rhoptry with a crystalline appearance. Furthermore, we observed two types of solitary intracellular zoite stages: one with an electron-dense appearance, corresponding to a secondary merozoite shortly after erythrocyte invasion, and another with a markedly more electron-translucent appearance. We assume these represent secondary merozoites in the process of transforming into gamonts. Although we cannot explain the occurrence of a temporary reduction in cytoplasmic density during this transformation, light-microscopic observations of overgrown merozoites and immature gamonts with whitish (hyaline) cytoplasm in Giemsa-stained smears support this hypothesis. We ruled out the possibility that these were primary merozoites transforming into trophozoites (which share a similar cytoplasmic density), as they retained a complete apical complex and contained more micronemes than either type of merozoite. The presence of rhoptries reduced in size and electron density indicates that they were discharging during the invasion process [5]. The fine structure of D. cf. ranarum SK gamonts, with immature stages possessing fewer developed organelles than mature gamonts, which are equipped with numerous micronemes, rhoptries, and dense granules, is consistent with previous studies on D. ranarum [4, 5]. The organisation of trimembrane pellicle and the arrangement of subpellicular microtubules and conoid-associated microtubules observed at several developmental stages are also consistent in all these studies. In both budding and solitary merozoites (Figs. 3G, 4D, 5B, 5D), we observed a pair of polar rings, as also reported for D. ranarum secondary merozoites and young gamonts in previous works [4, 5]. While these stages of Dactylosoma possess two polar rings, similar to other apicomplexans such as Lankesterella sporozoites [87, 92] and Toxoplasma tachyzoites [41], maturing and mature gamonts ([5], this study]) instead exhibit a broad, dense structure in the polar ring region (Figs. 6B, 6E, 6G), resembling (though less massive than) the “polar ring complex” described in Haemogregarina gamonts [70]. It has been suggested that the polar ring complex and conoid, present in motile stages undergoing sporogony in invertebrate hosts, represent primitive features adapted to facilitate parasite movement through host tissues [70].
Although these ultrastructural features are not yet sufficient for species-level diagnosis on their own, they provide a valuable comparative framework for Dactylosoma taxonomy. In practice, the most informative characters appear to include the organisation of the apical complex, with particular emphasis on the polar ring(s); the position and activity of micropores; the number of subpellicular microtubules; and rhoptry morphology, particularly the presence of crystalline contents. Additional useful characters include the occurrence and abundance of amylopectin granules and dense bodies in merozoites and gamonts. Furthermore, the degree of elaboration of the parasitophorous vacuole membrane within the host erythrocyte may offer useful taxonomic clues [4, 5, 12]. At present, however, these features should be regarded as supportive rather than definitive. Ultrastructural data are available for too few Dactylosoma species to determine which traits are stable at the species level and which are conserved more broadly across the genus. Importantly, most previous ultrastructural studies of Dactylosoma spp. were conducted without accompanying molecular data, limiting their applicability for species-level taxonomy. In contrast, the present study integrates ultrastructural observations with molecular characterisation, enabling internal morphological features to be linked to a defined genotype. This integrative approach provides a more robust framework for future taxonomic comparisons, as ultrastructural characters can now be interpreted in the context of genetically confirmed lineages rather than relying solely on morphology.
In contrast to the intraerythrocytic development of Dactylosoma parasites in vertebrate hosts, which is relatively well characterised, their development in natural vectors has yet to be elucidated. However, there have been several experimental attempts to identify their possible vectors. Some scientists speculated that leeches may serve as vectors, originally acting as the primary hosts of Dactylosoma, in which the parasite underwent a monoxenous and simpler life cycle [56]. Initial experiments attempting to transmit D. ranarum to other invertebrates, such as Eurasian glossiphoniid leech (Hemiclepsis marginata) and European biting midge (Culicoides nubeculosus), proved unsuccessful [12, 67]. In another experiment, P. esculentus from Corsica with natural infection with D. ranarum was used to transmit the parasite to a North American glossiphoniid leech (Desserobdella picta), a natural vector of the closely related Babesiosoma stableri [4, 8]. The parasite apparently underwent sporogony in the intestinal epithelium of the leech and the observed oocysts were polysporoblastic, producing 30 or more sporozoites through exogenous budding directly into the cytoplasm of the leech enterocyte. The sporozoite production was not synchronised, as parasitised cells demonstrated fully mature sporozoites and sporonts simultaneously [4, 5]. Nevertheless, no gamete development or zygote formation were observed, and attempts to experimentally transmit the parasite to an uninfected frog host were unsuccessful [4]. Since both studies suggested the potential of leeches to transmit dactylosomatid parasites, they were widely believed to serve as the sole vectors of Dactylosoma parasites. Interestingly, Nöller [67] suggested that the fish louse (Argulus foliaceus) could be a possible vector of Dactylosoma in frogs, as it was the only blood-sucking ectoparasite – apart from the leech Hemiclepsis – observed to infest frogs and tadpoles in the pond at the collection site.
Despite the numerous similarities, however, there are also indications that the life cycle and transmission strategies may differ between Babesiosoma and Dactylosoma. For example, compared to B. stableri [7], only a small amount of amylopectin inclusions was observed in both D. cf. ranarum SK and D. ranarum [5]. The number of amylopectin granules in B. stableri increased over the course of the infection, with mature gamonts containing large stores of amylopectin [7]. The authors suggested that the large reserves of energy in the form of amylopectin and lipid inclusions could be consumed during sporogonic development in the leech. The difference in amounts of amylopectin granules between the two genera could reflect their different lifespans within the anuran host or transmission strategy. While the gamonts of B. stableri can survive in the blood for approximately a year without reinfection [86], the gamonts of D. ranarum have been observed in frog blood for a maximum of several weeks [5].
A more recent study revealed the development of D. kermiti in two species of African mosquitoes, Uranotaenia mashonaensis and U. montana, which were observed feeding on parasitised frogs in situ [64]. Subsequent examination of smears from their guts and haemocoels unveiled putative developmental stages of D. kermiti, including gametes, ookinetes, oocysts, and sporozoites. This finding, therefore, suggests the involvement of dipterans in Dactylosoma transmission. The absence of the parasite in the mosquitoes’ salivary glands implies that D. kermiti may be transmitted to frog hosts through ingestion of the infected dipteran rather than through its bite, as observed in other haemogregarines. However, the authors themselves point out that the study is preliminary and based on limited data, which highlights the need for further observations to draw definitive conclusions about the parasite life history [64]. To elucidate the complete life cycle of D. cf. ranarum SK, including its potential insect vectors, we carefully examined blood smears from all sampled anurans and performed molecular detection of Dactylosoma in all blood-sucking dipterans collected from the same localities. Although we were able to repeatedly detect and document all developmental stages of Dactylosoma in the blood of its vertebrate host, molecular analysis did not reveal the presence of the parasite in any of the collected mosquitoes. This result is unsurprising, as Aedes mosquitos – comprising most of our samples from Devín and Rusovce – are opportunistic feeders that primarily target mammalian hosts, including humans. This feeding behaviour makes them important vectors of human viral diseases such as dengue fever, yellow fever, and Zika virus [52], but it also renders them highly unlikely to feed on poikilothermic animals. It is therefore plausible that frog haemoparasites are transmitted by other mosquito species, such as Cx. territans, which is rare in our region, or by mosquitoes of the genus Uranotaenia, which is so far absent in Slovakia [69]. Culex territans, commonly known as the northern frog-biting mosquito, is found across North America, Europe, North Africa, and the Arabian Peninsula, typically inhabiting clean, vegetated aquatic environments. While females can feed on various vertebrates, they predominantly target reptiles and amphibians, with a particular preference for frogs [11]. Moreover, Cx. territans has previously been implicated as a vector of anuran trypanosomes [10], haemogregarines of the genus Hepatozoon [38], and the fungus Batrachochytrium dendrobatidis [79], making it a potential candidate for Dactylosoma transmission. However, although the presence of Cx. territans has been documented in Slovakia [46, 93], we did not collect this species at Devin and Rusovce, and its occurrence at these sampling sites remains unknown. To test the possibility that this mosquito could serve as a vector for the parasite studied here, we included in the molecular screening for Dactylosoma frog blood and mosquito samples collected in Moravský Svätý Ján, where Cx. territans had been recorded in previous years (personal unpublished data). Nevertheless, we captured only four female specimens of Cx. territans, all of which tested negative for Dactylosoma. In contrast, female blackflies are known to bite exclusively warm-blooded hosts, as their mouthparts and host-seeking behaviour are specifically adapted to endothermic animals [94]. They were included in the molecular screening solely because of their high numbers in traps set at Devín and Rusovce, particularly in light of the negative results obtained from mosquitoes. As expected, Dactylosoma was not detected in any of the blackfly samples.
In conclusion, while leeches have not yet been confirmed as natural vectors for any Dactylosoma species, their involvement in the transmission of amphibian haemoparasites cannot be excluded. This is especially true for semi-aquatic hosts such as Pelophylax, which is the only anuran genus in which Dactylosoma has been detected during our studies in Slovakia to date. In Europe, several leech species feed on amphibians, including Batracobdella algira [53], Helobdella stagnalis [98], marginata [55], and Hirudo medicinalis [59]. According to Vladimír Košel from Comenius University in Bratislava (personal communication, 2022), of these species, only H. stagnalis is known to occur at the studied localities, making it a potential vector of Dactylosoma in western Slovakia and a suitable focus for future studies.
Host-parasite interactions and infection parameters
Although Dactylosoma is generally assumed to have minimal effects on host blood cells, blood smears and ultrathin sections from infected frogs often revealed numerous degenerated or destroyed erythrocytes. Characteristic intraerythrocytic stages of Dactylosoma, including trophozoites, meronts, and immature gamonts, were often observed in close association with damaged erythrocytes or embedded within them. Immature and mitotic erythrocytes are commonly observed in the peripheral blood of amphibians and may represent a physiological response to blood parasite infection [23, 26]. Infection with haemogregarines (including Dactylosoma) may induce anaemia in birds, reptiles, and amphibians [26, 109]. For example, haemogregarine-infected Litoria infrafrenata frogs lacking apparent signs of disease showed changes in haematologic and biochemical variables, suggesting subclinical impact of infection on health status [109].

Dactylosoma cf. ranarum SK exhibited a relatively high overall prevalence in Pelophylax water frogs, with the highest occurrence in P. ridibundus and P. esculentus and a notably lower presence in P. lessonae. This pattern is consistent with the generally higher prevalences reported for this species compared to other Dactylosoma spp., although it remains below the highest recorded overall prevalence observed for D. ranarum in P. esculentus from Corsica, which reached 53.49% (46/86) [6]. Netherlands et al. [64] reported an overall prevalence of 30.04% (70/233) for D. kermiti in two host species collected in KwaZulu-Natal, South Africa. Regarding Dactylosoma species found in Brazilian anurans: (i) D. piperis was found in the only collected and screened individual of L. labyrinthicus [100], (ii) D. amphibia had an overall prevalence of 2.59% (3/116) across three host species [101], and (iii) the unidentified species of Dactylosoma reported by Coêlho et al. [14] had a prevalence of 6.85% (5/73) across two host species.
Similarly, the level of parasitaemia of D. cf. ranarum SK with an average parasitaemia of 2.3% in P. ridibundus (n = 11) and 1.7% in P. esculentus (n = 45), was significantly higher than in other studies. For example, parasitaemia of 0.3% was reported for the Dactylosoma sp. from a single individual of P. lessonae, 0.4% for D. kermiti (n = 70), 0.2% for D. piperis (n = 1), and 0.1% for D. amphibia (n = 3) [64, 100, 101].
The higher levels of D. ranarum prevalence and parasitaemia compared to other studies on Dactylosoma may result from the different ecology and behaviour of the hosts. The frogs of the genus Pelophylax are considered semi-aquatic, inhabiting diverse freshwater environments. This, coupled with potentially high population densities, provides ample opportunity for infections and pathogen transmission between hosts. For example, Pelophylax water frogs in Europe are indeed recognised for harbouring a wide range of pathogens compared to some other anuran species [40, 44, 83]. Moreover, semi-aquatic and aquatic anurans in South Africa exhibit higher prevalence of haemoparasites compared to terrestrial species [65]. This hypothesis is further supported by reports of the highest prevalence of Dactylosoma to date, which detected the parasites specifically in Pelophylax representatives ([6], this study). It is therefore likely that the different ecology and behaviour of various investigated anuran species could be the reason why we did not find D. cf. ranarum SK in other anurans investigated during this study. More frequent encounters of Pelophylax spp. with vectors may also lead to reinfections, resulting in increased parasitaemia. This is especially true if Dactylosoma is transmitted by leeches. Outside the breeding season, members of other genera screened here typically inhabit more terrestrial habitats compared to Pelophylax frogs, hereby reducing their contact with potential vectors, such as leeches and mosquitoes commonly found in or near water sources. Additionally, some of these species (e.g. Bufo spp. and Bombina spp.) are known to produce toxins in their skin, which can be irritating or toxic to microbes and predators [18, 89], which reduces the likelihood of bites by potential vectors and thus their exposure to blood parasites.
Due to the drying of the water source in Devín, we could only assess the effect of sampling month on parasitaemia in P. esculentus (n = 33) collected in Rusovce. Seasonal analysis showed that all epidemiological parameters rose from moderate levels in April (spring) to peaks in June (summer), then declined to their lowest levels by August (summer). The spring–summer period coincides with peak vector activity, increasing host exposure to infection, while by late summer, vector populations may decline due to natural controls such as predation or desiccation of breeding sites [17, 61]. Haemogregarine infections of frogs and tortoises were shown to be higher in wet seasons, reflecting vector activity, whereas dry-season sampling showed no seasonal effect [1, 78, 109]. No studies have explored seasonal effects on anuran haemoparasites in Europe, and no clear overall trend was observed in the prevalence of B. stableri, a close relative of Dactylosoma, in bullfrogs monitored over a three-year period in Canada [4]. As ectotherms, amphibians are strongly influenced by temperature and humidity, which can affect both parasite development and host immune function, contributing to seasonal infection patterns [32]. Post-hibernation, their immunity is weakened, and summer stressors such as heat, breeding, and predation further tax defences [28, 57, 75], while stronger immunity in late summer may reduce parasite loads. Habitat shifts, breeding behaviour, and host density can also affect transmission. Although it is unclear whether Dactylosoma overwinters in vectors or hosts, high early-season values in our study suggest frogs may retain parasites from the previous season. Host species or sex effects could not be assessed here, as all infected frogs belonged to a single species (P. esculentus), 85% of which were females. However, another study on haemogregarine infection in Pelophylax frogs found no significant differences between the sexes, although it did confirm a significant difference between adults and subadults [71]. In contrast, haemogregarine infection in wall lizards was shown to be slightly lower in females in summer than in spring, while infection levels in males remained consistent. The authors attributed this pattern to the immunosuppressive effects of testosterone, combined with greater exposure to vectors due to increased male mobility [2]. Overall, multiple factors interact to shape seasonal parasite prevalence patterns, including host and parasite species, parasite life cycle, vector activity, host ecology and biology, host sex and age/size, seasonal changes in host behaviour and immunity, and environmental conditions [1, 16, 35, 71, 76, 78, 109].
Conclusions
Observations of Dactylosoma in three species of Pelophylax water frogs from western Slovakia and comparison with the Dactylosoma isolate from P. esculentus collected in France (Perpignan) suggest that the species from the current study represent a single species corresponding morphologically to the type species D. ranarum, and identical to the Dactylosoma sp. sequence [GenBank accession number MN879399] previously recorded from P. lessonae in Belgium. However, given the considerable variability in the number of final merozoites produced during primary and secondary merogony, as well as in the dimensions of all developmental stages, and the absence of molecular data in the original description and older studies, it cannot be excluded that what is currently regarded as a single species may in fact represent a species complex. Future studies should incorporate data from across Europe, including material from the type locality, to help resolve the question posed above.
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	[image: Thumbnail: Figure 1 Refer to the following caption and surrounding text.]	Figure 1 Dactylosoma cf. ranarum SK in blood smears of Pelophylax esculentus. A) Trophozoite. B–G) Primary merogony: B) Early meront. C; D) Young primary meront released from host cell, presumably due to cell damage or lysis. The meront in C appears to be partially protruding into the lymphocyte, suggesting a possible interaction. E; F) Primary meront with 12 budding merozoites. G) Primary merozoites. The top inset shows one of the merozoites that has already invaded the nearest erythrocyte; the bottom inset shows another primary merozoite from a different smear preparation. H–L) Secondary merogony: H; I) Young secondary meront. J) Maturing secondary meront with eight nuclei. K) Secondary meronts with eight budding merozoites. L) Secondary merozoites. M) Immature gamonts at various stages of development and a secondary merozoite. N) Immature gamont released from degraded erythrocyte. O) Mature intracellular gamont. P) Mature extracellular gamonts. Bright-field microscopy, Giemsa staining. Scale bar applies to all micrographs. Black arrowhead – condensed chromatin/nucleus, black asterisk – merozoite following erythrocyte invasion, de – degrading erythrocyte, ly – lymphocyte, white arrowhead – apical end of gamont.
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	[image: Thumbnail: Figure 2 Refer to the following caption and surrounding text.]	Figure 2 
Dactylosoma cf. ranarum SK in blood smears of Pelophylax ridibundus. A) Trophozoite. B; C) Trophozoite transforming into meront stage. D–I) Primary merogony: D; E) Early primary meront. F) Young primary meront. G) Maturing primary meront with initial merozoite formation. H) Primary meront with budding merozoites. I) Primary merozoites. The inset shows a primary merozoite following erythrocyte invasion. J–K) Secondary merogony: J) Maturing secondary meront with five clearly visible nuclei. K) Secondary merozoite following erythrocyte invasion. L) Immature intracellular gamonts at different stages of development. M) Mature intracellular gamont. N) Mature intracellular gamont straightening prior to exiting the erythrocyte. O) Mature gamont emerging from an erythrocyte. P) Extracellular immature (top) and mature (bottom) gamont released from damaged erythrocytes. Bright-field microscopy, Giemsa staining. Scale bar applies to all micrographs. Black arrowhead – condensed chromatin/nucleus, black asterisk – merozoite after invasion of erythrocyte, de – degrading erythrocyte, white arrowhead – apical end of gamont; white asterisk – trophozoite.
In the text



	[image: Thumbnail: Figure 3 Refer to the following caption and surrounding text.]	Figure 3 Subcellular organisation of Dactylosoma cf. ranarum SK trophozoites and primary merogonic stages. A) Trophozoite showing remnants of the apical complex. B; C) Trophozoite transforming into a meront stage. D) Early meront displaying the mitotic spindle. E) Young meront showing the initial stages of merozoite budding. F) Primary meront with budding merozoites. G) Anterior region of the merozoite shown in F. Transmission electron microscopy. a – amylopectin granule(s), black arrowhead – parasite plasma membrane, black arrows – mitotic spindle, black asterisk – microneme(s), black circle – micropore, c – conoid, double black arrowhead – inner membrane complex, e – erythrocyte, er – rough endoplasmic reticulum, g – Golgi apparatus, l – lipid droplet, m – mitochondrion, n – nucleus, pr – polar rings, small white arrow – subpellicular microtubule, white arrow – parasitophorous vacuole, white asterisk – apical pole of a budding merozoite.
In the text



	[image: Thumbnail: Figure 4 Refer to the following caption and surrounding text.]	Figure 4 Subcellular organisation of Dactylosoma cf. ranarum SK secondary merogonic stages. A) Meront with budding merozoites. B) Apical end of the merozoite shown in A. C) Meront with budding merozoites. D; E) Anterior region of the merozoite shown in C (two different sections). F) High magnification of the pellicle and subpellicular microtubules in a budding merozoite. G) Tangential section through the anterior region of a merozoite following erythrocyte invasion. H) Cross-sectioned posterior region of a merozoite with a prominent micropore after erythrocyte invasion. Transmission electron microscopy. a – amylopectin granule, black arrowhead – parasite plasma membrane, black asterisk – microneme(s), c – conoid, cr – preconoidal rings, db – dense body, double black arrowhead – inner membrane complex, e – erythrocyte, er – rough endoplasmic reticulum, l – lipid droplet, m – mitochondrion, n – nucleus, pr – polar ring(s), small white arrow – subpellicular microtubule, v – vacuole, white arrow – extensions of the parasitophorous vacuole membrane into the erythrocyte cytoplasm, white arrowhead – parasitophorous vacuole, white asterisk – apical pole of a budding merozoite, white circle – micropore.
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	[image: Thumbnail: Figure 5 Refer to the following caption and surrounding text.]	Figure 5 Subcellular organisation of Dactylosoma cf. ranarum SK secondary merozoites. A) Tangential section through a merozoite following erythrocyte invasion. Note the micropore (encircled) in its anterior region. B–C) Apical end of a secondary merozoite in mid-longitudinal (B) and superficial (C) sections. D–E) Tangentially sectioned anterior end of secondary merozoite showing the apical complex (D) and subpellicular microtubules with circular structures (encircled in E). Transmission electron microscopy. a – amylopectin granule, black arrowhead – parasite plasma membrane, black asterisk – microneme(s), c – conoid, cr – preconoidal rings, double black arrowhead – inner membrane complex, e – erythrocyte, n – nucleus, pr – polar ring(s), r – rhoptry, small black arrow – intraconoidal microtubule, small white arrow – subpellicular microtubule, white asterisk – rhoptry duct.
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	[image: Thumbnail: Figure 6 Refer to the following caption and surrounding text.]	Figure 6 Subcellular organisation of Dactylosoma cf. ranarum SK gamonts. A) Anterior region of an immature gamont. B) Apical end of the gamont shown in A. C) Pellicle details showing subpellicular microtubules (top micrograph) and an active micropore with membrane structures filling its invaginated part (bottom micrograph). D) Anterior region of a more advanced stage of an immature gamont. E) Detail of the apical end of the gamont shown in D. F) Anterior region of a maturing gamont. G) Detailed views of the apical ends of maturing gamonts (top micrograph corresponds to the gamont shown in F). H) Anterior region of a mature gamont with a prominent nucleus and numerous micronemes. I) Longitudinal section of a recurved mature gamont in its folding region. J) Mid-posterior part of a mature gamont with a micropore (encircled) and several dense bodies. Transmission electron microscopy. Black arrowhead – parasite plasma membrane, black asterisk – microneme(s), c – conoid, cr – preconoidal rings, db – dense bodies, double black arrowhead – inner membrane complex, e – erythrocyte, er – rough endoplasmic reticulum, n – nucleus, pr – polar ring(s), pv – inner space of parasitophorous vacuole, r – rhoptry, small white arrow – subpellicular microtubule, white arrow – extensions of the parasitophorous vacuole membrane into the erythrocyte cytoplasm, white arrowhead – parasitophorous vacuole, white asterisk – rhoptry duct.
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	[image: Thumbnail: Figure 7 Refer to the following caption and surrounding text.]	Figure 7 Phylogenetic tree of 66 sequences of various haemogregarine taxa reconstructed by Bayesian inference. The tree is based on a 614 bp-long alignment of ortholog partial 18S rDNA sequences and is rooted using Adelina dimidiata and Klossia helicina as outgroup. Values at the nodes indicate posterior probabilities (>70) from the Bayesian inference, and bootstrap values (>50) from the maximum likelihood analysis. Lower values are shown as dashes (–). The length of branches represents the number of substitutions per site. Newly generated sequence of Dactylosoma cf. ranarum SK collected from Slovakia is in red. GenBank accession numbers are in parentheses at the taxa name.
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      Table 1 

      Overview of collected frog species (Anura).

      
        


	Family
	Species
	Locality
	No. collected





	Bombinatoridae
	
Bombina bombina (Linnaeus, 1761)
	Bratislava – Devín
	57



	Bufonidae
	
Bufo bufo (Linnaeus, 1758)
	Bratislava – Devín
	2



	
	
Bufotes viridis (Laurenti, 1768)
	Bratislava – Devín
	2



	Hylidae
	
Hyla arborea (Linnaeus, 1758)
	Bratislava – Devín
	10



	Pelobatidae
	
Pelobates fuscus (Laurenti, 1768)
	Bratislava – Devín
	3



	Ranidae
	
Pelophylax esculentus (Linnaeus, 1758)
	Bratislava – Devín, Bratislava – Rusovce, Moravský Svätý Ján
	126



	
	
Pelophylax lessonae (Camerano, 1882)
	Bratislava – Rusovce, Moravský Svätý Ján
	14



	
	
Pelophylax ridibundus (Pallas, 1771)
	Bratislava – Devín, Bratislava – Rusovce
	24



	
	
Rana dalmatina Fitzinger, 1838
	Bratislava – Devín
	1





      

    

  
    
      
Table 2
 

      Overview of collected dipteran species (Diptera).

      
        


	Family
	Species
	Locality
	No. collected





	Culicidae
	
Aedes cantans (Meigen, 1818)
	Bratislava – Devín, Rusovce
	43



	
	
Aedes cinereus Meigen, 1818
	Bratislava – Devín
	10



	
	
Aedes sticticus (Meigen, 1838)
	Bratislava – Devín, Bratislava – Rusovce
	78



	
	
Aedes vexans (Meigen, 1830)
	Bratislava – Devín, Bratislava – Rusovce
	315



	
	
Anopheles maculipennis (Meigen, 1818)
	Bratislava – Devín, Bratislava – Rusovce
	4



	
	
Culex territans (Walker, 1856)
	Moravský Svätý Ján
	4



	Simuliidae
	
Simulium balcanicum (Enderlein, 1924)
	Bratislava – Devín, Bratislava – Rusovce
	746





      

    

  
    
      
Table 3
 

      Overview of mosquitos (Diptera: Culicidae) in pooled samples.

      
        


	Species
	Locality
	No. collected





	
Aedes caspius (Pallas, 1771)
	
Bratislava – Devín
	3



	
Aedes cinereus/geminus (Peus, 1971)
	
Bratislava – Devín, Suchohrad
	4



	
Aedes hungaricus (Mihalyi, 1955)
	
Moravský Svätý Ján

	4



	
Aedes sticticus (Meigen, 1838)
	
Bratislava – Devín, Draždiak, Devinske jazero, Zohor, Suchohrad
	232



	
Aedes vexans (Meigen, 1830)
	
Bratislava – Devín, Bratislava – Draždiak, Devinske jazero, Gajary, Malé Leváre, Stupava, Suchohrad, Sekule
	896



	
Anopheles maculipennis (Meigen, 1818)
	Vysoká pri Morave, Gajary, Malé Leváre, Suchohrad, Moravský svätý Ján
	61



	
Anopheles plumbeus (Stephens, 1828)
	Zohor
	1



	
Coquillettidia richiardii (Ficalbi, 1889)
	Vysoká pri Morave, Gajary, Suchohrad, Moravský Svätý Ján
	15



	
Culex modestus (Ficalbi 1889)
	Vysoká pri Morave, Gajary, Malé Leváre, Suchohrad, Sekule, Moravský Svätý Ján
	54



	
Culex pipiens (Linnaeus, 1758)
	
Bratislava – Devín, Bratislava – Draždiak, Bratislava – Pečniansky les, Vysoká pri Morave, Gajary, Suchohrad, Moravský Svätý Ján
	136



	
Culiseta annulata (Schrank, 1776)
	Vysoká pri Morave, Malé Leváre, Moravský svätý Ján
	69





      

      
Note: Sites where mosquitoes were collected, coinciding with frog sampling locations for this study, are highlighted in bold.



    

  
    
      
Table 4
 

      Prevalence of Dactylosoma cf. ranarum SK at the sampling localities in Slovakia.

      
        


	Locality
	Host species
	No. of collected anurans
	No. of infected anurans
	Parasite prevalence (%)





	Devín
	
Bombina bombina

	57
	0
	0



	
	
Bufo bufo

	2
	0
	0



	
	
Bufotes viridis

	2
	0
	0



	
	
Hyla arborea

	10
	0
	0



	
	
Pelobates fuscus

	3
	0
	0



	
	

Pelophylax esculentus


	
1

	
1

	
100




	
	

Pelophylax ridibundus


	
23

	
11

	
47.83




	
	
Rana dalmatina

	1
	0
	0



	Rusovce
	

Pelophylax esculentus


	
114

	
44

	
38.60




	
	
Pelophylax lessonae

	3
	0
	0



	
	

Pelophylax ridibundus


	
1

	
0

	
0




	Moravský Svätý Ján
	

Pelophylax esculentus


	
11

	
9

	
81.82




	
	

Pelophylax lessonae


	
11

	
2

	
18.19




	
Total

	
	
239

	
67

	
28.03






      

      
Note: Samples positive for Dactylosoma cf. ranarum SK are highlighted in bold.



    

  
    
      Figure 1 

      
        [image: Figure 1 Refer to the following caption and surrounding text.]
      

      
        Dactylosoma cf. ranarum SK in blood smears of Pelophylax esculentus. A) Trophozoite. B–G) Primary merogony: B) Early meront. C; D) Young primary meront released from host cell, presumably due to cell damage or lysis. The meront in C appears to be partially protruding into the lymphocyte, suggesting a possible interaction. E; F) Primary meront with 12 budding merozoites. G) Primary merozoites. The top inset shows one of the merozoites that has already invaded the nearest erythrocyte; the bottom inset shows another primary merozoite from a different smear preparation. H–L) Secondary merogony: H; I) Young secondary meront. J) Maturing secondary meront with eight nuclei. K) Secondary meronts with eight budding merozoites. L) Secondary merozoites. M) Immature gamonts at various stages of development and a secondary merozoite. N) Immature gamont released from degraded erythrocyte. O) Mature intracellular gamont. P) Mature extracellular gamonts. Bright-field microscopy, Giemsa staining. Scale bar applies to all micrographs. Black arrowhead – condensed chromatin/nucleus, black asterisk – merozoite following erythrocyte invasion, de – degrading erythrocyte, ly – lymphocyte, white arrowhead – apical end of gamont.

      

    

  
    
      Figure 2 
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Dactylosoma cf. ranarum SK in blood smears of Pelophylax ridibundus. A) Trophozoite. B; C) Trophozoite transforming into meront stage. D–I) Primary merogony: D; E) Early primary meront. F) Young primary meront. G) Maturing primary meront with initial merozoite formation. H) Primary meront with budding merozoites. I) Primary merozoites. The inset shows a primary merozoite following erythrocyte invasion. J–K) Secondary merogony: J) Maturing secondary meront with five clearly visible nuclei. K) Secondary merozoite following erythrocyte invasion. L) Immature intracellular gamonts at different stages of development. M) Mature intracellular gamont. N) Mature intracellular gamont straightening prior to exiting the erythrocyte. O) Mature gamont emerging from an erythrocyte. P) Extracellular immature (top) and mature (bottom) gamont released from damaged erythrocytes. Bright-field microscopy, Giemsa staining. Scale bar applies to all micrographs. Black arrowhead – condensed chromatin/nucleus, black asterisk – merozoite after invasion of erythrocyte, de – degrading erythrocyte, white arrowhead – apical end of gamont; white asterisk – trophozoite.

      

    

  
    
      
Table 5
 

      Overview of morphometric data on developmental stages of anuran Dactylosoma spp.

      
        


	Species
	Host(s)
	Country
	Morphometric data (μm)
	
	Reference



	
	
	
	Trophozoites
	Meronts
	Merozoites
	Gamonts
	





	
Dactylosoma cf. ranarum SK
	
Pelophylax esculentus, Pelophylax ridibundus
	Slovakia
	5.76 × 2.78
	YP: 7.36 × 3.52, P: 7.41 × 6.39
	P: 3.71 × 1.18
	13.43 × 1.69
	Current study



	
Pelophylax lessonae

	YS: 4.91 × 4.17, S: 6.24 × 5.29
	S: 3.52 × 1.11



	
Dactylosoma sp.
	
Pelophylax lessonae

	Belgium
	6.3 × 3.8
	YP: 9.4 × 8.0, P: 11.3 × 9.1
	P: 4.0 × 1.9
	9.8 × 2.3
	[64]



	YS: 6.2 × 4.5, S: 7.7 × 6.6
	S: 4.1 × 2.3



	
D. ranarum

	
Pelophylax esculentus

	Italy
	3.0–4.0 × 1.5–2.0
	P: 10.0–15.0 × 2.0–3.0
	P: 2.8 × 0.7,
	5.0–8.0 × 1.5–3.0
	[43]



	S: 9.0 × 4.0
	S: 2.0–3.0 × 1.0–1.5



	
D. ranarum

	
Pelophylax esculentus

	France (Corsica)
	N/A
	P: 7.3 × 7.3
	P: 4.3 × 1.3
	7.0 × 3.4
	[6]



	S: 4.7 × 4.7
	S: 3.4 × 0.9



	
D. ranarum

	
Fejervarya limnocharis

	China
	N/A
	P: 7.87 × 7.87
	N/A
	7.66 × N/A
	[106]



	
D. ranarum

	
Pelophylax nigromaculatus

	China
	N/A
	P: 6.01 × 6.01
	N/A
	6.5 × N/A
	[106]



	
D. amphibia
	
Leptodactylus latrans, Rhinella diptycha, Trachycephalus typhonius
	Brazil
	5.37 × 2.99
	YP: 6.78 × 3.95, P: 10.10 × 7.37
	P: 3.05 × 1.72
	N/A
	[101]



	YS: 6.13 × 4.09, S: 7.01 × 3.99
	S: 5.33 × 4.39



	
D. kermiti
	
Ptychadena anchietae, Sclerophrys gutturalis
	South Africa
	6.7 × 3.5
	YP: 7.8 × 5.7, P: 9.9 × 6.9
	P: 5.6 × 2.7
	10.6 × 2.2
	[64]



	YS: 5.4 × 4.6, S: 7.2 × 5.7
	S: 4.8 × 2.3



	
D. piperis
	
Leptodactylus labyrinthicus

	Brazil
	7.40 × 3.75
	YP: 5.20 × 5.53, P: 8.59 × 6.73
	P: 7.45 × 2.90
	N/A
	[100]



	YS: 6.10 × 4.15, S: 6.95 × 4.89
	S: 6.20 × 1.50



	
D. sylvatica
	
Lithobates sylvaticus

	Canada
	7.0–8.5 × 6.3–7.6
	P: 7.4–11.5 × 7.0–9.3
	S: 4.4–5.9 × 1.1–2.0
	7.0–12.6 × 1.5–3.0
	[21]



	S: 5.2 × 4.0



	
D. taiwanensis
	
Fejervarya limnocharis

	Taiwan
	7.3 × 3.9*
	S: 6.9–7.9 × 5.6–7.3*
	N/A
	11.8–13.6 × 2.1–2.9*
	[56]



	
Dactylosoma sp.
	
Rhinella major, Rhinella marina
	Brazil
	6.5–8.2 × 2.5–7.0
	P: 6.5–5.4 × 8.4–6.8
	S: 3.2–2.7 × 1.9–1.3
	13.8–16.0 × 2.1–2.3
	[14]



	S: 4.2–4.0 × 3.6–3.2



	
Dactylosoma sp.
	
Rhinella marina

	Costa Rica
	N/A
	P/S: 4–7 × 4–7
	N/A
	7 1–10 × 2–4
	[82]





      

      
YP – young primary, P – primary, YS – young secondary, S – secondary, N/A – not available. *Measurements obtained from figure scale bar by Netherlands et al. [64].



    

  
    
      Figure 3 

      
        [image: Figure 3 Refer to the following caption and surrounding text.]
      

      
        Subcellular organisation of Dactylosoma cf. ranarum SK trophozoites and primary merogonic stages. A) Trophozoite showing remnants of the apical complex. B; C) Trophozoite transforming into a meront stage. D) Early meront displaying the mitotic spindle. E) Young meront showing the initial stages of merozoite budding. F) Primary meront with budding merozoites. G) Anterior region of the merozoite shown in F. Transmission electron microscopy. a – amylopectin granule(s), black arrowhead – parasite plasma membrane, black arrows – mitotic spindle, black asterisk – microneme(s), black circle – micropore, c – conoid, double black arrowhead – inner membrane complex, e – erythrocyte, er – rough endoplasmic reticulum, g – Golgi apparatus, l – lipid droplet, m – mitochondrion, n – nucleus, pr – polar rings, small white arrow – subpellicular microtubule, white arrow – parasitophorous vacuole, white asterisk – apical pole of a budding merozoite.

      

    

  
    
      Figure 4 
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        Subcellular organisation of Dactylosoma cf. ranarum SK secondary merogonic stages. A) Meront with budding merozoites. B) Apical end of the merozoite shown in A. C) Meront with budding merozoites. D; E) Anterior region of the merozoite shown in C (two different sections). F) High magnification of the pellicle and subpellicular microtubules in a budding merozoite. G) Tangential section through the anterior region of a merozoite following erythrocyte invasion. H) Cross-sectioned posterior region of a merozoite with a prominent micropore after erythrocyte invasion. Transmission electron microscopy. a – amylopectin granule, black arrowhead – parasite plasma membrane, black asterisk – microneme(s), c – conoid, cr – preconoidal rings, db – dense body, double black arrowhead – inner membrane complex, e – erythrocyte, er – rough endoplasmic reticulum, l – lipid droplet, m – mitochondrion, n – nucleus, pr – polar ring(s), small white arrow – subpellicular microtubule, v – vacuole, white arrow – extensions of the parasitophorous vacuole membrane into the erythrocyte cytoplasm, white arrowhead – parasitophorous vacuole, white asterisk – apical pole of a budding merozoite, white circle – micropore.

      

    

  
    
      Figure 5 
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        Subcellular organisation of Dactylosoma cf. ranarum SK secondary merozoites. A) Tangential section through a merozoite following erythrocyte invasion. Note the micropore (encircled) in its anterior region. B–C) Apical end of a secondary merozoite in mid-longitudinal (B) and superficial (C) sections. D–E) Tangentially sectioned anterior end of secondary merozoite showing the apical complex (D) and subpellicular microtubules with circular structures (encircled in E). Transmission electron microscopy. a – amylopectin granule, black arrowhead – parasite plasma membrane, black asterisk – microneme(s), c – conoid, cr – preconoidal rings, double black arrowhead – inner membrane complex, e – erythrocyte, n – nucleus, pr – polar ring(s), r – rhoptry, small black arrow – intraconoidal microtubule, small white arrow – subpellicular microtubule, white asterisk – rhoptry duct.

      

    

  
    
      Figure 6 
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        Subcellular organisation of Dactylosoma cf. ranarum SK gamonts. A) Anterior region of an immature gamont. B) Apical end of the gamont shown in A. C) Pellicle details showing subpellicular microtubules (top micrograph) and an active micropore with membrane structures filling its invaginated part (bottom micrograph). D) Anterior region of a more advanced stage of an immature gamont. E) Detail of the apical end of the gamont shown in D. F) Anterior region of a maturing gamont. G) Detailed views of the apical ends of maturing gamonts (top micrograph corresponds to the gamont shown in F). H) Anterior region of a mature gamont with a prominent nucleus and numerous micronemes. I) Longitudinal section of a recurved mature gamont in its folding region. J) Mid-posterior part of a mature gamont with a micropore (encircled) and several dense bodies. Transmission electron microscopy. Black arrowhead – parasite plasma membrane, black asterisk – microneme(s), c – conoid, cr – preconoidal rings, db – dense bodies, double black arrowhead – inner membrane complex, e – erythrocyte, er – rough endoplasmic reticulum, n – nucleus, pr – polar ring(s), pv – inner space of parasitophorous vacuole, r – rhoptry, small white arrow – subpellicular microtubule, white arrow – extensions of the parasitophorous vacuole membrane into the erythrocyte cytoplasm, white arrowhead – parasitophorous vacuole, white asterisk – rhoptry duct.

      

    

  
    
      Figure 7 
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        Phylogenetic tree of 66 sequences of various haemogregarine taxa reconstructed by Bayesian inference. The tree is based on a 614 bp-long alignment of ortholog partial 18S rDNA sequences and is rooted using Adelina dimidiata and Klossia helicina as outgroup. Values at the nodes indicate posterior probabilities (>70) from the Bayesian inference, and bootstrap values (>50) from the maximum likelihood analysis. Lower values are shown as dashes (–). The length of branches represents the number of substitutions per site. Newly generated sequence of Dactylosoma cf. ranarum SK collected from Slovakia is in red. GenBank accession numbers are in parentheses at the taxa name.
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