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ARTICLE INFO ABSTRACT

Keywords: Trypanosomes are blood parasitic protozoa infecting Chordates, including the elasmobranch skates (Rajidae).
Kmemplas“da' Amongst, Trypanosoma rajae Laveran and Mesnil, 1902 is a century old parasite, first briefly described from the
Trypanosomatidae Mediterranean starry ray Raja asterias and the undulate ray R. undulata off Roscoff, France, Northeast Atlantic,
Il{'g;i;;;osoma rajae for which illustrations and molecular data are still lacking. Herein, we investigate blood trypanosomes of

Mediterranean Sea R. asterias, type-host of T. rajae and of those from the blood of the brown ray R. miraletus, collected off the

18S rRNA Algerian coast, Western Mediterranean. We describe these trypanosomes using an integrative taxonomic
approach combining morphological characters and partial 18S rRNA gene sequencing, and we provide several
morphological, morphometrical, anatomical and biological characteristics (division stages). Specific character-
istics of Trypanosoma ex R. asterias such as granulations of the nucleus and cytoplasm; shape of the kinetoplast,
nucleus and body; tip of the body; the undulating membrane, as well as the morphometric measurements were
within the ranges given in the previous records of T. rajae, and we ascribe thus the newly collected trypanosomes
from R. asterias to T. rajae. Algeria and the Western Mediterranean are new locality records for T. rajae. Try-
panosomes ex R. miraletus differed from T. rajae ex R. asterias by some morphometrical data: posterior end to
kinetoplast (PK), free flagellum length (FF), the kinetoplast index (KI), slenderness (Sle), flagellar index (FI), mid-
nucleus to anterior end (NA) and parasite maximum body width at nucleus (BWN). Partial 18S rRNA gene se-
quences of T. rajae ex R. asterias and Trypanosoma sp. ex R. miraletus showed ~99.76 % similarity. We take a
conservative position and refer to trypanosomes from R. miraletus as T. cf. rajae. Phylogenetic analysis using 18S
rRNA gene sequences of other aquatic trypanosomes allowed positioning of T. rajae relative to the other
trypanosome species, previously described, infecting marine and freshwater hosts worldwide. Some divisional
stages were also observed on MGG-stained thin smears allowing a brief description of the division of this
trypanosome in the blood of its host. This effort is the first study of T. rajae using integrative taxonomy
combining morphology and DNA and we provide for the first time observations of dividing stages of this species
in the host blood.

1. Introduction hosts, with many species capable of causing fatal infections in hosts,
including fish and humans. The growth of high-density farming in both

The infection of marine and freshwater fish can be caused by blood marine and freshwater aquaculture systems has led to an increase in
parasites known as trypanosomes, hemoflagellates infecting vertebrate severe outbreaks and fatalities due to trypanosomiasis. Investigating
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diversity of fish parasites and their associated pathologies are thus of
importance to further manage fisheries. Among fish parasites, trypano-
somes are transmitted to marine and freshwater fishes by leeches world-
wide (Lom, 1979; Karlsbakk and Nylund, 2006). Compared to
mammalian trypanosomes, the diversity of marine fish trypanosomes is
yet to be investigated.

Early works dealing with rajid fish parasitic trypanosomes are those
of Laveran and Mesnil (1902), Robertson (1907, 1909) and that of Kudo
(1923) describing Trypanosoma rajae Laveran and Mesnil, 1901,
T. variabile Neumann, 1909 and T. scyllii Laveran and Mesnil, 1902 from
rajids collected in Atlantic waters, based on morphological data, hosts
and locality. Based on the “one host-one species” paradigm, many Try-
panosoma spp. were described with reference to their host i.e. T. aeglefini
Henry, 1913 (note that currently this species is a nomen nudum (WoRMS,
2022)) from haddock Melanogrammus aeglefinus (Linnaeus) or
T. platessae Lebailly, 1904 and T. flesi Lebailly, 1904, infecting plaice
Pleuronectes platessa Linnaeus, and flounder Platichthys flesus (Linnaeus)
(Burreson and Pratt, 1972; Burreson and Karlsbakk, 2007; Burreson,
2007). Although at least 100 trypanosome species infecting freshwater
and marine fishes have been described, some of these species may be
synonymous as they were established mainly based on host origin rather
than parasite morphology, morphometrical or molecular data (Burreson
and Pratt, 1972; Lom, 1979; Burreson, 1989; Lom and Dykova, 1992;
Karlsbakk and Nylund, 2006; Burreson and Karlsbakk, 2007; Burreson,
2007; Gu et al, 2007). In recent years, several phylogenetic in-
vestigations have been conducted on freshwater fish trypanosomes
(Corréa et al., 2016; Smit et al., 2020; Aly and Ramadan, 2005; Hayes
et al., 2006; Hayes et al., 2014; Zhang et al., 2023; Gu et al., 2006; Gu
et al., 2007; Gibson et al., 2004; Smit et al., 2007) and marine fish try-
panosomes (Lemos et al., 2015; Su et al., 2014; Karlsbakk and Nylund,
2006; Gu et al., 2010; Pretorius et al., 2021; Yeld and Smit, 2006; Hayes
etal., 2014; Wang et al., 2016) contributing to a better understanding of
this group of blood parasites.

One of the poorly known trypanosomes from marine fishes is the
over a century old T. rajae, first described by Laveran and Mesnil (1902)
from skates (Rajidae): the mediterranean starry ray R. asterias (syn.
R. punctata Risso.), the undulate ray R. undulata (syn. R. mosaica
Lacepede.) and additional hosts, mainly the thornback ray R. clavata
Linnaeus and the common skate Dipturus batis Linnaeus (syn.
R. macrorynchus Rafinesque), shortly after the original description
(Laveran and Mesnil, 1904).

During an ongoing effort to explore the diversity of blood parasites of
fishes of the Western Mediterranean, we investigated trypanosome
occurrence in two species of Rajidae off the Algerian coast, R. asterias
and the brown ray R. miraletus Linnaeus. Trypanosomes collected in the
blood of R. asterias were consistent with the diagnosis of T. rajae and we
ascribe them thus to the latter species. The lack of morphometrical and
molecular data, and the brief original description of T. rajae prompts us
to re-describe the species. We provide details about its biology and di-
vision stages observed in newly collected specimens. We also provide
morphometrical and molecular data for T. cf. rajae from R. asterias and
we discuss host specificity within skate blood trypanosomes.

2. Material and methods
2.1. Host collection

Between April 2011 to September 2012, and September 2013 to
March 2016; 123 skates belonging to two species, R. asterias and
R. miraletus (Rajiformes, Rajidae) were obtained from local fishermen in
Bouharoune and Cap Djinet, Algeria, Western Mediterranean. Fishes
were transferred to the laboratory shortly after capture, identified using
morphological keys and examined on the day of purchase (Fischer et al.,
1987; Pollerspock and Straube, 2021). The length, width and sex of the
fish hosts were determined and noted for all the examined specimens
(Table 1).
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Table 1
Infection rates, morphometrics, and sex distribution of the examined skates.
Hosts Hosts Average Average weight sex
examined infected length
Raja asterias 28 51.26 + 1.64 961.26 + 104.93 F:50 M:23
(n=73)
Raja miraletus 12 50.6 +£1.63 798.72 + 62.71 F:31 M:19
(n = 50)

2.2. Morphological methods

Blood from fishes was obtained aseptically by heart puncture in the
laboratory and examined fresh using light microscopy Nikon eclipse 50i.
Thin smears (2-3 per fish) were prepared, air-dried, fixed with meth-
anol, and stained with May-Griinwald Giemsa (MGG) and covered by
coverslip with a few drops of Eukitt mounting medium. For each
infected fish, air-dried smears were prepared without fixation or stain-
ing to allow for subsequent DNA extraction. Microscopic images of
trypanosomes were captured by using a Nikon optical microscope with a
Nikon digital camera DXm1200C. According to the terminology and
morphometric values and standards commonly adopted by Karbowiak
et al. (2005), 10 biometrical distances, proportions and indices were
used to summarize the parasite morphology: body length (BL), posterior
end to kinetoplast (PK), kinetoplast to mid-nucleus (KN), mid-nucleus to
anterior end (NA), free flagellum length (FF), parasite maximum body
width at nucleus (BWN), nucleus width (NuW), nucleus length (NuL),
nucleus area (NuA), posterior end to mid-nucleus (PN), nuclear index
(NI=PN/NA) (Dias and Freitas Filho, 1943). The kinetoplast index
(KI=PN/KN)(Keymer, 1967), flagellar index (FI=FF/BL) and the slen-
derness (Sle = BL/BW) were also calculated (Borges et al., 2016).
Measurements were produced with the “ImageJ software” (http://i
magej.nih.gov/ij/), using a micrometric slide and the ImageJ soft-
ware. Measurements are indicated as means (pm) =+ standard deviation,
the range and number of measurements. Drawings were made with the
help of a Zeiss microscope with a drawing tube and digitized using a
Wacom tablet and Adobe illustrator (2023).

2.3. Molecular methods

Total DNA was extracted from MGG-stained and unstained smears
according to the manufacturer’s instruction for Isolation of Genomic DNA
from Swabs (QIAamp DNA Micro kit Handbook 08/2003). The presence
of parasite DNA was assessed by PCR using specific primers of Trypano-
soma 18S rDNA gene (Table 2) and followed by two overlapping nested-
PCR (Maslov et al., 1996). Initial PCR and both nested-PCR were per-
formed in 25 pL total volumes, including 2 pL of DNA or 2 pL of amplicon
from the first reaction, 2 pL. MgCl, (25 mM), 2.5 pL Buffer (10X), 2.5 pL
dNTPs (2 mM), 2.5 pL forward primer (10 pmol/pL), 2.5 pL reverse
primer (10 pmol/pL), 0.4 pL FIREPol DNA Polymerase Solis BioDyne
(5U/pL) and molecular biology quality water to complete the volume
until 25 pL. For the initial PCR, SLF and S762 primers were used to
amplify >2000 bp of 18S rDNA gene. For both nested-PCR, two sets of
primers were used S823 and S662 primers for nested-PCR I, and S825 and
SLIR primers for nested-PCR II. An additional set of optimized primers
were designed and used (SKF1F and SKF1R, SKF2F and SKF2R; see
Table 2). The cycling conditions for all PCR were, denaturation at 94 °C
for 5 min, followed by 5 cycles of amplification at 94 °C for 30 s, 50 °C for
305, 72 °C for 2 min 20 s, followed by 35 cycles of amplification at 94 °C
for30s,52°Cfor30s,72°Cfor 2min 20 s and a final extension at 72 °C for
10 min. Five pL of both nested-PCR products were visualized in a 1 %
agarose gel. Both nested-PCR products were sequenced in both directions
with $823/S662 and S825/SLIR primers by Sanger sequencing (GENE-
WIZ). Sequences obtained from specimens CD8 of infected Raja asterias
and CD44 of infected Raja miraletus were deposited in the GenBank
database (Accession numbers: MG878996 and MG878995 respectively).
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Table 2

List of primers used in the present study.
Name Primer’s sequence Position Reference
SLF F 5’ _CATATGCTTGTTTCAAGGAC_3' Maslov et al. (1996)
S762 R 5’ _GACTTTTGCTTCCTCTA(A/T)TG_3 Maslov et al. (1996)
S823 F 5’_CGAACAACTGCCCTATCAGC_3' 325-344 Maslov et al. (1996)
S662 R 5'_GACTACAAYGGTCTCTAATC_3' 1219-1238 Maslov et al. (1996)
S825 F 5°_ACCGTTTCGGCTTTTGTTGG_3' 909-928 Maslov et al. (1996)
SLIR R 5’_ACATTGTAGTGCCCGTGTC_3' 1834-1852 Maslov et al. (1996)
SKF1 F 5’_GCCATGCATGCCTCAGAATC_3 30-49 Present study
SKR1 R 5’ _CTCCCTCTCCGGAATCGAAC_3' 399-418 Present study
SKF2 F 5'_CAACAGCAGGTCTGTGATG_3' 1797-1815 Present study
SKR2 R 5’ _CGACTTTTGCTTCCTCTAT_3' 2123-2141 Present study

2.4. Phylogenetic analysis

Phylogenetic tree reconstruction was performed with newly gener-
ated 18S rDNA sequences of T. rajae and additional 24 selected se-
quences of Trypanosoma from NCBI GenBank including T. avium
Danilewsky 1885, used as outgroup (Table 3). Sequences were aligned
and analyzed using the ClustalW program on MEGA 11 software
(Tamura et al., 2021). The best-fit model of DNA sequence evolution was
selected using MEGA 11. According to the Akaibe information criterion,
the General Time Reversible model including invariable sites and vari-
ation among sites (GTR + G + I) was suggested as best suiting the
dataset.

Phylogenetic relationships were inferred using PHYML on ATGC
Montpellier Bioinformatics Platform and nodal robustness evaluated by
non-parametric bootstrapping (1000 replicates) (Guindon et al., 2010)
and Bayesian analyses with MrBayes version 3.2.1 (Ronquist et al.,
2012) for a total 3 million generations with sampling frequency of every
100 generations and the first 25 % of the trees were discarded as burn-in
material prior to the construction of the consensus tree. The obtained
trees were visualized in FigTree v1.4.4 and then displayed and anno-
tated using iTOL v6.6 (Interactive tree of life) (Letunic and Bork, 2021).

2.5. Statistical analyses

Prevalences were calculated (Letunic and Bork, 2021). The
morphometric measurements and prevalence obtained for each fish
species, sex and sampling site were compared using parametric test
(Student’s “t” Test). Non-parametric test (Mann-Whitney U test) were
used when the normality of the distributions and/or homoscedasticity
(conditions for applying parametric tests) were not met, which were
verified with the application of the Shapiro-Wilk test, the Levene test
and the Fischer’s F test of comparison of variances.

To investigate possible influences of host age on infection preva-
lence, we divided the rays into 4 different groups by weight: (1) up to
500 g, (2) 501-1000 g, (3) 1001-1500 g, and (4) >1500 g, and deter-
mined the prevalence in each group; prevalence was compared between
groups by Fisher’s Exact Test. All statistical analyses were performed
with the aid of the software STATISTICA version 6.1.

3. Results
3.1. Infection details

This study was carried out with a sample of 123 skates belonging to
R. asterias (n = 73) and R. miraletus (n = 50). We recorded trypanosome

Table 3
Collection data for 18S rDNA trypanosome sequences analyzed in this study. Newly generated sequences are in bold.
Host Country GenBank Reference
Avian trypanosome
T. avium Xanthomyza phrygia Australia KT728402 Slapeta et al. (2016)
Turtle/Platypustrypanosomes
T. chelodinae Emydura signata Australia AF297086 Jakes et al. (2001)
T. binneyi Ornithorhynchus anatinus Australia KJ867148 Paparini et al. (2014)
Marine fish trypanosomes
T. boissoni Zanobatus atlanticus Senegal U39580 Maslov et al. (1996)
T. triglae Chelidonichthys lastoviza Senegal U39584 Maslov et al. (1996)
T. pleuronectidium Melanogrammus aeglefinus Norway DQO016618 Karlsbakk and Nylund (2006)
T. murmanensis Hippoglossus hippoglossus fed on by leech Johanssonia arctica Norway DQO016616 Karlsbakk and Nylund (2006)
T. rajae Raja asterias (CD8) Algeria MG878996 Present study
T. cf. rajae Raja miraletus (CD44) Algeria MG878995 Present study
T. haploblephari Haploblepharus pictus South Africa MZ061638 Pretorius et al. (2021)
T. haploblephari Poroderma pantherinum South Africa MZ061641 Pretorius et al. (2021)
Freshwater fish trypanosomes
Trypanosoma sp. isolate TS4 Scardinius erythrophthalmus Ukraine KJ601718 Grybchuk-Ieremenko et al. (2014)
Trypanosoma sp. isolate R6 Abramis brama Poland AJ620554 Unpublished
Trypanosoma sp. isolate Ts-Ab-TB Abramis brama Czech Republic AJ620556 Unpublished
Trypanosoma sp. isolate UK Anguila anguila United Kingdom AJ620551 Unpublished
Trypanosoma sp. isolate El-CP Esox lucius Czech Republic 114841 Maslov et al. (1996)
T. cobitis Noemacheilus barbatulus England AJ009143 Stevens et al. (1999)
Trypanosoma sp. isolate CLAR Clarias angelensis Import Africa AJ620555
T. carpio Cyprinus carpio China EF375882 Gu et al. (2007b)
T. ophiocephali Channa argus China EU185634 Gu et al. (2010)
T siniperca Siniperca chuatsi China DQ494415 Gu et al. (2007)
T. granulosum Anguila anguila Portugal AJ620552 Unpublished
Trypanosoma sp. isolate TS2 Carassius carassius Ukraine KJ601715 Grybchuk-Ieremenko et al. (2014)
Trypanosoma sp. isolate Marv Cyprinus carpio N.a. AJ620549 Unpublished
Trypanosoma sp. isolate fulvidraco Pseudobagras fulvidraco China EF375883 Gu et al. (2007)
Trypanosoma sp. Micropterus salmoides China MH635421 (Jiang et al., 2019)
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Table 4
Morphometrical data of morphotypel of Trypanosoma rajae Laveran and Mesnil, 1902 from Raja asterias and Raja miraletus from Algeria, Western Mediterranean. a:
Difference not significant, b: Significant difference.

R. asterias (n = 21) R. miraletus (n = 8) Test P Difference
PK 6.18 (2.17-12.42) n = 233 6.97 (4.19-10.59) n = 106 MW 0.00 b
KN 25.32 (13.92-39.68) n = 233 24.99 (12.95-36.11) n = 100 MW 0.92 a
NA 23.55 (12.74-34.34) n = 234 23.64 (10.73-35.54) n = 100 “t’ 0.57 a
BL 54.98 (38.5-70.47) n = 233 55.27 (35.89-68.05) n = 98 MW 0.27 a
BWN 4.43 (2.66-9.76) n = 234 5.06 (1.91-11.47) n = 104 MW 0.00 b
NuL 3.84 (1.83-6.62) n = 234 3.5 (2.05-6.65) n = 110 MW 0.00 b
Nuw 2.65 (1.52-4.22) n = 234 2.6 (1.35-4.64) n = 110 MW 0.07 a
NuA 8.07(2.18-19.21) n = 234 7.25 (1.75-18.69) n = 109 MW 0.00 b
FF 21.64 (5.06-59.46) n = 234 25.01 (9.97-70.3) n = 110 MW 0.00 b
KI 1.25 (1.09-1.88) n = 233 1.28 (0.38-1.79) n = 98 MW 0.00 b
NI 1.39 (0.66-2.49) n = 233 1.38 (0.38-1.79) n = 98 MW 0.90 a
Sle 13.07 (4.22-20.,94) n = 233 12.51 (0.38-1.79) n = 98 MW 0.03 b
PN 31.5 (20.52-46.5) n = 233 31.55 (0.38-1.79) n = 98 MW 0.52 a
FI 0.40 (0.08-1.54) n = 233 0.44 (0.38-1.79) n = 98 MwW 0.04 b

Abbreviations: PK: posterior end to kinetoplast, KN: kinetoplast to mid-nucleus, NA: mid-nucleus to anterior end, BL: body length, BWN: parasite maximum body
width at nucleus, NuL: nucleus length, NuW: nucleus width, NuA: Nucleus area, FF: free flagellum length, KI: kinetoplast index = PN/KN, NI: nuclear index = PN/NA,
Sle: slenderness = BL/BW, PN: posterior end to mid-nucleus, FI: flagellar index = FF/BL.

infection with the overall prevalence of 32.52 %, distributed according
to the host species examined as 38.3 % for R. asterias and 24 % for
R. miraletus (non-significant difference, P = 0.0988). Prevalence com-
parison between sexes (females 34.56 % vs males 28.57 %) also reveals a
non-significant difference (P = 0.5025). However, there is a positive
relationship between host weight and parasite prevalence; juvenile
fishes have little or no parasites, the more the fishes gain weight (age),
the more chances for them to become parasitized (P = 0.01, Fisher’s
Exact test, between host weight and parasite prevalence).

3.2. Morphology

Kinetoplastea Honigberg 1963.
Trypanosomatida Kent 1880.
Trypanosomatidae Doflein 1901.
Trypanosoma Gruby 1843.

3.2.1. Trypanosoma rajae Laveran and Mesnil, 1902

Type-host: Raja asterias (syn. R. punctata), Mediterranean starry ray;
R. undulata (syn. R. mosaica), the undulate ray (Rajiformes: Rajidae)
(Laveran and Mesnil, 1902).

Other hosts: Vertebrate hosts (all Rajiformes, Rajidae): Dipturus batis
Linnaeus (syn. R. macrorynchus Rafinesque), the common skate (Laveran
and Mesnil, 1904); Raja clavata Linnaeus, the thornback ray (Laveran
and Mesnil, 1904; Preston, 1969); Amblyraja radiata (Donovan) (syn.
R. radiata Donovan), the thorny skate (So, 1972); Leucoraja ocellata
(Mitchill) (syn. R. ocellata Mitchill), the winter skate (Kudo, 1923);
Leucoraja erinaceus (Mitchill) (syn. R. erinacea Mitchill), the little skate
(Bullock, 1958)1.

Invertebrate hosts: Pontobdella muricata (Linnaeus) (Robertson, 1927;
Preston, 1969).

Type-locality: Roscoff, France, Northeast Atlantic (Laveran and Mes-
nil, 1902).

Other localities: Northeast Atlantic: Millport, Plymouth, United
Kingdom (Preston, 1969). Northwest Atlantic: Newfoundland, Canada
(So, 1972); Massachusetts USA (Kudo, 1923); New England, USA
(Bullock, 1958). Western Mediterranean, Algeria (Present study).

Site in host: heart blood.

Voucher material: four MGG-stained blood smears deposited in the
Protists collection of the Muséum National d’Histoire Naturelle, Paris,
France, under the inventory numbers MNHN-IR-2020-01/02 for the
infected R. asterias specimen CD8; including one 18S rRNA(nul8S)
partial sequence. Additional material, four MGG-stained blood smears
deposited at the Swedish museum of Natural history (SMNH), Stock-
holm, Sweden under accession number SMNH 225894-225897.

Representative DNA sequences: The sequence data associated with
Trypanosoma rajae ex R. asterias MNHN-IR-2020-01/02 have been sub-
mitted to GenBank: nuclear 18S rRNA(nul8S) partial sequence
MG878996.

Measurements indicated in Table 4. In fresh preparation, trypano-
somes with an elongated body often curves and curls around itself.
Movement is lively, trypanosome often changing shape quickly, some-
times bending into an S shape and sometimes curling into an O shape
with both ends touching or crossing. A distinguishable undulating
membrane that folds rapidly from the anterior to the posterior end
present. Parasite always on the move, flagellum in front animated by
movements much faster than those of body. Neither nuclei nor granu-
lations of any kind perceptible in fresh preparations.

Thin blood smears stained with MGG allow an easier and more
detailed description of the parasites. Trypomastigote forms with an
elongated body, serpentiform to bent, C-shaped or S-shaped with 3-7
maximum flexions, most inflections at anterior end more than at pos-
terior end.

Vacuolated cytoplasm uniformly colored, with fine chromatic gran-
ulations giving the parasite’s body a purple color. Sometimes, few much
larger granulations also visible. Long flagellum tightly coiled and
sometimes knotted, difficult to observe in its free part. Translucent to
transparent undulating membrane somewhat visible, irregularly pleated
all along body. Rounded or oval, purple-stained nucleus formed by
clusters of chromatin; often placed equidistant from both sides of cell
body, located at union of anterior and middle thirds of body; surrounded
by transparent ring; transparent ring sometimes difficult to distinguish
because of granulations gathered at its periphery. Kinetoplast small,
rounded in dividing forms or rod-like to nearly rectangular in non-
dividing cells, located near posterior end; compact, strongly colored
by MGG. Posterior end of cell is variable in shape, tapered to conical.
Posterior and anterior regions less colored by MGG.

In all the smears examined, two morphotypes were observed: mor-
photype 1, the “elongated” form, and morphotype 2, the “stumpy” form.
Morphotype 1: elongated, thin and fusiform (Figs. 1 and 2), mostly S-
shaped. Morphotype 2: wider (Fig. 3), and with a distinctive stumpy
appearance (Fig. 4). Morphotype 2 shows the cytoplasm to be more
granular and/or vacuolated, and nucleus with a granular appearance
associated to with increased condensation of chromatin. No striations in
the cytoplasm or the nuclear zone were visible in either morphotypes.
Measurements of the different morphological parameters of both mor-
photypes of T. rajae specimens, between both hosts, showed a significant
difference by the Mann-Whitney non-parametric statistical test, except
for the nucleus area NuA (Table 4).

Dividing parasites were commonly observed in parasitized fish, in
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Fig. 1. Photographs of the “elongated” morphotype (morphotype 1) of Trypanosoma from Rajidae from the Western Mediterranean. A, C, Trypanosoma cf. rajae ex
Raja miraletus; B, D, Trypanosoma rajae Laveran and Mesnil, 1902 ex Raja asterias. Images from blood smears fixed with methanol and stained with MGG. Abbre-
viations: FF: Free Flagellum, UM: Undulating Membrane, TR: Transparent Ring, N: Nucleus, FP: Flagellar Pocket, K: Kinetoplast and F: Flagellum. Scale bar: 5 pm.

C D

Fig. 2. Line drawings of the “elongated” morphotype (morphotype 1) of Trypanosoma from Rajidae from the Western Mediterranean. Drawing from thin blood
smears stained with MGG. A, B, Trypanosoma rajae Laveran and Mesnil, 1902 ex Raja miraletus. C, D, Trypanosoma rajae Laveran and Mesnil, 1902 ex Raja asterias.



S. Kefil et al.

International Journal for Parasitology: Parasites and Wildlife 27 (2025) 101097

Fig. 3. Photographs of the “stumpy” morphotype (morphotype 2) of Trypanosoma from Rajidae from the Western Mediterranean. A, B, Trypanosoma rajae Laveran
and Mesnil, 1902 ex Raja asterias; C, D, Trypanosoma cf. rajae ex Raja miraletus. Images from blood smears fixed and stained with MGG. Abbreviations: K: Kinetoplast,
F: Flagellum, N: Nucleus, FF: Free Flagellum, FP: Flagellar Pocket and TR: Transparent Ring. Scale bar: 10 pm.

Fig. 4. Line drawings of the “stumpy” morphotype (morphotype 2) of Trypa-
nosoma ex Raja asterias from the Western Mediterranean. Drawing from thin
blood smears stained with MGG.

R. asterias 12/28 (42.85 %) and in R. miraletus 5/12 (41.66 %), giving a
total of 17/40 or 42.5 %; on stained blood smears (e.g., 29.1 % of try-
panosomes observed on smears of R. miraletus specimen CD44 were
entered in division, n = 127). They generally exhibited a rounded shape
(Fig. 5 A) with some of them showing a more or less long and thin

extremity (Fig. 5 B). Dilated stumpy dividing forms looking like inter-
mediate forms between stumpy form and round division forms were also
observed (Fig. 5B and C). Cell division begins by the duplication of the
kinetoplast followed by the nucleus division (Fig. 5A-F). The rod-like
kinetoplast widens slightly and divides into two small, rounded parts
of equal size closely associated to two flagellar pockets (stage 2K1N). In
the nucleus, chromatin condensates (Fig. 5A and B), especially at two
poles of the nucleus that will guide the nucleus division plan (equatorial
plate) leading to an elongation of the nucleus (Fig. 5C and D) and setting
up of a division furrow at equal parts of both poles (Fig. 5 E) generating
to two individualized nuclei (Fig. 5 F) (stage 2K2N). After the formation
of the two daughter nuclei, cytokinesis occurs (Fig. 5G-I) with the di-
vision of the cell body by a cleavage furrow, and ends with the formation
of two daughter trypanosomes, the size and shape of which are identical
(Fig. 51). Cell shape did not allow us to make conclusive observations on
the presence and length of the flagella during division.

3.2.2. Trypanosoma cf. rajae

Host: Raja miraletus (Rajiformes: Rajidae) (present study).

Locality: Bouharoune and Cap Djinet, Algeria, Western Mediterra-
nean (present study).

Site in host: heart blood.

Voucher material: One MGG-stained blood smear deposited in the
Protists collection of the Muséum National d’Histoire Naturelle, Paris,
France, under the inventory numbers MNHN-IR-2020-01/02 for the
infected R. miraletus specimen CD44; with corresponding 18S rRNA
(nul8S) partial sequence.

Representative DNA sequences: The sequence data associated with
Trypanosoma cf. rajae ex R. miraletus MNHN-IR-2020-01/02 have been
submitted to GenBank: nuclear 18S rRNA(nul8S) partial sequence
MG878995.

General morphology similar to that of T. rajae described above in
R. asterias, with an elongated and fusiform body measuring 55.27 pm
(35.89-68.05), slightly wider with 5.06 pm (1.91-11.47). Cytoplasm
uniformly colored, containing larger granulations sometimes visible.
Round or oval core with area of 7.25 pm (1.75-18.69), located in
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Fig. 5. Stages of trypanosome cell division on thin smears of Trypanosoma rajae Laveran and Mesnil, 1902 examined from the blood of Raja asterias, stained with
MGG. A, 1KI1N stage with duplicating kinetoplast. B, 2K1N stage. C-E, 2K1N stages with dividing nucleus. F, 2K2N stage. G-I, Cytokinesis of 2K2N stages. Abbre-
viations: N, Nucleus. K, Kinetoplast. EP, Equatorial plate. CF, Cleavage furrow. DT, Daughter trypanosomes. Scale bar: 5 pm.

anterior third of body with distance from mid-nucleus to anterior end of
23.64 pm (10.73-35.54).

Undulating membrane running all along body with flagellum lining
ending with rather large free part measuring 25.01 pm (9.97-70.3).
Kinetoplast small, strongly colored, rod-shaped, located in posterior
third near tip of 6.97 pm (4.19-10.59). Distance of kinetoplast deter-
mining its conical shape.

3.2.3. Remark

In Fig. 7, we mapped the distribution of these 3 host fishes (Fischer
et al., 1987; FAO, 1994; Horton et al., 2020; Froese and Pauly, 2021).
Raja undulata is known from the Eastern Atlantic: from the south of
Ireland and England to Senegal, including the Western Mediterranean
and the Canary Islands and also from the Eastern Mediterranean. Raja
asterias is endemic to the Mediterranean but can spread to the Strait of
Gibraltar, northern Morocco, and possibly southern Mauritania, it was
also recorded in the Eastern Atlantic. Raja miraletus is known from the
Eastern Atlantic: northern Portugal and throughout the Mediterranean
as far as Madeira and South Africa, also in the southwestern Indian
Ocean (Su et al., 2014). The distributions of the host species overlap
mainly in the Eastern Atlantic and throughout the Mediterranean.

3.3. Phylogenetic analysis

Partial 18S rRNA gene sequences of trypanosomes were successfully
amplified from blood smears of one infected R. asterias specimen (CD8)
and one infected R. miraletus specimen (CD44) and sequenced. 2071 and
2112 bp sequences were obtained and deposited under the GenBank
accession numbers MG878996 and MG878995, respectively. Both se-
quences showed ~99.76 % pairwise identity (Fig. 6). Blast analyses
revealed that the most similar sequences have been previously detected
in fish or leech trypanosomes, with the best score (98 % identity) for a
sequence of T. murmanense Nikitin, 1927 (DQ016616), a trypanosome
isolated from the fish leech Johanssonia arctica (Karlsbakk et al., 2005;
Karlsbakk and Nylund, 2006).

Phylogenetic analysis was performed using partial 18S rDNA se-
quences of trypanosomes of freshwater and marine fishes, fish leeches,
turtle, platypus and an avian trypanosome as outgroup (Fig. 6). Try-
panosomes from R. asterias and R. miraletus (CD8 and CD44) grouped
together and appear to be sister to T. haploblephari. The marine fish
trypanosomes clade appears distinctive from the freshwater/turtle/
platypus trypanosome group and with the freshwater fish trypanosomes
as a sister group. Amongst marine trypanosomes, the closest species
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Fig. 6. Molecular phylogenetic analysis by Maximum-Likelihood methods with GTR + G + I model, maximum likelihood bootstrap values (1000 replicates) and
Bayesian posterior probabilities are indicated on branches. Partial 18S rRNA gene sequences of Trypanosoma parasites of fishes or aquatic vertebrates were retrieved
from GenBank for phylogenetic reconstruction. The phylogenetic tree was rooted using avian trypanosomes. Node values less than 50 % were not displayed. Newly

generated sequences are framed in red.

were T. murmanense (isolated from Hippoglossus hippoglossus fed on by
the leech Johanssonia arctica) and T. pleuronectidium Robertson, 1906
isolated from the haddock Malanogrammus aeglefinus (Linnaeus)
(Karlsbakk and Nylund, 2006).

4. Discussion

4.1. Host-specificity and morphological variability of Trypanosoma rajae
Laveran and Mesnil, 1902

Although more species of trypanosomes have been formally
described from marine teleost fishes than from elasmobranchs, research
on trypanosomes in elasmobranchs remains limited and underexplored.
To date, 32 species have been described from teleosts, compared to only
12 from elasmobranchs. Of these, eight teleost-derived species have
been molecularly characterized (Karlsbakk and Nylund, 2006; Su et al.,
2014; Le Roux et al., 2025), whereas only two elasmobranch-derived
species have undergone molecular characterisation (Maslov et al.,
1996; Pretorius et al., 2021). The parasitic kinetoplastids detected in the
blood of R. asterias and R. miraletus collected off the Algerian coast in the

Western Mediterranean belong to the genus Trypanosoma Gruby, 1843.
Several trypanosome species have been described in elasmobranch
fishes, including representatives of the orders Carcharhiniformes
(Laveran and Mesnil, 1904; Morillas et al., 1987; Yeld and Smit, 2006),
Lamniformes (Laveran, 1908), Myliobatiformes (Ranque, 1973 in Yeld
and Smit, 2006; Burreson, 1989b), Rajiformes (Laveran and Mesnil,
1902, 1904; Neumann, 1909; Laird and Porter, 1951; Bacigalupo and De
la Plaza (1948) in Yeld and Smit, 2006), Torpediniformes (Sabrazes and
Muratet (1908) in Yeld and Smit, 2006), and Orectolobiformes
(Burreson, 1989). Many of these descriptions date back more than a
century and were based primarily on morphology, highlighting the need
for revision using modern approaches. This study makes an important
contribution by redescribing an elasmobranch Trypanosoma species with
greater morphological detail and providing molecular data, thus
enhancing taxonomic resolution and adding to the broader trypanosome
phylogeny. These results highlight the importance of revisiting histori-
cal species descriptions to better understand parasite diversity and host
specificity in marine elasmobranchs.

Table 5 reports the morphometric data measured on the specimens
infecting R. asterias and R. miraletus in the present study and those
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Fig. 7. Biogeographic distribution of Raja undulata and Raja asterias, type-hosts of Trypanosoma rajae Laveran and Mesnil, 1902; and of Raja miraletus reported herein

as host for Trypanosoma cf. rajae.

reported from these described species, closest to the hosts studied, as
well as T. pleuronectidium Robertson, 1906 and T. murmanense Nikitin,
1927 which are found to be closest phylogenetically to the T. rajae of the
present study. Our specimens can be easily distinguished mainly from:
T. gargantua Laird, 1951; T. haploblephari Yeld and Smit, 2006 and
T. humboldti Morillas et al., 1987 by the absence of longitudinal stria-
tions (myonemes). Note that Pretorius et al. (2021) demonstrated that
T. haploblephari clustered with T. rajae, exhibiting low genetic diver-
gence despite clear morphological differentiation and distinct host as-
sociations, with the former parasitizing sharks and the latter rays. In
light of the documented pleomorphism in T. rajae, the authors adopted a
cautious taxonomic approach. The present study reinforces the
complexity within the genus Trypanosoma and underscores the limita-
tions of relying solely on molecular divergence for species delimitation.
Our findings support the recognition of T. haploblephari and T. rajae as
distinct species based on consistent morphological traits and strict host
specificity. These results highlight the necessity of an integrative taxo-
nomic framework that considers morphology, host range, and molecular
data for accurate species delineation within this group (see Table 6).
Our specimens can further be differentiated from T. giganteum Neu-
mann, 1909; T. gargantua Laird and Porter, 1951 and T. mackerrasi Yeld
and Smit, 2006 by the length of the body being larger; the length of the
free flagellum (which is absent in T. mackerrasi and in T. haploblephari);
the width of the body mainly compared to T. giganteum; and the position
of the nucleus which is situated in the middle of the body in T. giganteum
and T. humboldti Morillas et al., 1987, whereas it can be observed in the
union of the anterior and middle third of the body in our specimens.
The overall dimensions of our Trypanosoma specimens are close to
those described by Laveran and Mesnil (1902) for T. rajae, body length
(55-60 pm vs. 54.98 ym) and width (6 pm vs. 4.43 pm), flagellar length
(20 pm vs. 21.64 pm) and PK distance (4-10 pm vs. 2.17-12.42 pm).
However, the localities are distinct (Atlantic Ocean vs. Mediterranean
Sea). They differ however from T. rajae described by Kudo (1923) by the

host (R. ocellata vs. R. asterias) and the locality (Atlantic Ocean vs.
Mediterranean Sea). Moreover, Kudo’s trypanosomes are smaller
(30-35 pm vs. 38.5-70.47 pm) with a shorter flagellum (6-8 pm vs.
5.06-59.46 pm) and the presence of striations all along the body which
are absent in the present specimens. They also differ from T. rajae re-
ported by Minchin and Woodcock (1910) in Raja sp. in body width of the
order of 5.2 pm vs. 4.43 pm and free flagellum as indicated in Table 4;
Laird and Bullock (1969) in body length (42-58 pm) vs. 54.98 pm
(38.5-70.47 pum), with a shorter flagellum (11-16.7 pm) vs 21.64 pm
(5.06-59.46 pm). Also, hosts (R. erinacea and R. radiata vs. R. asterias)
and localities (Atlantic Ocean vs. Mediterranean Sea) are different.

Our specimens reveal certain points of similarity and dissimilarity
with T. scyllii infecting Scyliorhinus canicula and S. stellare (Pulsford,
1984) by the length of the body which is 54-61 pm vs. 54.98 pm
(38.5-70.47 pm), the width of the body 5-6 pm vs. 2.66-9.76 pm and a
shorter flagellum 14 pm vs. 21.64 pm. It is important to note that in the
original description of T. scyllii by Pulsford (1984), the FF, Nul, and PK
differs from the specimens examined in the present study (Table 5).
Based on morphometric characters, T. rajae and T. scyllii are thus the
most closely morphologically comparable species to our specimens. In
their original descriptions, T. rajae and T. scyllii are essentially distin-
guished by two features: kinetoplast rod-like in T. rajae while it is more
oval to rounded in T. scyllii; the undulating membrane is broad and very
wrinkled in T. scyllii (Laveran and Mesnil, 1904). In our specimens, the
posterior end showed variability in shape from conical to tapered, cor-
responding more to that which was described for T. rajae than for
T. scyllii. In addition, T. scyllii was described from a different elasmo-
branch host (Scyliorhinus, a shark vs. Raja, a skate).

Host specificity is a particularly relevant issue for interpreting the
identity of T. rajae. As previously reported by Preston (1969) and So
(1972) this species is known for its high polymorphism, which compli-
cates its identification based solely on morphological characters. In the
present study, we observed notable differences between trypanosomes
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Table 5

Comparative morphometric data of Trypanosoma rajae Laveran and Mesnil, 1902 from Raja asterias and Raja miraletus from Algeria, Western Mediterranean and Trypanosoma spp. from Elasmobranchii. All measurements

are pm. '! Considered synonym of Trypanosoma rajae.

Parasite Host species LT BL? FF BW NuL Nuw PK NK Str References
T. giganteum R. microcellata - 81 + 9 (70-90) 10 +£1(10-12) 9 +2(6-11) 4+1(3-5) 4+ 1 (3-5) 19 + 4 (4-25) 39 + 5 (30-45) NO Aragort et al.
R. brachura (2005)
Raja spp.
T. rajae Leucoraja ocellata - 30-35 6-8 2.3 3 2.2 6 - Yes Kudo (1923)
T. rajae R. asterias 75-80 - 20 6 - - - - NO Laveran and Mesnil
R. undulata (1902)
T. rajae Raja sp. 67 - 13 (10-15) 5.2 - - - - NO Minchin and
Woodcock (1910)
T. rajae R. erinacea - 42-58.9 11-16.7 - - >1.8 - - NO Laird and Bullock
R. radiata (3.8-6.3) (1969)
T. variabile® (large R. punctata 90-100 80-85 20-25 4-7 - — — - NO Neumann (1909)
form)
T. variabile® (small R. punctata 40 30-33 8 1.5-5 - - - - NO Neumann (1909)
form)
T. scyllii Scyliorhynus canicula 70-75 - 14 5-6 - - - - NO Laveran and Mesnil
S. stellaris (1902)
T. scyllii (large S. cunicula 70.6 58.61 12.02 6.35 5.05 5.05 9.97 - Yes * Pulsford (1984)
form)
T. scyllii (small S. cuniculu 67.6 54.07 135 3.69 3.69 2.46 9.22 - Yes Pulsford (1984)
form)
T. gargantua (large Dipturus nasutus (syn. Raja 114.7 - - 10.1-14.3 7.8 6 16.5 % BL - Yes ** Laird and Porter
form) nasuta) (1951)
T. gargantua (small D. nasutus (syn. Raja nasuta) 66.7-131.1 - - 4.6-13.7 3.9-9.3 3.3-6.7 13-25 % BL - Yes ** Laird and Porter
form) (1951)
T. haploblephari Haploblepharus pictus - 70 (53.7-99.4) N.A. 17.4 6.5 (5.2-8.8) 6.5 (4.7-8.8) - - Yes***  Yeld and Smit
(12.6-24.3) (2006)
T. taeniurae Taeniura lymma - 55 >9 4 3.5 4.5 - - Yes Burreson (1989)
T. marplatensis Sympterygia bonapartii (syn. - 60-65 >15 10-12 7.2 4.2 - - NO see Yeld and Smit
Psammobatis microps) (2006)
T. carchariasi Carcharias sp. 60-70 - - - - - - - - Laveran (1908)
T. mackerrasi Hemiscyllium ocellatum - 125 — 15 7 10 — - Yes Burreson (1989)
T. boissoni Zanobatus schoeleini - 60.1 (45-67) 1.3 (0-7) 4.6 (3.3-7) N.A. N.A. - - NO see Yeld and Smit
(2006)
T. humboldti Schroederichthys chilensis 87 (78-93) - 6.8 (5-11) 7.4 (4-10) 5.3 (5-6) 5.3 (5-6) 18.8 (16-25) 36.6 (31-46) Yes Morillas et al.
(1987)
T. rajae R. asterias - 54.98 21.64 4.43 3.84 2.65 6.18 25.32 NO present study
(38.5-70.47) (5.06-59.46) (2.66-9.76) (1.83-6.62) (1.52-4.22) (2.17-12.42) (13.92-39.68)
T. cf. rajae R. miraletus - 55.27 25.01 5.06 3.5 2.6 6.97 24.99 NO present study
(35.89-68.05) (9.97-70.3) (1.91-11.47) (2.05-6.65) (1.35-4.64) (4.19-10.59) (12.95-36.11)

030 1Y) S

Abbreviations: NO: Not Observed, —: Not Available, *: Nucleus zone, **: All along the body, ***: Longitudinal striations sometimes visible on the more deeply stained, larger specimens, particularly over the nuclear area. *
Body length does not include the free flagellum.
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Table 6

Comparative data of Trypanosoma rajae Laveran and Mesnil, 1902 from Raja asterias from Algeria, Western Mediterranean with the previous records of Trypanosoma
rajae in the literature.

Parameters T. rajae T. rajae “T” test T. rajae “T" test
Source Present study Kudo (1923) Laveran and Mesnil (1902)

BL 54.98 30-35 No overlapping 55-60 Overlapping
FF 21.64 6 P = 0.0000" 20 P = 0.0000"
BW 4.43 - - 6 P = 0.0000"
NuL 3.84 3 P = 0.0000" - -

Nuw 2.63 2.2 P = 0.0000" - -

PK 6.18 6 P = 0.029" - -

NK 25.32 - - -

2 Significant difference.

found in R. asterias and R. miraletus. While these differences could sug-
gest the presence of distinct species, it is also plausible that they reflect
the high degree of intraspecific polymorphism previously described in
T. rajae. Similar patterns of variability have been documented in other
fish trypanosomes (Lom and Dykova, 1992). These observations high-
light the challenges inherent in relying solely on morphology and rein-
force the value of combining morphological and molecular approaches
to clarify species boundaries and host associations. Hence, as compari-
son of our specimens with the original description of T. rajae gave no
conclusive difference, we consider our specimens infecting R. asterias
and those originally described by Laveran and Mesnil (1902) as T. rajae
to be conspecific.

As shown in Fig. 7, R. undulata occurs in the Eastern Atlantic and the
Western and Eastern Mediterranean and the Canary Islands; R. asterias is
mostly Mediterranean and has been found in the Eastern Atlantic; while
R. miraletus is distributed from northern Portugal through the Mediter-
ranean, down to Madeira and South Africa, and also occurs in the
southwestern Indian Ocean. These species overlap mainly in the Eastern
Atlantic and Mediterranean, potentially allowing T. rajae to spread
among them via leeches. While leeches are generally not host-specific,
marine fish trypanosomes are considered host-specific to the fish
rather than the leech vector. As such, we conservatively refer to the
trypanosomes found in R. miraletus as T. cf. rajae pending further
confirmation.

typical pattern of division: kinetoplast duplication, followed by nuclear
division and cytokinesis to give rise to two daughter trypanosomes.
Unfortunately, cell shape did not allow us to make conclusive observa-
tions on the presence and length of the flagella, and the emergence of the
new flagellum during division. Some diving forms showed a more or less
long and thin extremity, and some enlarged stumpy dividing forms
looking like intermediate forms between thin trypomastigotes and
round division forms were also observed. These observations suggest
that round forms originate from a process of cellular differentiation
induced by still unknown factors. In addition, how round daughter cells
would give rise to slender trypomastigotes needs to be clarified. Nor can
it be excluded that these division forms would be persistent forms of a
recent infection by an infected leech, since dividing forms of species
supposed to be T. rajae in the common marine leech Pontobdella muricata
(Robertson, 1907, 1909, 1927), are very similar to the bloodstream
dividing forms observed in our study. In particular, Robertson (1927)
described dividing forms as rounded cells with duplicated kinetoplasts,
centrally located nuclei, and a clear furrow indicative of cytokinesis. He
also noted the presence of occasional narrow elongated extensions at
one pole of the cell.

Based on the morphological similarity of this study’s trypanosome to
T. rajae, and the type-host being in common (R. asterias) (see Table 7),
we assign the present study’s trypanosome to T. rajae. Unfortunately,
molecular data is not available from the type-host in the type-locality for
T. rajae, but given the proximity of the type-location and distribution of
the type-host, it is likely that the present study’s trypanosome is T. rajae.

4.2. Divisional stages of trypanosomes

The two morphotypes (“elongated” and “stumpy”) distinguishable in
our specimens highlight morphological differences and illustrate
different physiological states of the same Trypanosoma species.

The regular occurrence of division forms in our samples is unusual
for a marine fish trypanosome. Division of bloodstream forms seems a
rare event (Burreson, 2007). Laveran and Mesnil reported the absence of
dividing forms in their observations of T. rajae (Laveran and Mesnil,
1902, 1904, 1912). It is important to note that the observed patterns
may be influenced by factors such as limited host sample size or seasonal
variation in parasite prevalence. Future studies incorporating broader
temporal sampling and increased host representation would be valuable
for confirming the consistency of these findings.

Rare dividing blood forms of T. variabile (Gu et al., 2007) were re-
ported in R. asterias (syn. R. punctata) by Neumann (1909). Dividing
forms of species identified as T. rajae were commonly found in the
common marine leech Pontobdella muricata (Linnaeus) (Robertson,
1907, 1909, 1927) or in cultures of trypanosomes from the infected
blood of R. clavata (Preston, 1969). In the current study, dividing par-
asites were frequently observed on stained blood smears (up to 29 % of
parasites) collected from R. asterias including CD8 and offer the first
attempt to describe the division pattern of T. rajae in their vertebrate
type-host. No dividing slender trypomastigote forms and typical pat-
terns of division as reported for T. pacifica (Burreson and Karlsbakk,
2007) or T. brucei (Zhou et al., 2014) were observed.

Dividing forms were observed only in rounded cells and followed the

Table 7
Previous records of Trypanosoma rajae Laveran and Mesnil, 1902. Type-host and
type-locality are indicated in bold.

Host Locality Source

Roscoff, France, NEA Laveran and

Mesnil (1902)

Raja asterias Delaroche. (syn.
R. punctata Risso.)
Raja undulata Lacepede (syn.
R. mosaica Lacepede.)
Raja asterias (syn. Raja punctata)
Raja undulata Lacepede (syn.
R. mosaica)
Dipturus batis Linnaeus. (syn.
R. macrorynchus Rafinesque.)
Raja clavata Linnaeus.
Raja sp.

Laveran and
Mesnil (1904)

Roscoff, France, NEA

(Minchin and
Woodcock, 1910)
(Preston, 1969)

Rovigno, Croitia, Adriatic
Sea

Millport, Plymouth,
United Kingdom, NEA
Millport, Plymouth,
United Kingdom, NEA
Not available

Raja clavata Linnaeus.
Pontobdella muricata (Linnaeus.) Preston (1969)

Pontobdella muricata Linnaeus. Robertson (1927)

Amblyraja radiata (Donovan.) Newfoundland, Canada, So (1972)
(syn. R. radiata Donovan.) NWA
Leucoraja ocellata (Mitchill.) Massachusetts USA, NWA  Kudo (1923)

(syn. R. ocellata Mitchill.)
Leucoraja erinacea (Mitchill.)
(syn. R. erinacea Mitchill.)

New England, USA, NWA Bullock (1958)

Abbreviations: NEA, Northeast Atlantic. NWA, Northwest Atlantic.

11



S. Kefil et al.
5. Conclusion

This study represents the first integrative taxonomic investigation of
T. rajae, combining morphological observations and molecular data. Our
findings confirm the presence of T. rajae in Raja asterias off the Algerian
coast, extending the known geographic distribution of this species to the
Western Mediterranean. The identification of trypanosomes from Raja
miraletus displaying minor morphometric differences but high genetic
similarity suggests that these parasites may belong to T. rajae or a closely
related lineage, leading us to adopt a conservative classification as T. cf.
rajae.

Moreover, we provide the first documented observations of T. rajae
division stages in the host blood, contributing to a better understanding
of its biology. Phylogenetic analysis positions T. rajae within the broader
diversity of aquatic trypanosomes, reinforcing its relationship with other
species infecting marine and freshwater hosts worldwide. This work
highlights the importance of integrating morphology and molecular
tools for elucidating the diversity and distribution of blood parasites in
marine hosts. Future studies should further explore the life cycle, host
specificity, and transmission pathways of T. rajae to refine its taxonomic
placement and ecological significance.

CRediT authorship contribution statement

Sabrina Kefil: Writing — original draft, Software, Methodology,
Investigation, Funding acquisition, Formal analysis, Data curation,
Conceptualization. Linda Duval: Software, Methodology, Formal anal-
ysis. Amandine Labat: Software, Methodology, Formal analysis. Cha-
hinez Bouguerche: Writing — review & editing, Writing — original draft,
Visualization, Validation, Software, Methodology, Investigation, Formal
analysis, Conceptualization. Nadia Kechemir-Issad: Writing — review &
editing, Writing — original draft, Visualization, Validation, Supervision,
Software, Resources, Project administration, Methodology, Investiga-
tion, Funding acquisition, Formal analysis, Data curation,
Conceptualization.

Ethical approval

All applicable institutional, national, and international guidelines for
the care and use of animals were followed.

Funding

This work was jointly funded by: 1. La Direction Générale et de la
Recherche Scientifique (DGRSDT) in farmwork of the project “Vecteurs
et Maladies vectorisées en zones humides DOOLO2UN160120220001. 2.
Unité Molécules de Communication et Adaptation des Microorganismes
(MCAM, UMR7245), Muséum National d’Histoire Naturelle, Paris,
France. 3. Département des Sciences de la Nature et de la Vie, Faculté
des Sciences, Université BenYoucef BENKHEDDA, Alger, Algérie. 4.
Université des Sciences et de la Technologie Houari Boumediene, Fac-
ulté des Sciences Biologiques, Laboratoire de Biodiversité et Environ-
nement: Interactions - Génomes, BP 32, El Alia Bab Ezzouar, Alger,
Algérie. Open acess funding provided by Swedish Museum of Natural
History.

Conflict of interest
None.
Acknowledgments

We thank local fishermen for kindly helping with fish acquisition.
Thanks extended to the reviewer for his thoughtful reading and

12

International Journal for Parasitology: Parasites and Wildlife 27 (2025) 101097

generous suggestions, which greatly improved the manuscript. This
study is wholeheartedly dedicated to Philippe Grellier from Muséum
National d’Histoire Naturelle, Paris, France.

References

Aly, S.A., Ramadan, M.F., 2005. Biochemical and pathological studies on
trypanosomiasis among catfish Clarias gariepinus. J. Fish. Dis. 28, 105-112. https://
doi.org/10.21608/jvmr.2005.77930.

Aragort, W., Alvarez, M.F., Leiro, J.L., Sanmartin, M.L., 2005. Blood protozoans in
elasmobranchs of the family Rajidae from Galicia (NW Spain). Dis. Aquat. Organ. 65,
63-68. https://doi.org/10.3354/dao065063.

Bacigalupo, J., De la Plaza, N., 1948. Presencia de tripanosomas en las rayas de Mar del
Plata Trypanosoma marplatensis, n. sp. [Presence of trypanosomes in rays from Mar
del Plata. Trypanosoma marplatensis, n. sp.]. Rev. Soc. Argent. Biol. 24, 269-274 (In
Spanish).

Borges, A.R., Lemos, M., Morais, D.H., Souto-Pedrén, T., D’agosto, A., 2016. In vitro
culture and morphology of fish Trypanosomes from South American wetland areas.
Symbiosis J. Microbiol. Infect. Dis. 4, 1-5. https://doi.org/10.15226/s0jmid/4/2/
00151.

Bullock, W.L., 1958. The blood protozoa of the marine fish of southern New England.
J. Parasitol. Amer. Soc. Parasitol. 44, 1-9.

Burreson, E., 1989. Hematozoa of fishes from Heron Island, Australia, with the
description of two new species of Trypanosoma. Aust. J. Zool. 37, 15-23. https://doi.
org/10.1071/209890015.

Burreson, E.M., Karlsbakk, E., 2007. Multiplication of Trypanosoma pacifica (Euglenozoa:
Kinetoplastea) in English sole, Parophrys vetulus, from Oregon coastal waters.

J. Parasitol. 93, 932-933. https://doi.org/10.1645/ge-1104.1.

Burreson, E.M., 2007. Hemoflagellates of Oregon marine fishes with the description of
new species of Trypanosoma and Trypanoplasma. J. Parasitol. 93, 1442-1451.
https://doi.org/10.1645/ge-1220.1.

Burreson, E.M., Pratt, I., 1972. Trypanosoma pacifica sp. n. from the English sole
Parophrys vetulus Girard from Oregon. J. Protozool. 19, 555-556. https://doi.org/
10.1111/j.1550-7408.1972.tb03528.x.

Corréa, L.L., Martins, F.R.S., Rodrigues, F.A.B., Oliveira, V.C., Costa, R.T., 2016.
Infections of Hypostomus spp. by Trypanosoma spp. and leeches: a study of
hematology and record of these hirudineans as potential vectors of these
hemoflagellates. Rev. Bras. Parasitol. Vet. 25, 299-305. https://doi.org/10.1590/
$1984-29612016049.

Dias, E., Freitas Filho, L.d., 1943. Introducao ao estudo biométrico dos hemoflagelados
do género Schizotrypanum: 1. Introducao, material e técnica, problema e métodos
estatisticos [Introduction to the biometric study of hemoflagellates of the genus
Schizotrypanum: 1. Introduction, material and technique, problem and statistical
metho]. Mem. Inst. Oswaldo Cruz 38, 427-436. https://www.arca.fiocruz.br/h
andle/icict/49964.

FAO, 1994. World review of highly migratory species and straddling stocks. FAO Fish.
Tech. Pap. No. 337. FAO, Rome, p. 70.

Fischer, W., Bauchot, M.L., Schneider, M., 1987. Fiches FAO d’identification des especes
pour les besoins de la peche. (Révision 1). Méditerranée et mer Noire. Zone de péche
37. Volume II. Vertébrés [FAO species identification sheets for fisheries purposes.
(Revision 1). Mediterranean and Black Sea. In: Fishing Area 37. Volume II.
Vertebrates]. Publication préparée par la FAO, résultat d’un accord entre la FAO et la
Commission des Communautés Européennes (Projet GCP/INT/422/EEC) financée
conjointement par ces deux organisations, vol. 2. FAO, Rome, pp. 761-1530 (In
French).

World register of marine species at. In: Froese, R., Pauly, D. (Eds.), 2021. Raja
Oxyrhynchus Linnaeus, 1758. http://www.marinespecies.org/aphia.php?p=taxdetai
1s&id=3997160n2021-04-24.

Gibson, D.I., Stevens, J.R., Smales, L.R., Lymbery, A.J., 2004. Phylogenetic analysis of
freshwater fish trypanosomes from Europe using SSU rRNA gene sequences and
random amplification of polymorphic DNA. Parasitology 128, 571-579. https://doi.
org/10.1017/50031182004001234.

Grybchuk-Ieremenko, A., Losev, A., Kostygov, A.Y., Lukes, J., Yurchenko, V.Y., 2014.
High prevalence of trypanosome co-infections in freshwater fishes. Folia Parasitol.
61, 495. https://doi.org/10.14411/fp.2014.064.

Gu, Z., Wang, J., Ke, X., Liu, Y., Liu, X., Gong, X., Li, A., 2010. Phylogenetic position of
the freshwater fish trypanosome, Trypanosoma ophiocephali (Kinetoplastida) inferred
from the complete small subunit ribosomal RNA gene sequence. Parasitol. Res. 106,
1039-1042. https://doi.org/10.1007/500436-010-1759-4.

Gu, Z.M., Wang, J.G., Lai, D.H., Li, A.X., 2006. Redescription of Trypanosoma ophiocephali
chen 1964 (Kinetoplastida: Trypanosomatina: Trypanosomatidae) and first record
from the blood of dark sleeper (Odontobutis obscura Temminck and Schlegel) in
China. Parasitol. Res. 99, 569-575. https://doi.org/10.1007/500436-006-0247-3.

Gu, Z., Wang, J., Li, M., Zhang, J., Gong, X., 2007. Redescription of Trypanosoma
siniperca Chang 1964 from freshwater fish of China based on morphological and
molecular data. Parasitol. Res. 100, 395-400. https://doi.org/10.1007/500436-006-
0355-0.

Gu, Z., Wang, J., Li, M., Zhang, J., Ke, X., Gong, X., 2007. Morphological and genetic
differences of Trypanosoma in some Chinese freshwater fishes: difficulties of species
identification. Parasitol. Res. 101, 723-730. https://doi.org/10.1007/500436-007-
0536-5.

Guindon, S., Dufayard, J.F., Lefort, V., Anisimova, M., Hordijk, W., Gascuel, O., 2010.
New algorithms and methods to estimate maximum-likelihood phylogenies:


https://doi.org/10.21608/jvmr.2005.77930
https://doi.org/10.21608/jvmr.2005.77930
https://doi.org/10.3354/dao065063
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref4
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref4
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref4
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref4
https://doi.org/10.15226/sojmid/4/2/00151
https://doi.org/10.15226/sojmid/4/2/00151
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref8
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref8
https://doi.org/10.1071/ZO9890015
https://doi.org/10.1071/ZO9890015
https://doi.org/10.1645/ge-1104.1
https://doi.org/10.1645/ge-1220.1
https://doi.org/10.1111/j.1550-7408.1972.tb03528.x
https://doi.org/10.1111/j.1550-7408.1972.tb03528.x
https://doi.org/10.1590/S1984-29612016049
https://doi.org/10.1590/S1984-29612016049
https://www.arca.fiocruz.br/handle/icict/49964
https://www.arca.fiocruz.br/handle/icict/49964
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref16
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref16
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref18
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref18
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref18
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref18
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref18
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref18
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref18
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref18
http://www.marinespecies.org/aphia.php?p=taxdetails&amp;id=399716on2021-04-24
http://www.marinespecies.org/aphia.php?p=taxdetails&amp;id=399716on2021-04-24
https://doi.org/10.1017/S0031182004001234
https://doi.org/10.1017/S0031182004001234
https://doi.org/10.14411/fp.2014.064
https://doi.org/10.1007/s00436-010-1759-4
https://doi.org/10.1007/s00436-006-0247-3
https://doi.org/10.1007/s00436-006-0355-0
https://doi.org/10.1007/s00436-006-0355-0
https://doi.org/10.1007/s00436-007-0536-5
https://doi.org/10.1007/s00436-007-0536-5

S. Kefil et al.

assessing the performance of PhyML 3.0. Syst. Biol. 59, 307-321. https://doi.org/
10.1093/sysbio/syq010.

Hayes, P.M., Smit, N.J., Seddon, A.M., Wertheim, D.F., Davies, A.J., 2006. A new fish
haemogregarine from South Africa and its suspected dual transmission with
trypanosomes by a marine leech. Folia Parasitol. 53, 241-248. https://doi.org/
10.14411/fp.2006.031.

Hayes, P.M., Lawton, S.P., Smit, N.J., Gibson, W.C., Davies, A.J., 2014. Morphological
and molecular characterization of a marine fish trypanosome from South Africa,
including its development in a leech vector. Parasites Vectors 7, 50. https://doi.org/
10.1186/1756-3305-7-50.

Jakes, K.A., O’donoghue, P.J., Adlard, R.D., 2001. Phylogenetic relationships of
Trypanosoma chelodina and Trypanosoma binneyi from Australian tortoises and
platypuses inferred from small subunit rRNA analyses. Parasitol 123, 483-487.
https://doi.org/10.1017/50031182001008721.

Karbowiak, G., Wita, 1., Rychlik, L., 2005. Trypanosoma (Megatrypanum) ornata sp. n., a
parasite of the Eurasian water shrew Neomys fodiens (Pennant, 1771). Acta
Protozool. 44, 363-367.

Karlsbakk, E., Haugen, E., Nylund, A., 2005. Morphology and aspects of growth of a
trypanosome transmitted by the marine leech Johanssonia arctica (Piscicolidae) from
Northern Norway. Folia Parasitol. 52, 209. https://doi.org/10.14411/fp.2005.028.

Karlsbakk, E., Nylund, A., 2006. Trypanosomes infecting cod Gadus morhua L. in the
North Atlantic: a resurrection of Trypanosoma pleuronectidium Robertson, 1906 and
delimitation of T. murmanense Nikitin, 1927 (emend.), with a review of other
trypanosomes from North Atlantic and Mediterranean teleosts. Syst. Parasitol. 65,
175-203. https://doi.org/10.1007/s11230-006-9049-3.

Keymer, LF., 1967. Trypanosoma (Megatrypanum) spp. Hoare, 1964 of ruminants. Vet.
Rec. 80, 286.

Kudo, R., 1923. Skate trypanosome from Woods Hole. J. Parasitol. 9, 179-180.

Laird, M., Bullock, W.L., 1969. Marine fish haematozoa from new Brunswick and new
England. J. Fish. Board Can. 26, 1075-1102. https://doi.org/10.1139/{69-100.
Laird, M., Porter, A., 1951. Studies on the trypanosomes of New Zealand fish. Proc. Zool.

Soc. Lond. 121, 285-309. https://doi.org/10.1111/j.1096-3642.1951.tb00797 .x.

Laveran, A., 1908. Sur une hémogrégarine, un trypanosome et un spirille, trouvés dans le
sang d’un requin [On a haemogregarine, a trypanosome and a spirilla, found in shark
blood]. Bull. Soc. Pathol. Exot. 1, 148-150.

Laveran, A., Mesnil, F., 1902. Des trypanosomes des poissons [Fish trypanosomes]. Arch.
Protistenkd. 1, 475-498 (In French).

Laveran, A., Mesnil, F., 1904. Trypanosomes et trypanosomiases [Trypanosomes and
trypanosomiasis], 1912. Masson et Cie, Paris, p. 379 (In French).

Laveran, A., Mesnil, F., 1912. Trypanosomiase humaine ou maladie du sommeil [Human
trypanosomiasis or sleeping sickness]. In: Laveran, A., Mesnil, F. (Eds.),
Trypanosomes et Trypanosomiases [Trypanosomes and trypanosomiasis]. Masson,
Paris, pp. 673-795.

Lemos, M., Fermino, B.R., Simas-Rodrigues, C., Hoffmann, L., Silva, R., Camargo, E.P.,
Teixeira, M.M.G., Souto-Padrén, T., 2015. Phylogenetic and morphological
characterization of trypanosomes from Brazilian armoured catfishes and leeches
reveal high species diversity, mixed infections and a new fish trypanosome species.
Parasites Vectors 8, 573. https://doi.org/10.1186/513071-015-1193-7.

Le Roux, C., Cook, C.A., Netherlands, E.C., Truter, M., Smit, N.J., 2025. Molecular and
morphological characterization of one known and three new species of fish parasitic
Trypanosoma Gruby, 1972 from the south coast of South Africa. Parasitology 1-20.
https://doi.org/10.1017/50031182025000496.

Letunic, 1., Bork, P., 2021. Interactive Tree of Life (iTOL) v5: an online tool for
phylogenetic tree display and annotation. Nucleic Acids Res. 49, W293-W296.
https://doi.org/10.1093/nar/gkab301.

Lom, J., 1979. Biology of the trypanosomes and trypanoplasms of fish. Biol.
Kinetoplastida 2, 269-337.

Lom, J., Dykova, 1., 1992. Protozoan parasites of fishes. In: Developments in Aquaculture
and Fisheries Science, vol. 26. Elsevier, Amsterdam, pp. 32-64.

Maslov, D.A., Lukes, J., Jirku, M., Simpson, L., 1996. Phylogeny of trypanosomes as
inferred from the small and large subunit rRNAs: implications for the evolution of
parasitism in the trypanosomatid protozoa. Mol. Biochem. Parasitol. 75, 197-205.
https://doi.org/10.1016/0166-6851(95)02526-x.

Minchin, E.A., Woodcock, H.M., 1910. Observations on certain blood-parasites of fishes
occurring at Rovigno. J. Cell Sci. 2, 113-154. https://doi.org/10.1242/jcs.s2-
55.217.113.

Morillas, J., George-Nascimento, M., Valeria, H., Khan, R.A., 1987. Trypanosoma
humboldti n. sp. from the Chilean catshark, Schroederichthys chilensis (Guichenot,
1848). J. Protozool. 34, 342-344. https://doi.org/10.1111/j.1550-7408.1987.
tb03187.x.

Neumann, R.O., 1909. Studien iiber protozoische Parasiten im Blut von Meeresfischen
[Studies on protozoan parasites in the blood of marine fish]. Z. Hyg. Infekt. 64,
1-112 (In German).

Paparini, A., Macgregor, J., Irwin, P.J., Warren, K., Ryan, U.M., 2014. Novel genotypes of
Trypanosoma binneyi from wild platypuses (Ornithorhynchus anatinus) and

International Journal for Parasitology: Parasites and Wildlife 27 (2025) 101097

identification of a leech as a potential vector. Exp. Parasitol. 145, 42-50. https://doi.
org/10.1016/j.exppara.2014.07.004.

Pollerspock, J., Straube, N., 2021. Bibliography database of living/fossil sharks, rays and
chimaeras (Chondrichthyes: Elasmobranchii, Holocephali) — list of valid extant
species; list of described extant species; statistic. World Wide Web electronic
publication, Version 03/2021. Available at: https://shark-references.com.

Preston, T.M., 1969. The form and function of the cytostome-cytopharynx of the culture
forms of the elasmobranch haemoflagellate Trypanosoma raiae Laveran & Mesnil
1902. J. Protozool. 16, 320-333. https://doi.org/10.1111/j.1550-7408.1969.
th02278.x.

Pretorius, C., Smit, N.J., Schaeffner, B.C., Cook, C.A., 2021. The neglected diversity:
description and molecular characterisation of Trypanosoma haploblephari Yeld and
Smit, 2006 from endemic catsharks (Scyliorhinidae) in South Africa, the first
trypanosome sequence data from sharks globally. J. Parasitol. Parasites Wildl 15,
143-152. https://doi.org/10.1016/j.ijppaw.2021.04.008.

Pulsford, A., 1984. Preliminary studies on trypanosomes from the dogfish, Scyliorhinus
canicula L. J. Fish. Biol. 24, 671-682. https://doi.org/10.1111/j.1095-8649.1984.
tb04838.x.

Ranque, P., 1973. Etudes morphologique et biologique de quelques trypanosomides
récoltés au Sénégal [Morphological and Biological Studies of Some Trypanosomids
Collected in Senegal]. Université d’Aix-Marseille II, Marseille, France, p. 200. PhD
thesis.

Robertson, M., 1907. Studies on a trypanosome found in the alimentary canal of
Pontobdella muricata. Proc. Roy. Phys. Soc. Edinb. 17, 83-108.

Robertson, M., 1909. Further notes on a trypanosome found in the alimentary tract of
Pontobdella muricata. J. Cell Sci. 2, 119-139. https://doi.org/10.1242/jcs.s2-
54.213.119.

Robertson, M., 1927. Notes on certain points in the cytology of Trypanosoma raiae and
Bodo caudatus. Parasitology 19, 375-393. https://doi.org/10.1017/
S0031182000005850.

Ronquist, F., Teslenko, M., Van Der Mark, P., Ayres, D.L., Darling, A., Hohna, S.,
Larget, B., Liu, L., Suchard, M.A., Huelsenbeck, J., 2012. MrBayes 3.2: efficient
Bayesian phylogenetic inference and model choice across a large model space. Syst.
Biol. 61, 539-542. https://doi.org/10.1093/sysbio/sys029.

Sabrazes, J., Muratet, L., 1908. Trypanosome de la Tropille (Torpedo marmorata (Risso))
[Tropilla trypanosome (Torpedo marmorata (Risso))]. Proc. Verb. Soc. Linn.
Bordeaux 62, 205-209 (In French).

Slapeta, J., Morin-Adeline, V., Thompson, P., McDonell, D., Shiels, M., Gilchrist, K.,
Votypka, J., Vogelnest, L., 2016. Intercontinental distribution of a new trypanosome
species from Australian endemic Regent Honeyeater (Anthochaera phrygia). Int. J.
Parasitol. Parasites Wildl. 143, 1012-1025. https://doi.org/10.1017/
S$0031182016000329.

Smit, N.J., Van As, J.G., Davies, A.J., 2007. Fish trypanosomes from the okavango delta,
Botswana. Int. J. Parasitol. Parasites Wildl. 1, 59-66. https://doi.org/10.14411/
£p.2004.037.

Smit, N.J., Joubert, A., Lawton, S.P., Hayes, P.M., Cook, C.A., 2020. Morphological and
molecular characterization of an African freshwater fish trypanosome, including its
development in a leech vector. Int. J. Parasitol. Parasites Wildl. 50, 921-929.
https://doi.org/10.1016/j.ijpara.2020.06.004.

So, B.K.F., 1972. Marine fish haematozoa from Newfoundland waters. Can. J. Zool. 50,
543-554. https://doi.org/10.1139/272-074.

Stevens, J.R., Noyes, H.A., Dover, G.A., Gibson, W.C., 1999. The ancient and divergent
origins of the human pathogenic trypanosomes. Trypanosoma brucei and T. cruzi.
Parasitol. 118, 107-116. https://doi.org/10.1017/s0031182098003473.

Su, Y., Feng, J., Jiang, J., Guo, Z., Liu, G., Xu, L., 2014. Trypanosoma epinepheli n. sp.
(Kinetoplastida) from a farmed marine fish in China, the brown-marbled grouper
(Epinephelus fuscoguttatus). Parasitol. Res. 113, 11-18. https://doi.org/10.1007/
s00436-013-3626-6.

Tamura, K., Stecher, G., Kumar, S., 2021. MEGA11: molecular evolutionary genetics
analysis version 11. Mol. Biol. Evol. 38, 3022-3027. https://doi.org/10.1093/
molbev/msab120.

Wang, J., Li, H., Liu, H., Chen, W., Wu, Z., Xu, Q., 2016. Identification of a new fish
trypanosome from the large yellow croaker (Larimichthys crocea) and description of
its impact on host pathology, blood biochemical parameters and immune responses.
Parasitol. Res. 115, 2053-2061. https://doi.org/10.1007/500436-015-4646-3.

WoRMS, 2022. Trypanosoma aeglefini Henry. Accessed at: https://www.marinespecies.
org/aphia.php?p=taxdetails&id=5636000n2022-10-21.

Yeld, E.M., Smit, N.J., 2006. A new species of Trypanosoma (Kinetoplastida:
Trypanosomatidae) infecting catsharks from South Africa. J. Mar. Biol. Assoc. U. K.
86, 829-834. https://doi.org/10.1017/50025315406013750.

Zhang, P., Liu, J., Yin, X.-M., Zhou, J.-Y., Lukes, J., Lun, Z.-R., Lai, D.-H., 2023. Towards
disentangling the classification of freshwater fish trypanosomes. Mar. Life Sci.
Technol. 5, 551-563. https://doi.org/10.1007/542995-023-00191-0.

13


https://doi.org/10.1093/sysbio/syq010
https://doi.org/10.1093/sysbio/syq010
https://doi.org/10.14411/fp.2006.031
https://doi.org/10.14411/fp.2006.031
https://doi.org/10.1186/1756-3305-7-50
https://doi.org/10.1186/1756-3305-7-50
https://doi.org/10.1017/S0031182001008721
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref36
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref36
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref36
https://doi.org/10.14411/fp.2005.028
https://doi.org/10.1007/s11230-006-9049-3
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref40
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref40
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref42
https://doi.org/10.1139/f69-100
https://doi.org/10.1111/j.1096-3642.1951.tb00797.x
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref45
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref45
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref45
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref46
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref46
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref47
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref47
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref49
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref49
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref49
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref49
https://doi.org/10.1186/s13071-015-1193-7
https://doi.org/10.1017/S0031182025000496
https://doi.org/10.1093/nar/gkab301
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref53
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref53
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref54
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref54
https://doi.org/10.1016/0166-6851(95)02526-x
https://doi.org/10.1242/jcs.s2-55.217.113
https://doi.org/10.1242/jcs.s2-55.217.113
https://doi.org/10.1111/j.1550-7408.1987.tb03187.x
https://doi.org/10.1111/j.1550-7408.1987.tb03187.x
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref59
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref59
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref59
https://doi.org/10.1016/j.exppara.2014.07.004
https://doi.org/10.1016/j.exppara.2014.07.004
https://shark-references.com
https://doi.org/10.1111/j.1550-7408.1969.tb02278.x
https://doi.org/10.1111/j.1550-7408.1969.tb02278.x
https://doi.org/10.1016/j.ijppaw.2021.04.008
https://doi.org/10.1111/j.1095-8649.1984.tb04838.x
https://doi.org/10.1111/j.1095-8649.1984.tb04838.x
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref65
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref65
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref65
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref65
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref66
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref66
https://doi.org/10.1242/jcs.s2-54.213.119
https://doi.org/10.1242/jcs.s2-54.213.119
https://doi.org/10.1017/S0031182000005850
https://doi.org/10.1017/S0031182000005850
https://doi.org/10.1093/sysbio/sys029
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref70
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref70
http://refhub.elsevier.com/S2213-2244(25)00062-8/sref70
https://doi.org/10.1017/S0031182016000329
https://doi.org/10.1017/S0031182016000329
https://doi.org/10.14411/fp.2004.037
https://doi.org/10.14411/fp.2004.037
https://doi.org/10.1016/j.ijpara.2020.06.004
https://doi.org/10.1139/z72-074
https://doi.org/10.1017/s0031182098003473
https://doi.org/10.1007/s00436-013-3626-6
https://doi.org/10.1007/s00436-013-3626-6
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.1007/s00436-015-4646-3
https://www.marinespecies.org/aphia.php?p=taxdetails&amp;id=563600on2022-10-21
https://www.marinespecies.org/aphia.php?p=taxdetails&amp;id=563600on2022-10-21
https://doi.org/10.1017/S0025315406013750
https://doi.org/10.1007/s42995-023-00191-0

	A parasite through time: Revisiting Trypanosoma rajae Laveran and Mesnil, 1902 with new molecular and morphological insight ...
	1 Introduction
	2 Material and methods
	2.1 Host collection
	2.2 Morphological methods
	2.3 Molecular methods
	2.4 Phylogenetic analysis
	2.5 Statistical analyses

	3 Results
	3.1 Infection details
	3.2 Morphology
	3.2.1 Trypanosoma rajae Laveran and Mesnil, 1902
	3.2.2 Trypanosoma cf. rajae
	3.2.3 Remark

	3.3 Phylogenetic analysis

	4 Discussion
	4.1 Host-specificity and morphological variability of Trypanosoma rajae Laveran and Mesnil, 1902
	4.2 Divisional stages of trypanosomes

	5 Conclusion
	CRediT authorship contribution statement
	Ethical approval
	Funding
	Conflict of interest
	Acknowledgments
	References


