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A B S T R AC T
Objective:  Myxosporean parasites are worldwide-​distributed cnidarians that infect the organs and tissues of marine and freshwater organ-
isms, primarily fish. Based on morphological peculiarities, two myxosporean species, Myxidium gadi and Ceratomyxa merlangi, from the 
gallbladder content of Whiting Merlangius merlangus inhabiting four sampling localities (Kocaeli, Sinop, Ordu, and Trabzon) along the Black 
Sea coast of Türkiye have been identified.
Methods:  Concordant with the morphological data, the first phylogenetic analyses on the nucleotide sequences of 18S ribosomal DNA 
confirmed our Myxidium specimens to be M. gadi. This study also provided the first molecular data on C. merlangi, which appeared to be 
the closest species to C. cretensis and C. arcuata on the phylogenetic trees. The infection prevalence (%) and density values of each parasite 
species were calculated according to season and sampling localities of Whiting.
Results:  Ceratomyxa merlangi had a higher overall prevalence value (39.6%) than M. gadi (25.7%). The density values of both parasite species 
ranged between 2+ and 3+ in all fish samples. When the infection indices in sampling localities were compared for both parasite species,  
C. merlangi and M. gadi had the highest infection prevalence values in Sinop samples (66.3%); the highest density of infection (3+) was 
recorded in Sinop samples for C. merlangi and in Ordu samples for M. gadi.
Conclusions:  This study provides the first molecular data on M. gadi and C. merlangi, revealing their phylogenetic positions. In addition, 
seasonal and regional infection data for these species in the southern Black Sea region are reported for the first time, and it has been deter-
mined that both species can occur together.
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L A Y  S U M M A R Y
This study reveals the prevalence and distribution of two fish parasites in the southern Black Sea. The results of the study help to understand 
when and where these parasites infect fish, contributing to fish health monitoring and marine ecosystem protection.
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I N T RO DU C T IO N
The Whiting Merlangius merlangus is a member of the family 
Gadidae and is the only valid species in the genus Merlangius 
(Froese & Pauly, 2023). Based on morphological features, 
previous literature presumed that there were two subspe-
cies, namely M. merlangus merlangus, which is distributed in 
the North Atlantic Ocean (Iceland), southwest Barents Sea, 

western Baltic Sea, and northern shores of Portugal; and M. 
merlangus euxinus, which is distributed in the Adriatic Sea, 
Aegean Sea, Sea of Marmara, Azov Sea, and Black Sea. A recent 
molecular study conducted by Şalcıoğlu et al. (2020) indicated 
no clear distinction between the two presumed subspecies. 
From an economic point of view, the Whiting is one of the 
most important demersal fish species in Türkiye, and the total 
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amount of the catch was 10,379.9 metric tons in 2022, most of 
which (10,025.3 metric tons) was obtained from the southern 
Black Sea (Özer et al., 2015; TÜİK, 2021, 2022). Up to now, 
many studies concerning infections by different parasite taxa, 
including myxozoan parasites in Black Sea Whiting, have been 
published or presented, and details are provided in a checklist 
by Özer (2021). It is known that parasitic infections, together 
with unfavorable abiotic and biotic ecological factors, may 
have negative impacts on fish health and fish populations; thus, 
more comprehensive and comparable studies on fish parasites, 
including myxosporeans and their infections in Whiting, are 
needed due to their significance for fisheries and human health.

Members of the class Myxozoa represent a lineage of the 
phylum Cnidaria that diverged from free-​living and evolu-
tionarily Medusozoa-​related cnidarian ancestors at some dis-
tant time, ultimately to become parasitic (Jiménez-​Guri et al., 
2007; Okamura et al., 2015). Through the evolutionary process 
of their complex parasitic lifestyle, they developed a two-​host 
life cycle strategy in which they infect an invertebrate (anne-
lids and freshwater bryozoans) as the first host and a vertebrate 
(usually fishes, but rarely amphibians, reptiles, and even birds) 
as the second host in freshwater environments (Bartholomew 
et al., 1997, 2006; Markiw & Wolf, 1983; Székely et al., 2014). 
On the other hand, the current knowledge of their life strate-
gies in marine environments is limited; members of some 
genera have a direct fish-​to-​fish infection strategy (Diamant, 
1997; Yasuda et al., 2002), whereas others display a two-​host 
life cycle strategy for infections (Rocha et al., 2019, 2020). As 
can be expected from an early diverged taxon, Myxozoa reveals 
a great biological diversity, with about 2,600 binomial species, 
comprising one-​fifth of the whole phylum Cnidaria. So far, 
three myxozoan species—​Myxidium sphaericum, Myxidium 
finnmarchicum, and Myxobolus aeglefini—​have been reported as 
the parasites infecting Whiting (i.e., the presumed subspecies 
M. merlangus merlangus) in the northeast Atlantic (Dethlefsen 
et  al., 1996; MacKenzie & Kalavati, 1995; MacKenzie et  al., 
2010). On the other hand, Leptotheca informis (only one report 
is available), Myxidium incurvatum (probably Myxidium gadi 
according to our evaluation), Ceratomyxa merlangi, and M. gadi 
have been reported as myxozoan parasites infecting Whiting 
(i.e., the presumed subspecies M. merlangus euxinus) in the 
Black Sea (Özer et al., 2015, 2017; Özkan, 2015; Skuratovskaya 
et al., 2013; Yurakhno, 1997, 2004, 2008, 2009a, 2009b, 2013; 
Yurakhno & Naidenova, 2000). However, most of the studies of 
Black Sea Whiting focused on myxozoan parasites inhabiting 
the northern Black Sea coast around Sevastopol, Kerch Strait, 
Tarkhankut, the southern coast of Crimea, Caucasia, and the 
northwestern part of the Black Sea, whereas a limited number 
of studies examined Whiting populations collected from the 
southern Black Sea, mostly from a single location (the Sinop 
coast of Türkiye). Thus, there is a need for comprehensive stud-
ies on the myxozoan fauna and their infection levels in Black Sea 
Whiting inhabiting the entire southern coast of the Black Sea to 
fill the information gap.

In this context, the present study focused on overcoming 
this significant issue by conducting comparative and com-
prehensive studies on the biological diversity and ecology of 
myxozoan parasites infecting the Whiting that inhabit the 
southernmost Black Sea coast at four sampling localities with 

seasonal distribution through morphological and molecular 
approaches for the first time.

M E T HO D S
Fish sampling and parasitological investigation

In total, 280 Whiting samples (11.2–20.5 cm in total length) 
were collected from local fishermen in the Ordu (41°06′34.2″N, 
37°32′02.0″E) and Trabzon (41°02′27.5″N, 39°49′46.7″E) 
provinces, which are located along the eastern Black Sea coast 
of Türkiye; and the Kocaeli (41°09′52.6″N, 30°00′02.9″E) 
and Sinop (42°05′27.7″N, 35°06′39.5″E) provinces, located 
along the western Black Sea coast of Türkiye (Figure 1).  
Fish sampling was performed twice in the present study: once 
in the summer period (July–August 2021; n = 152) and again 
in the winter period (December 2021–January 2022; n = 128). 
Microscopic investigations of myxosporean parasites were per-
formed in the skin, fins, gills, heart, liver, gallbladder, stomach, 
intestine, kidney, urinary bladder, and gonads of fish samples 
using an Olympus BX51 microscope (equipped with an Olympus 
DP50 digital camera) and a Carl Zeiss Primostar FN 18 light 
microscope. Morphological identifications of myxosporean par-
asites from 20 fresh spores were conducted according to Jameson 
(1929) and Lom and Dyková (1992). The prevalence of infec-
tion (%) and density values of parasites were calculated accord-
ing to Bush et al. (1997). Sterne’s exact 95% confidence limits 
were calculated for prevalence using Quantitative Parasitology 
(QPweb) software (Reiczigel & Rózsa, 2020). Differences in 
prevalence values between four fish populations from the four 
sampling localities and between the two sampling seasons were 
determined by the exact unconditional test that maintains the 
prescribed type I error rate, which has a higher statistical power 
for a small sample size (N < 100). Differences in prevalence val-
ues between sampling localities and seasons were determined 
using Fisher’s exact test. All statistical tests were performed at 
a significance level of 0.05. The density values of infection were 
scaled from one plus, representing the lowest density (+), and 
six pluses, representing the highest density (++++++), accord-
ing to a methodology modified from 200× magnification by 
Gürkanl et  al. (2018; + = 1–9; ++ = 10–19; +++ = 20–29; 
++++ = 30–39; +++++ = 40–49; ++++++ > 50). All infec-
tion indices were calculated for each myxozoan species as well 
as for co-​infections.

Molecular analyses
Genomic DNA extractions from myxozoan-​infected Whiting 
tissues were performed using an Invitrogen PureLink Genomic 
DNA Mini Kit (Invitrogen, USA). The extracted genomic DNA 
was then stored at −20°C before use. To construct phylogenies, 
the small subunit of ribosomal DNA (hereafter, “18S rDNA”) 
was used as the genetic marker. The PCR amplifications for 
the gene were performed using the primer set MyxospecF 
(Fiala, 2006) and 18r (Whipps et al., 2003) with the protocol 
described by Okkay et al. (2020). Ingredients for a 50-​µL reac-
tion mixture were as follows: 5 μL of 10× PCR buffer, 0.8 mM 
dNTP mix (Thermo Scientific, USA), 1.5 mM MgCl2, 0.5 pmol 
(final concentration) of each primer (Oligomer Biyoteknoloji, 
Türkiye), 1.25 U of Taq polymerase (Invitrogen), genomic 
DNA (∼50 ng) and double-​distilled H2O (up to 50 µL in 
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final volume). The PCR amplifications were performed using 
a Techne TC-​Plus thermal cycler. Afterward, the products 
were electrophoresed on a 1% agarose gel (prepared in 1× tris–
borate–EDTA buffer) and were visualized with a photo-​print 
imaging system (Vilber Lourmat). Nucleotide sequencing 
analyses were performed commercially by Macrogen-​Europe 
BV (Amsterdam, Netherlands) from both strands. Geneious 
version 4.8.2 (Kearse et al., 2012)was used to edit and assem-
ble the nucleotide sequences. The data sets for phylogenetic 
analyses were constructed according to the available molecu-
lar-​based studies as well as the Basic Local Alignment Search 
Tool (BLAST; https://blast.​ncbi.​nlm.​nih.​gov/​Blast.​cgi) search 
results for the new 18S rDNA nucleotide sequences obtained 
in the study (Tables 1, 2). The software ClustalX version 2.1 
(Thompson et  al., 1997) was employed for multiple nucleo-
tide sequence alignments of the data sets, and BioEdit version 
7.2.5 (Hall, 1999) was used to check and edit the alignment 
files manually. To determine the evolutionary model(s) that 
provided the best fit to our data sets, Akaike’s information cri-
terion (AIC; Akaike, 1974) and Bayesian information criterion 
(BIC) tests were applied with jModelTest version 0.1 (Guindon 
& Gascuel, 2003; Posada, 2008). To determine the phyloge-
netic relationships among 18S rDNA nucleotide sequences, 
maximum likelihood (ML), neighbor-​joining (NJ; Saitou & 
Nei, 1987), and maximum parsimony (MP; Eck & Dayhoff, 
1966; Fitch, 1977) algorithms were used. Maximum likelihood 
analysis was performed using PhyML version 3.0 (Guindon & 
Gascuel, 2003). The NJ and MP analyses, on the other hand, 
were conducted using PAUP* version 4.0 beta 10 (Swofford, 
1998). Additionally, a heuristic search approach using the Tree 
Bisection and Reconnection (TBR) swapping algorithm (with 
10 random repetitions) was performed for MP analysis. To 

test the topological robustness of the phylogenetic trees, boot-
strap tests (Efron, 1982; Felsenstein, 1985) were conducted 
with 10,000 replicates for NJ analysis and 1,000 replicates 
for MP and ML analyses. The similarities between nucleotide 
sequences were determined using MEGA version 10.4 (Kumar 
et al., 2018). All new 18S rDNA nucleotide sequences obtained 
in this study have been deposited in GenBank under accession 
numbers PV726994–PV727001 (Tables 1, 2).

R E S U LT S
The gallbladder of the investigated Whiting specimens was the 
only organ infected by myxozoan parasites. Initial microscopic 
observations of spore morphologies revealed that these parasite 
individuals belonged to the genera Myxidium and Ceratomyxa. 
Of the 280 investigated Whiting individuals, 72 fish (25.7%) 
were found to be infected with Myxidium sp-​1 spores in the gall-
bladder, with an overall density ranked as 2+ per microscopic 
field. The infection prevalence and density values of Ceratomyxa 
sp-​1 in Whiting were 39.6% (111 of 280 fish) and 3+, respectively. 
Moreover, in 56 of the 280 Whiting examined, Myxidium sp-​1 
and Ceratomyxa sp-​1 coexisted in the host gallbladder, with infec-
tion prevalence and density values of 20.0% and 3+, respectively.

Morphology and phylogeny of myxozoan parasites
The spores of Myxidium sp-​1 individuals were fusiform and 
equal-​sized, with two polar capsules (pyriform in shape with 
pointed ends) located at the opposite ends, and the suture line 
divided the spores into two equal parts (Figure 2A; Table 1).  
In addition to the homogeneity in spore morphology, the 
detailed measurements of spore structures also indicated that 
all belonged to the same species, Myxidium sp-​1 (Table 1). 

Figure 1.  Map of sampling localities for Whiting throughout the southern Black Sea (numbers in circles correspond to the sampling localities 
in Türkiye; 1 = Kocaeli; 2 = Sinop; 3 = Ordu; 4 = Trabzon) (Adapted from d-maps, https://d-maps.com/carte.php?num_car=4446&lang=en).
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Among them, one sample from each sampling locality (AO-​
68, AO-​72, AO-​73, and AO-​80) was selected as a represen-
tative for molecular analyses. Subsequently, approximately 
1,400 bp of the 18S rDNA gene of these specimens were 
amplified, sequenced, and subjected to phylogenetic analyses. 
As a result, all Myxidium sp-​1 specimens showed the same 18S 
rDNA nucleotide sequence, and the BLAST result suggested 
that M. gadi (GQ890675, DQ377707, and DQ377711) was the 
closest species, with 99.63–100% sequence identities. Thus, a 
data set using 18S rDNA nucleotide sequences of M. gadi and 
allied species was formed (Table 2). Phylogenetic analyses were 
performed using 1,218 aligned nucleotides containing 321 vari-
able sites (430 mutations). The AIC and BIC tests suggested 
the GTR + I + G (I [proportion of invariable sites] = 0.556; G 
[gamma distribution] = 0.587) and TIM3ef + I + G (I = 0.557; 
G = 0.590) evolutionary models, respectively. However, the ML 
and NJ trees created using the GTR + I + G model were pre-
ferred in the study since they showed higher bootstrap values. 
Maximum parsimony analysis, which was conducted using 244 
synapomorphic sites, suggested a single most parsimonious tree 

with 773 steps (consistency index [CI] = 0.556274; retention 
index [RI] = 0.322448; homoplasy index [HI] = 0.443726). In 
Figure 3, an ML tree is given, and bootstrap values obtained 
from ML, NJ, and MP analyses are stated on each related node. 
On the phylogenetic tree, Myxidium sp-​1 specimens showed the 
same 18S rDNA nucleotide sequence with M. gadi specimens 
GQ890675 (from Whiting in the United Kingdom; MacKenzie 
et al., 2010) and DQ377711 (from Saithe in Scotland, the North 
Sea; Fiala, 2006). Additionally, M. gadi specimens DQ377707 
(from Haddock in the North Sea; Fiala, 2006) appeared as a sis-
ter with 99.6% nucleotide sequence similarity. This relationship 
was supported with 99, 97, and 100% bootstrap values in the 
ML, NJ, and MP trees, respectively. In addition to the nucleo-
tide sequences used in phylogenetic analyses, there were some 
other M. gadi 18S rDNA nucleotide sequences in GenBank that 
were extracted from Atlantic Cod Gadus morhua in Norway 
(GQ890673, GQ890674, and GQ890676; MacKenzie et al., 
2010), but they were not added to the data set for analyses since 
they were too short. However, they all showed the same 18S 
rDNA sequence as Myxidium sp-​1. On the tree, Zschokkella 

Table 1.  Comparative description of Ceratomyxa merlangi and Myxidium gadi, their morphologically similar species, and their hosts. 
Abbreviations: SL = spore length (μm), SW = spore width/spore thickness (μm), PCL = polar capsule length (μm), PCW = polar capsule 
width (μm), and PF = polar filament (μm).

Species SL SW PCL PCW PF Host fish Reference

Myxidium species
M. gadi 13.8  

(13.0–14.7)a
6.3  

(6.0–6.9)a
4.9  

(4.3–5.2)a
2.6  

(2.5–2.7)a
– Whiting This study

M. gadi 13.9  
(12.9–14.6)a

5.7  
(5.3–6.0)a

5.1  
(4.8–5.3)a

2.7  
(2.5–2.8)a

– Whiting Özkan (2015)

M. gadi 11.3 ± 0.1b 5.3 ± 0.2b 3.4 ± 0.5b 2.8 ± 0.7b – Shorthorn Sculpin 
Myoxocephalus 
scorpius

Kodádková et al. 
(2014)

M. gadi 12.0–15.0c 5.0–7.5c 3.9 ± 0.42c 3.23 ± 0.54c – Saithe Pollachius virens MacKenzie and 
Kalavati 
(1995)

Ceratomyxa species
C. merlangi 6.0  

(5.8–6.4)a
33.8  

(30.1–36.2)a
2.7  

(2.5–3.0)a
2.0  

(1.8–2.6)a
– Whiting This study

C. merlangi 5.5  
(5.0–5.8)a

32.2  
(27.6–34.79)a

2.7  
(2.4–2.9)a

2.2  
(1.9–2.3)a

– Whiting Özkan (2015)

C. merlangi 6.0–8.0c 30.0–53.7c 2.8–3.6c 1.6–2.0c – Whiting Zaika (1966)
C. arcuata 5–8c 20–30c – – – Three-bearded Rockling 

Gaidropsarus vulgaris, 
Corkwing Wrasse 
Symphodus melops, 
Blackspot Seabream 
Pagellus bogaraveo

Thélohan (1895)

C. arcuata 5.5–6.0c 25–31c 3.5–4.0c – 2–5 – Parisi (1912)
C. arcuata 6.8 ± 0.9  

(6.0–9.0)d
36.2 ± 2.7  

(32.5–40.0)d
3.7 ± 0.7  

(2.5–5.0)d
3.0 ± 0.2  

(2.5–4.0)d
4–5 Whiting Kalavati and 

MacKenzie 
(1999)

C. arcuata 7.25  
(5–8)a

23.5  
(20–30)a

2.75e 2.5e – Black Scorpionfish 
Scorpaena porcus

Lubat et al. 
(1989)

C. arcuata 7.5 ± 0.4  
(7–9)d

35.6 ± 3.3  
(30–40)d

3.3 ± 0.4  
(3–4)d

3 ± 0.4  
(2.5–3.5)d

4–5 Salema Porgy Sarpa 
salpa

Laamiri (2014)

C. cretensis 6.7 ± 0.1  
(5.5–8.9)d

30.7 ± 0.5  
(21.5–38.9)d

2.3 ± 0.1  
(1.9–2.9)d

2.3 ± 0.1  
(1.9–2.8)d

3–4 Atlantic Lizardfish 
Synodus saurus

Kalatzis et al. 
(2013)

a Mean, with range in parentheses
b Mean ± SD
c Range
d Mean ± SD, with range in parentheses
e Mean
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bergense (DQ377702) and M. finnmarchicum (MZ130192) 
appeared as sister species to the M. gadi lineage (Figure 3).

The spores belonging to Ceratomyxa sp-​1 in the present study 
were crescent-​shaped, with a blunt, rounded shape towards the 
ends. Two polar capsules were located almost in the middle of 
the spore (Figure 2B). Moreover, detailed morphometric mea-
surements also supported that all Ceratomyxa specimens in this 
study were the same species, Ceratomyxa sp-​1 (Table 1). For 
phylogenetic analyses, one Ceratomyxa sp-​1 specimen (AO-​
66, AO-​67, AO-​69, and AO-​70) was selected from each locality 
(Table 2). Approximately 1,400 bp of the 18S rDNA gene were 
sequenced, and three different nucleotide sequences were deter-
mined out of four selected Ceratomyxa sp-​1 specimens. The 18S 
rDNA nucleotide sequence similarities among Ceratomyxa sp-​1 
specimens were higher than 99.8%, thus supporting the hypoth-
esis that these specimens all belonged to the same species 
(Ceratomyxa sp-​1). The BLAST results suggested Ceratomyxa 
arcuata (KJ419344) as the closest species to our new 18S rDNA 
nucleotide sequences. Based on this information, a data set 
composed of species related to C. arcuata was constituted for 
constructing phylogenies (Table 2). Phylogenetic analyses 
were conducted over 1,253 aligned nucleotides with 291 vari-
able sites (353 mutations). The AIC and BIC tests suggested 
the GTR + G (G = 0.246) and TIM2G (G = 0.247) evolution-
ary models, respectively. In this study, the GTR + G model was 
preferred for ML and NJ analyses because the bootstrap values 
suggested by this model were higher than those suggested by the 
TIM2 + G model. Maximum parsimony analysis was conducted 
over 208 synapomorphic sites and revealed a single most parsi-
monious tree with 402 steps (CI = 0.878109; RI = 0.874680; 
HI = 0.121891). An ML tree is shown in Figure 4, and bootstrap 
values obtained from the ML, NJ, and MP analyses are stated on 
each related node. On the phylogenetic trees created using the 
ML, NJ, and MP algorithms, our three new Ceratomyxa sp-​1 18S 
rDNA nucleotide sequences (AO-​67, AO-​70, and AO-​66/AO-​
69) formed a lineage, and C. arcuata (KM273023 from Whiting 
and KJ419344 from Anglerfish in the North Sea; Fiala et al., 
2015) appeared as the sister species to this lineage. The nucleo-
tide sequence similarities between Ceratomyxa sp-​1 and the C. 
arcuata specimens were between 98.8% and 99.1%. Ceratomyxa 
cretensis was the third species in the lineage as a sister to the spe-
cies mentioned earlier. The relationships between these three 

species were supported with sufficient bootstrap values in ML 
and NJ trees (≥54%). In the MP analysis, on the other hand, the 
bootstrap tree did not support these relationships with signifi-
cant values, although the topology of the MP tree was the same 
as the topology of the ML and NJ trees (Figure 4).

The distribution of Myxidium sp-​1 and Ceratomyxa sp-​1 
concerning sampling locality and season

The overall infection prevalence and density values of our 
Myxidium sp-​1 and Ceratomyxa sp-​1, as well as their coexistence in 
Whiting, concerning their locality-​based and seasonal results, are 
presented in Table 3. Moreover, detailed seasonal infection preva-
lences and density values observed at the study localities are also 
presented in Table 4. When the infection prevalence of Myxidium 
sp-​1 was evaluated in the sampling localities, Sinop samples had 
the maximum value, followed by the Kocaeli, Ordu, and Trabzon 
samples (Table  4). Both Ceratomyxa sp-​1 and co-​infections of 
Myxidium sp-​1 and Ceratomyxa sp-​1 also followed the pattern in 
the prevalence values of infections (Table 3). Infection prevalence 
values of each individual parasite species and their co-​existence at 
all four sampling localities had statistically significant differences 
(P < 0.05; Table 5). However, when the individual parasite species 
and their prevalence values at individual sampling localities were 
compared, some had statistically significant differences, whereas 
others did not (P > 0.05; Table 5).

The overall infection prevalence values of both individual 
parasite species and their co-​infection during two sampling 
seasons were also determined (Table 3). The infection preva-
lence of Ceratomyxa sp-​1 and the co-​existing parasites was 
higher in summer, but prevalence was higher in winter for 
Myxidium sp-​1, without any statistically significant difference 
(P > 0.05; Table 5). When the seasonal locality-​based preva-
lence of infection was considered, summer samples at Kocaeli 
and Ordu, contrary to Sinop samples, had slightly higher infec-
tion prevalence and density values than winter samples, without 
any statistically significant differences (P > 0.05; Tables 3, 5).  
In Trabzon samples, however, a statistically significant difference 
was determined only for Ceratomyxa sp-​1, which was found in 
both seasons (P < 0.05), while Myxidium sp-​1 and the co-​exist-
ing parasites were found only in summer samples (Tables 4, 5).

When the mean density of infection was examined, a homo-
geneous level of densities ranking either 2+ or 3+ was deter-
mined for each individual parasite and for the co-​existing 
parasites at all four sampling localities as well as both overall 
and in locality-​based sampling seasons, without any statisti-
cally significant differences (P > 0.05; Tables 3–5).

DI S C U S S IO N
Morphology and molecular phylogeny

In the present study, 280 Whiting individuals were investigated 
for myxosporean fauna in the summer and winter seasons, year-​
round, from four sampling localities representing the whole 
southern Turkish coast of the Black Sea for the first time. This 
study is also the first investigation on the molecular approach 
to provide exact species identification of the previously mor-
phologically identified myxosporean parasites that infect 
Whiting. Microscopic observations revealed that only two 
myxosporean species, which belonged to the genera Myxidium 

Figure 2.  Light microscopic images of myxosporean species in 
the gallbladder of Whiting: (A) an individual spore of Myxidium 
sp-​1 and (B) an individual spore of Ceratomyxa sp-​1.
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and Ceratomyxa, were present in all infected fish in accordance 
with previous reports on the myxosporean parasites of Whiting 
in the Black Sea.

Morphological and morphometric data on myxospores 
showed that some individuals (Myxidium sp-​1) in this study 
(Figure 3; Table 2) were identical to previously reported M. 
gadi except for the length of the polar capsules. Polar cap-
sule lengths of Myxidium sp-​1 in this study were much larger 
than those of the M. gadi specimens reported from Shorthorn 
Sculpin Myoxocephalus scorpius in the Svalbard Archipelago 
and from Saithe Pollachius virens in the North Sea (Kodádková 

et al., 2014; MacKenzie & Kalavati, 1995), but they were quite 
similar to the data given for M. gadi from Whiting in the south-
ern Black Sea (Özkan, 2015). Concordant with these data, Ben-​
David et al. (2016) indicated that minimal differences may be 
observed in polar capsules as the parasite exhibits contractile 
dynamics due to infection adaptation in different hosts. In the 
present study, phylogenetic analyses based on the nucleotide 
sequences of the 18S rDNA gene of selected specimens from 
the four sampling localities also indicated that Myxidium sp-​
1 was related to the same species indicated by Georgévitch 
(1916). In this context, in light of the morphological and 

Figure 3.  Maximum likelihood tree based on 18S ribosomal DNA (rDNA) nucleotide sequences. Myxidium sp-​1 18S rDNA nucleotide 
sequences obtained in this study are shown in bold. The 18S rDNA nucleotide sequences of related Myxidium species obtained from 
GenBank are provided, with GenBank accession numbers shown in parentheses (Table 2). The tree was rooted using Kudoa trifolia and 
K. yasuganai. The bootstrap values (≥50%) obtained from maximum likelihood, neighbor ​joining, and maximum parsimony analyses are 
stated on each related node in the given order.
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molecular phylogenetic data obtained in this study, we assigned 
our Myxidium sp-​1 specimens to M. gadi, which was originally 
described by Georgévitch (1916) from Pollack Pollachius polla-
chius and Common Sole Solea solea sampled along the Atlantic 
coast of France. Since the first identification, M. gadi has been 
reported from the following host fishes and localities: Atlantic 
Cod in the Baltic Sea/Russia, in the White Sea, and on the 
Atlantic coast of Canada (Khan et  al., 1986; Petrushevskii, 
1932; Shulman & Shulman-​Albova, 1953); Haddock along the 
Atlantic coast of Canada and in the Barents Sea (Fantham et al., 
1940; Polyanskii, 1966); Saithe in the Barents Sea and the North 
Sea (Feist, 1995; Feist & Bucke, 1992; MacKenzie & Kalavati, 
1995; Polyanskii, 1966); European Flounder Platichthys flesus 
in the Baltic Sea/Russia (Petrushevskii, 1932); and Common 
Sole in the Adriatic Sea (Lubat et al., 1989). Myxidium gadi has 
also been reported from the Black Sea, where, different from 
the other localities, it was primarily observed in Whiting and 
only two exceptional records were from European Flounder, 
reported by Okkay and Özer (2018) and Yurakhno (1997). 

Myxidium gadi was first recorded from Whiting and European 
Flounder off the Crimean coast of the Black Sea (Yurakhno, 
1987). Subsequently, it was reported from Whiting inhabiting 
nearly all of the northern Black Sea, including Russia, Ukraine, 
and Georgia (Özer et al., 2015, 2017; Skuratovskaya et al., 2013; 
Yurakhno, 1988, 1997, 2004, 2008, 2009a, 2009b, 2010, 2013; 
Yurakhno & Naidenova, 2000).

Microscopic observations of bile from the gallbladder of 
Whiting samples (39.6%) in the present study revealed a 
second myxozoan species corresponding to members of the 
genus Ceratomyxa. Detailed morphological and morpho-
metric data on the myxospores revealed that all Ceratomyxa 
specimens from the four sampling localities belonged to the 
same species (Ceratomyxa sp-​1). Moreover, when morpho-
logical and morphometric data obtained from Ceratomyxa 
sp-​1 were compared with data describing C. merlangi, which 
is the common myxozoan parasite of Black Sea Whiting, 
it was not surprising that they were well ​fitting (Table 1). 
Ceratomyxa merlangi is an endemic myxozoan species of 
the Black Sea, which so far has been observed only from 
the gallbladder of Whiting. On the other hand, our BLAST 
results of 18S rDNA sequences pointed to two other species, 
C. arcuata and C. cretensis; however, phylogenetic relation-
ships and nucleotide sequence similarities did not support 
unambiguously assigning Ceratomyxa sp-​1 specimens to one 
of those species. Morphological and morphometric data were 
also concordant with this inference. First of all, Ceratomyxa 
sp-​1 differs from C. arcuata with its myxospore morphol-
ogy, which is relatively semicircular and narrows towards 
the ends, with a cylindrical or rounded terminal. Moreover, 
although spore lengths were quite similar, other myxospore 
morphometrics (spore thickness, polar capsule length, and 
polar capsule width) differed in one or more parameters (see 
Table 2) when compared with C. arcuata from different hosts 
in earlier studies (Kalavati & MacKenzie, 1999; Laamiri, 
2014; Lubat et  al., 1989; Parisi, 1912; Thélohan, 1895). 
The other phylogenetically close species, C. cretensis from 
Atlantic Lizardfish, has a larger suture length than that of 
Ceratomyxa sp-​1 (see Table 2). In addition, the ratio of polar 
capsule length to polar capsule width is quite low. Polar cap-
sules of this species differ from Ceratomyxa sp-​1 by having a 
more rounded shape (Kalatzis et al., 2013). Unfortunately, 
because the 18S rDNA nucleotide sequence of C. merlangi 
was not available in databases, we could not phylogeneti-
cally compare Ceratomyxa sp-​1 with C. merlangi. However, 
based on the presence of highly similar morphological and 
morphometric data, we assigned our Ceratomyxa sp-​1 speci-
mens to C. merlangi. Common ecological niches (geographi-
cal distribution, host fish selection, and tissue selection) of 
Ceratomyxa sp-​1 and C. merlangi also support this inference 
since some myxozoan parasites have host and tissue selectiv-
ity (Atkinson et  al., 2015; Eszterbauer, 2004; Fiala, 2006; 
Gunter & Adlard, 2010; Holzer et al., 2004). Thus, we have 
provided the first molecular results (18S rDNA nucleotide 
sequences) of C. merlangi as new data for science. Since its 
first identification by Zaika (1966) off Sevastopol–Russia,  
C. merlangi has been reported from Whiting inhabiting nearly 
the whole northern Black Sea, including Russia, Ukraine, 
and Georgia (Özer et al., 2015, 2017; Yurakhno, 1988, 1997, 

Figure 4.  Maximum likelihood tree based on 18S ribosomal 
DNA (rDNA) nucleotide sequences. Ceratomyxa sp-​1 18S rDNA 
nucleotide sequences obtained in this study are shown in bold. 
The 18S rDNA nucleotide sequences of related Ceratomyxa species 
obtained from GenBank are provided, with GenBank accession 
numbers shown in parentheses (Table 2). The tree was rooted 
using Ceratomyxa mehlhorni and C. arabica. The bootstrap values 
(≥50%) obtained from maximum likelihood, neighbor-​joining, 
and maximum parsimony analyses are stated on each related node 
in the given order.
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2004, 2008, 2009a, 2009b, 2010, 2013). With this study, the 
presence of C. merlangi throughout nearly the entire south-
ern coast of the Black Sea has now been validated.

Effects of sampling locality and season on parasite infections
Among the studies mentioned above, reports on the infection 
indices of both M. gadi and C. merlangi in Whiting inhabiting 
the northern coast of the Black Sea are very limited in old 
studies, with the infection prevalence ranging between 10% 
and 70% (Yurakhno, 1994, 1997 , 2008). However, Özer et al. 
(2015, 2017) reported more comprehensive data for both 
parasite species in Black Sea Whiting from Sevastopol in the 
north and Sinop in the south. The present study provides the 
first data on the existence of M. gadi in Whiting inhabiting 
nearly the whole southern coast of the Black Sea in Türkiye, 
with seasonal occurrences. The overall infection prevalence 
and density values of M. gadi obtained from the four sampling 
localities throughout the southern Black Sea were 25.7% and 
2+ per microscopic field in the present study, and these val-
ues were 41.0% and 2+ per microscopic field at the locality 
of Sinop. Moreover, the seasonal prevalence of infection of 
M. gadi increased from 0.0% in summer to 23.6% in spring at 
Sinop and from 10.0% in summer to 40.0% in winter within 
Balaklava Bay (Özer et al., 2017); prevalence was 36.9% in 
summer and 44.8% in winter at Sinop in the present study. 
Myxidium gadi has also been reported from the same host in 
the southern Black Sea off Sinop, with infection prevalences 

between 6.7% and 63.0% with the intensities of numerous 
developing and mature spores (Özer et al., 2015) and a preva-
lence and density of 18.6% and 4+ (Özer et al., 2017). These 
data show that the results obtained in the present study were 
intermediate between the results reported from the northern 
coast and were higher than those of previous reports on M. 
gadi infections in Whiting from the southern Black Sea coast, 
namely Sinop.

Ceratomyxa merlangi, the other species in the present study, 
has also been reported from Whiting inhabiting the north-
ern coast of the Black Sea (Yurakhno, 1994, 1997, 2008) and 
off Sinop in the southern Black Sea (Özer et al., 2015, 2017; 
Özkan, 2015), with infection prevalence values of 7–47% and 
6.7–77.8%, respectively. In the present study, the overall infec-
tion prevalence and density values of C. merlangi obtained from 
the four sampling localities throughout the southern Black Sea 
were 39.6% and 3+ per microscopic field, and these values were 
61.0% and 3+ per microscopic field in the locality of Sinop. The 
data obtained for C. merlangi from both sides of the Black Sea 
fell within the previously reported ranges. When the infection 
indices for both myxosporean species in four sampling locali-
ties were compared, the Sinop and Kocaeli samples (represent-
ing the central and western parts of the Black Sea) had higher 
infection prevalence values than the Ordu and Trabzon sam-
ples (representing the eastern part of the Black Sea), with statis-
tically significant differences. The infection density values, on 
the other hand, were very similar at the four sampling localities, 

Table 3.  Overall infection prevalence (%) and density values of Ceratomyxa merlangi, Myxidium gadi, and co-​existing C. merlangi + M. 
gadi in Whiting sampled at different localities and during different seasons (N = number of fish examined; CI = 95% confidence interval 
based on Sterne’s exact score limit [CI given in parentheses]; *P < 0.05). Infection density codes are defined in the Methods.

Category
Species, locality, or 

season N
Fish length 
(cm) ± SD

Prevalence (%) 
and CI

Mean density 
of infection

Species C. merlangi 280 15.1 ± 1.8 39.6 (33.9–45.5) 3+
M. gadi 280 15.1 ± 1.8 25.7 (20.9–31.2) 2+
C. merlangi + M. gadi 280 15.1 ± 1.8 20.0 (15.7–25.2) 3+

Locality C. merlangi
  Kocaeli 56 15.2 ± 1.8 33.9 (22.1–47.3) 2+
  Sinop 95 15.6 ± 1.8 61.0 (50.5–70.6) 3+
  Ordu 55 14.8 ± 1.4 21.8 (12.4–34.5) 2+
  Trabzon 74 14.7 ± 1.8 29.7 (20.1–41.2) 3+
M. gadi
  Kocaeli 56 15.2 ± 1.8 37.5 (25.8–50.9) 3+
  Sinop 95 15.6 ± 1.8 41.0 (31.5–51.6) 2+
  Ordu 55 14.8 ± 1.4 12.7 (6.1–24.4) 2+
  Trabzon 74 14.7 ± 1.8 6.7 (2.7–15.3) 2+
C. merlangi + M. gadi
  Kocaeli 56 15.2 ± 1.8 21.4 (12.2–33.8) 3+
  Sinop 95 15.6 ± 1.8 34.7 (25.7–44.9) 2+
  Ordu 55 14.8 ± 1.4 10.9 (4.9–22.5) 2+
  Trabzon 74 14.7 ± 1.8 6.7 (2.7–15.3) 3+

Season C. merlangi
  Summer 152 15.4 ± 1.5 42.8 (34.9–51.0) 3+
  Winter 128 14.8 ± 2.0 35.9 (28.1–44.9) 3+
M. gadi
  Summer 152 15.4 ± 1.5 24.3 (18.0–31.9) 2+
  Winter 128 14.8 ± 2.0 27.3 (20.2–35.9) 3+
C. merlangi + M. gadi
  Summer 152 15.4 ± 1.5 20.4 (14.6–27.6) 2+
  Winter 128 14.8 ± 2.0 19.5 (13.4–27.3) 3+
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with some statistically significant differences. Concordant 
with the available literature, we also observed both M. gadi and 
C. merlangi either separately or as co-​infections in the gallblad-
der of Whiting hosts. Co-​infections followed similar patterns 
in infection prevalence values and densities, both in the present 
study and in previous reports by Özer et al. (2015 , 2017).

The obtained locality-​ and season-​based differences and 
similarities could have resulted from several factors, such as 
life cycle strategies, the availability of alternate hosts, water 
temperatures, fish stock differences, and the depth of sampling 
localities. Similar evaluations were made for both parasite spe-
cies in a previous study by Özer et al. (2017). Currently, it is 
not known how the infection processes of C. merlangi and M. 
gadi are completed: either alternate with the two-​host life cycle 
(one vertebrate host [fish] and one invertebrate host [annelids]) 
or direct fish-​to-​fish transmission. Previous studies have indi-
cated that both life cycle strategies are possible, as was seen 
for Ceratomyxa and Parvicapsula species using polychaetes as 
alternate hosts (Bartholomew et  al., 1997, 2006; Køie et  al., 
2004, 2008 ) and fish-​to-​fish transmission for some marine 
myxosporean species (Diamant, 1997; Redondo et al., 2002). 
Co-​infections of both parasite species, along with the indi-
vidual infections determined here, have also been reported in 
previous studies (Özer et al., 2017; Yurakhno, 1997). Based on 
current data, we can assume that both parasite species have 
the same life cycle strategies—​either alternate or fish-​to-​fish 
transmission.

Climate change is an increasing concern all over the world, 
and the physical and chemical properties of the global ocean 
have been substantially affected by warming as the most 
significant stressor on marine life by resulting in an overall 
increase of 1°C over the past decade (Kennedy et al., 2019; 
Rutterford et  al., 2023). Increases in water temperatures 
strongly impact and cause changes in the composition of fish 

assemblages, leading to increased abundances at higher tem-
peratures for some fish species, including Whiting (Fossheim 
et al., 2015). Water temperature is also one of the key factors in 
myxosporean infections, along with specific physical, chemi-
cal, and biological conditions that are necessary for the suc-
cessful development of parasites (Rocha et al., 2011). Even 
though the life cycle strategies of both myxosporean species 
are currently unknown, the determined higher infection 
prevalence values in the present study relative to those previ-
ously reported by Özer et al. (2017) at Sinop and Sevastopol 
for both parasite species might have resulted from higher 
water temperatures yielding higher abundances in fish hosts 
and facilitating host-​to-​host interactions in the same sampling 
localities. Impacts of water temperature values on the viabil-
ity of actinosporean stages—​the second alternate stage in 
invertebrates during the myxozoan life cycle—​have also been 
reported, with a range of 3–25 d at different water tempera-
tures (Markiw, 1992; Özer & Wootten, 2002; Xiao & Desser, 
2000; Yokoyama et al., 1993). Thus, if the life cycle strategy 
involves invertebrate hosts for two parasite species, the mini-
mum viability of 3 d at 22°C reported by Özer and Wootten 
(2002) for an actinosporean stage could be enough for suc-
cessful infections in Whiting, leading to the higher infection 
prevalences in the present study.

Conclusions
The significant findings and their scientific importance in the 
present study are as follows: (1) Current knowledge on two 
myxosporean parasite species, M. gadi and C. merlangi, based 
solely on the morphological and morphometric data, has been 
expanded by providing new data from new sampling localities 
along with the first molecular data. (2) Myxidium gadi and C. 
merlangi have been reported as the only myxozoan parasites of 
Whiting that inhabit nearly the entire southern Black Sea. Thus, 

Table 4.  Seasonal infection prevalence (%) and density values of Ceratomyxa merlangi, Myxidium gadi, and their co-​infections in Whiting 
Merlangius merlangus (N = number of fish examined; CI = 95% confidence interval based on Sterne’s exact score limit [CI given in 
parentheses]; *P < 0.05). Infection density codes are defined in the Methods.

C. merlangi M. gadi
Co-​infection (M. gadi +  

C. merlangi)

Locality Season N
Infected 

fish
Prevalence 
(%) and CI

Mean 
density

Infected 
fish

Prevalence 
(%) and CI

Mean 
density

Infected 
fish

Prevalence 
(%) and CI

Mean 
density

Trabzon Summer 
(22.1–25.9°C)

47 20 42.5  
(28.5–57.5)

3+ 5 10.6 
(4.3–23.2)

2+ 5 10.6 
(4.3–23.2)

3+

Winter 
(7.5–14.1°C)

27 2 7.4  
(1.3–23.7)

3+ 0 0.0 0 0 0.0 0

Ordu Summer 
(24.6–27.1°C)

30 7 23.3  
(11.2–41.6)

2+ 4 13.3 
(4.7–29.8)

2+ 3 10.0 
(2.8–26.3)

2+

Winter 
(6.1–14.4°C)

25 5 20.0  
(8.2–39.8)

3+ 3 12.0 
(3.4–30.3)

2+ 3 12.0 
(3.4–30.3)

2+

Sinop Summer 
(23.4–26.7°C)

46 26 56.5  
(41.2–70.8)

3+ 17 36.9 
(23.7–52.2)

2+ 16 40.0 
(22.2–50.0)

3+

Winter 
(8.8–13.8°C)

49 32 65.3  
(51.0–77.8)

3+ 22 44.8 
(31.5–59.3)

2+ 17 34.7 
(22.2–49.0)

2+

Kocaeli Summer 
(23.1–26.2°C)

29 12 41.4  
(24.6–60.5)

2+ 11 37.9 
(22.1–57.0)

2+ 7 24.1 
(11.5–43.0)

2+

Winter 
(7.9–12.6°C)

27 7 25.9  
(12.4–46.2)

3+ 10 37.0 
(20.2–57.0)

4+ 5 18.5 
(7.0–36.0)

3+
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the missing geographical part of the southern Black Sea coast’s 
myxozoan fauna infecting the Black Sea Whiting has been 
completed. Together with the data from earlier studies, these 
two species appeared to be the myxozoan parasites infecting 
Whiting in the whole Black Sea. (3) The first molecular records 
(18S rDNA nucleotide sequences) of C. merlangi for the scien-
tific world have been provided, and the phylogenetic position 
of C. merlangi has been revealed. Additionally, robust genetic 
information has been provided for the precise identification of 
this species as needed in future studies. (4) The first molecular 
records (18S rDNA nucleotide sequences) of M. gadi from the 
Black Sea have been provided, and these data will contribute to 
future studies concerning the genetic borders of this species. 
(5) The first comprehensive infection indices for two myxozoan 
species infecting Whiting in relation to season and at different 
localities have been provided for the southern Black Sea.
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