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Myxozoan biodiversity in mullets (Teleostei, Mugilidae) unravels
hyperdiversification of Myxobolus (Cnidaria, Myxosporea)
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Abstract
Mullets are ecologic and commercially important fish species. Their ubiquitous nature allows them to play critical roles in
freshwater and marine ecosystems but makes themmore vulnerable to diseases and parasitic infection. In this study, a myxozoan
survey was performed on three species of mullet captured from a northern Portuguese river. The results disclose a high biodi-
versity, specifically due to the hyperdiversification of Myxobolus. Thirteen new species of this genus are described based on
microscopic and molecular procedures: 7 from the thinlip grey mullet Chelon ramada, 2 from the thicklip grey mullet Chelon
labrosus, and 4 from the flathead grey mulletMugil cephalus.Myxobolus exiguus and Ellipsomyxa mugilis are further registered
from their type host C. ramada, as well as six more myxospore morphotypes that possibly represent distinctMyxobolus species.
Overall, the results obtained clearly show that the number of host-, site- and tissue-specificMyxobolus spp. is much higher than
what would be expected in accordance to available literature. This higher biodiversity is therefore discussed as either being the
result of the usage of poor discriminative criteria in previous studies, or as being a direct consequence of the biological and
ecological traits of the parasite and of its vertebrate and invertebrate host communities. Bayesian inference, maximum likelihood
and maximum parsimony analyses position the new species within a clade comprising all other Myxobolus spp. that infect
mugiliform hosts, thus suggesting that this parasitic group has a monophyletic origin. Clustering of species in relation to the host
genus is also revealed and strengthens the contention that the evolutionary history of mugiliform-infecting Myxobolus reflects
that of its vertebrate hosts. In this view, the hyperdiversification ofMyxobolus in mullet hosts is hypothesized to correlate with the
processes of speciation that led to the ecological plasticity of mullets.
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Introduction

The family Mugilidae, whose members are commonly known
as mullets, is one of the most ubiquitous among euryhaline

teleosts, containing about 70 species that are distributed in
marine, brackish and freshwater habitats of tropical, subtrop-
ical and temperate regions worldwide (Hotos and Vlahos
1998; Cardona 2001; Durand et al. 2012; Nelson et al.
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2016). The ecological plasticity of mullets is not restricted to
habitat, as their omnivorous nature and benthic feeding strat-
egy allows them to feed on a great variety of materials, includ-
ing epiphytic algae, insects, annelids, crustaceans, mollusks
and even detritus (Cardona 2001; Laffaille et al. 2002;
Almeida 2003). Consequently, these fishes carry out decisive
roles in their ecosystems, namely in the energy and matter
flow from the lower to the upper levels, but are also more
vulnerable to diseases and parasitic infection (Paperna and
Overstreet 1981; Laffaille et al. 2002; Almeida 2003; Zetina-
Rejón et al. 2003; Rocha et al. 2019a). In turn, the commercial
importance of mullets varies with geographic location; none-
theless, its global production for human consumption is an
increasing trend (Oren 1981; Crosetti and Cataudella 1995;
Saleh 2006). In the Mediterranean, these fishes have been
considered an important food source since the Roman period
(Crosetti 2016). The production of mullets depends on the
acquisition of fry or fingerlings from natural stocks, which
contributes to an increasing interest in studying the parasitic
community infecting wild populations.

Myxozoans are parasitic cnidarians that diversified exten-
sively in aquatic ecosystems, mainly using fish as their tem-
porary vertebrate hosts (Holzer et al. 2018). Considering that
many species of this group represent ecologic and economic
threats to wild and reared fish populations, studying
myxozoan biodiversity in mullets is crucial for the sustainabil-
ity of natural stocks and increment of aquaculture production.
During the past century, several studies have aimed to provide
information regarding the myxozoan community parasitizing
mullets, with ca. 80 species of the class Myxosporea Bütschli,
1881 thus far described from these hosts in different geo-
graphic locations. Of these, about 38 are species of the family
Myxobolidae Thélohan, 1892, predominantly of the genus
MyxobolusBütschli, 1882, while the remaining are distributed
among genera of the families: Alatasporidae Schulman et al.,
1979; Ceratomyxidae Doflein, 1899; Chloromyxidae
Thélohan, 1892; Kudoidae Meglitsch, 1960; Myxidiidae
Thélohan, 1892; Myxobilatidae Shulman, 1953 [currently in-
cludes the genus Ortholinea, as a result of the dismantling of
the family Ortholineidae (Karlsbakk et al. 2017)];
Sinuolineidae Shulman, 1959; Sphaeromyxidae Lom and
Noble, 1984; and Sphaerosporidae Davis, 1917 (see
Yurakhno and Ovcharenko 2014; Barreiro et al. 2017; Yang
et al. 2017; Rocha et al. 2019a).

In the Iberian Peninsula, 11 Myxobolus spp. have been
reported to occur in mugilid hosts, mostly from the
Mediterranean waters off the Spanish Eastern coast.
Myxobolus adeli (Isjumova, 1964) Yurakhno and
Ovcharenko, 2014 was originally described from the Iberian
Peninsula, parasitizing the digestive tract, swim bladder, gills
and muscles of golden grey mullet Chelon auratus (Risso,
1810) in the Ebro Delta and Santa Pola Bay, Spain (see
Yurakhno and Ovcharenko 2014). Myxobolus exiguus

Thélohan, 1895 was morphologically re-described from the
visceral peritoneum of thinlip grey mullet Chelon ramada
(Risso, 1827) in a northern Portuguese River (Minho)
(Rocha et al. 2019a), having been identified based on molec-
ular information of the SSU rDNA gene. In turn, Myxobolus
episquamalis Egusa et al., 1990, Myxobolus ichkeulensis
Bahri and Marques, 1996, Myxobolus nile Negm-Eldin
et al., 1999 and Myxobolus rohdei Lom and Dyková, 1994,
were reported to be present in this geographic region solely on
the basis of myxospore morphological traits (see Yurakhno
and Ovcharenko 2014). The remaining five Myxobolus spp.
are unnamed, having been recently molecularly described
from Mugil cephalus Linnaeus, 1758 in the Spanish
Mediterranean coast (Sharon et al. 2019).

In addition to theseMyxobolus species,Ellipsomyxamugilis
Sitjà-Bobadilla and Álvarez-Pellitero, 1993, Kudoa trifolia
Holzer et al., 2006, Kudoa unicapsula Yurakhno et al., 2007,
Sphaerospora mugilis Sitjà-Bobadilla and Álvarez-Pellitero,
1995, and a species of the genus Alataspora Schulman et al.,
1979 were also originally described from mullets inhabiting
Spanish Mediterranean coastal waters (see Sitjà-Bobadilla
and Álvarez-Pellitero 1993, 1995; Holzer et al. 2006;
Yurakhno et al. 2007; Yurakhno and Ovcharenko 2014).
Yurakhno and Ovcharenko (2014) further reported the occur-
rence of Enteromyxum leeiDiamant et al., 1994, Sphaeromyxa
sabrazesi Laveran and Mesnil, 1900, Kudoa dicentrarchi
Sitjà-Bobadilla and Álvarez-Pellitero, 1992, and Zschokkella
admiranda Yurakhno, 1993 in mullets from this geographic
location, having identified these species based on the morpho-
logical traits of their myxospores. Thus, with the exception of
the occurrence of M. exiguus in C. ramada from the River
Minho (Rocha et al. 2019a), and of actinosporean stages of
E. mugilis infecting the polychaete Hediste diversicolor
Müller, 1776 in the Aveiro estuary (Rangel et al. 2009), to
our best knowledge nothing more is known about the
myxozoan community infecting mullets in the Atlantic coastal
waters of Portugal.

The River Minho marks the boundaries between northern
Portugal and Spain. It originates in “Serra da Meira”, in the
province of Lugo (Spain) and runs more than 300 km to drain
into the Atlantic Ocean at the Portuguese northwest coast near
the city of Caminha. This freshwater ecosystem has great eco-
logic and economic importance at a regional level; however,
its biodiversity is threatened by the synergetic effects of hab-
itat loss, introduction of non-native species, climate change,
impoundments and river regulations, fishing activities and
pollution. Mullets are no exception, being subjected to these
natural and anthropogenic pressures. Also, despite their rela-
tively regionally low commercial value, mullets in the River
Minho are commercially exploited, providing a source of in-
come for local fishermen (Sousa et al. 2008; Mota et al. 2016).
Overall, the River Minho is home to four species of mullets:
the golden grey mullet C. auratus, the thinlip grey mullet
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C. ramada, the thicklip grey mullet Chelon labrosus (Risso,
1827) and the flathead grey mulletM. cephalus. Co-habitation
is made possible by the capability of mugilid species to utilize
different energy sources (Crosetti and Cataudella 1995). In
coastal and estuarine systems, the salinity gradients also allow
a zonal distribution of mugilids (Cardona 2006) and a day and
night turnover of different species has been reported to further
support co-habitation (Torricelli et al. 1981). Consequently, all
four species may be present throughout the year in the River
Minho with highest incidence during the summer period.
However, it is C. ramada that gets caught more often in up-
stream locations, due to its high adaptability to low salinities
andwater pollution (Cardona 2006). In this study, a myxozoan
survey conducted on mullets captured from the River Minho
disclosed a high biodiversity of Myxobolus, with a total of
thirteen new species described using microscopic and molec-
ular tools. Phylogenetic analyses using Bayesian inference,
maximum likelihood and maximum parsimony methodolo-
gies revealed the monophyletic origin of mugiliform-
infecting myxobolids and corroborated the evolutionary
hyperdiversification of Myxobolus within mullet hosts.

Materials and methods

Fish sampling and myxozoan survey

Between 2013 and 2018, trimestral samplings of fishes were
performed from fyke-nets located in the River Minho (41° 56′
N, 08° 45′ W), near “Vila Nova de Cerveira”, Portugal. Fish
samples included species of the orders Anguilliformes,
A t h e r i n i f o rme s , Cyp r i n i f o rme s , P e r c i f o rme s ,
Pleuronectiformes and Mugiliformes. Mugilids were repre-
sented by specimens of the thinlip grey mulletChelon ramada
(Risso, 1827) [n = 22; total length 20.3 ± 11.4 (10.5–41.2) cm;
weight 137 ± 201 (9–601) gr], the thicklip grey mullet Chelon
labrosus (Risso, 1827) [n = 3; total length 44.0 ± 2.1 (42.5–
45.5) cm; weight 884 ± 13 (875–893) gr], and the flathead
grey mullet Mugil cephalus Linnaeus, 1758 [n = 10; total
length 40.6 ± 6.8 (33.5–53.0) cm; weight 759 ± 376 (440–
1582) gr]. Fish were transported live to the laboratory and
anaesthetized with ethylene glycol monophenyl ether
(Merck, Germany) at 1 ml/L. Upon dissection, fish specimens
were surveyed for the presence of myxozoan parasites in sev-
eral organs and tissues, specifically: brain; eye and ocular
cavity; tegument and scales; gills and opercular cavity; skele-
tal muscle; heart; liver; gall bladder; spleen; gonads; swim
bladder; kidney; urinary bladder and digestive tube.

Microscopic analysis and morphological examination

All collected cysts and parasitized tissues were photographed
using an Olympus BX50 light microscope (Olympus, Japan)

in order to determine the morphology and morphometry of the
myxospores from fresh material, following the guidelines pro-
vided by Lom and Arthur (1989). Co-infections were primar-
ily determined microscopically through the morphometric
traits of the myxospores. Tissue samples did not proceed for
molecular analyses whenever evidence of infection by more
than a single morphological type of myxospore was found,
except if these belonged to morphologically distinguishable
myxozoan genera (e.g.Myxobolus and Ellipsomyxa). All mea-
surements herein provided include the mean value ± standard
deviation (S.D.), range of variation and number of
myxospores measured (range, n).

DNA extraction, amplification and sequencing

Samples of cysts or fragments of parasitized tissue were fixed
and preserved in 80% ethanol at 4 °C. Genomic DNA was
extracted from samples without microscopic evidence of co-
infection by members of the same genus. Extractions were
performed using a GenEluteTM Mammalian Genomic DNA
Miniprep Kit (Sigma-Aldrich, St Louis, USA), according to
the manufacturer’s instructions.

The SSU rDNA gene was amplified and sequenced using
both universal andmyxosporean-specific primers (Table 1), so
that all partial sequences overlapped in several regions. PCRs
were performed in 50-μl reactions using 10 pmol of each
primer, 10 nmol of dNTPs, 2 mMMgCl2, 5 μl 10× Taq poly-
merase buffer, 2.5 units Taq DNA polymerase (NZYTech,
Lisbon, Portugal), and approximately 50–100 ng of genomic
DNA. PCRs were run on a Hybaid PxE Thermocycler
(Thermo Fisher Scientific, Waltham, Massachusetts, EUA),
with initial denaturation at 95 °C for 3 min, followed by 35
cycles of 94 °C for 45 s, 53 °C for 45 s and 72 °C for 90 s. The
final elongation step was performed at 72 °C for 7 min. Five-
microliter aliquots of the PCR products was electrophoresed
through a 1% agarose 1× tris-acetate-EDTA buffer (TAE) gel
stained with ethidium bromide. PCR products were purified
using Puramag™magnetic beads coated with carboxylic acid
groups (MCLAB, San Francisco, California, USA).

The PCR products from different regions of the SSU rDNA
gene were sequenced directly. Sequencing reactions were per-
formed using a BigDye Terminator v3.1 Cycle Sequencing
Kit from AppliedBiosystems (Thermo Fisher Scientific,
Waltham, Massachusetts, EUA), and were run on an
ABI3700 DNA analyser from AppliedBiosystems (Thermo
Fisher Scientific, Waltham, Massachusetts, EUA).

Sequence assembly, distance estimation,
and phylogenetic analysis

The partial sequences obtained for each case isolate were
aligned in MEGA 7 (Kumar et al. 2016) for the construction
of the respective assembled SSU rDNA sequences. Tissue
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samples were regarded as unreliable, or as possible co-infec-
tions, whenever the obtained partial sequences incorporated
overlapping peaks, low-quality peaks, or suspect base-calling
errors in regions other than at the extremities. A preliminary
alignment was performed for the numerous novel assembled
SSU rDNA sequences, using software MAFFT version 7
available online. Sequences determined to be identical be-
tween different case isolates were used to calculate prevalence
of infection.

For distance estimation, datasets were generated according
to the highest similarity scores obtained using BLAST search.
One dataset included the SSU rDNA sequences of the 13 new
Myxobolus spp. described here, as well as all others available
for Myxobolus spp. that have bona fide mugiliform fish hosts
(see Rocha et al. 2019a), and those of phylogenetically related
actinosporean stages i.e. sphaeractinomyxon, endocapsa, and
the Triactinomyxon of Székely et al., 2007 (DQ473515).
Another dataset comprised all available SSU rDNA sequences
for species of the genus Ellipsomyxa. Sequences were aligned
using MAFFT version 7, and distance estimation was calcu-
lated in MEGA 7, with the p-distance model and all ambigu-
ous positions removed for each sequence pair.

For the phylogenetic analysis of the new Myxobolus spp.,
only the SSU rDNA sequences of myxosporean stages were
kept. The final dataset comprised a total of 24 SSU rDNA
sequences, including Myxobolus cerebralis (U96492) and
Myxobolus wulii (KP642131) as outgroup. Sequences were
aligned using software MAFFT version 7 available online,
and manually edited in MEGA 7. Phylogenetic trees were
calculated using Bayesian inference (BI), maximum-
likelihood (ML) and maximum parsimony (MP) methodolo-
gies. ML and MP analyses were conducted in MEGA 7, with
bootstrap values calculated from 1000 replicates. For ML, the
general time reversible substitution model with estimates of
invariant sites and gamma distributed among site rate varia-
tion (GTR + I +G) was chosen as the best suited model, based

on the lowest score of Bayesian Information Criterion (BIC)
and corrected Akaike Information Criterion (AIC) with the
MEGA package. For MP, the Subtree-Pruning-Regrafting al-
gorithm was used, with a search level of 1 and random initial
tree addition of 10 replicates. BI analyses were performed
using MrBayes v3.2.6 (Ronquist and Huelsenbeck 2003);
posterior probability distributions were generated using the
Markov Chain Monte Carlo method, with four chains running
simultaneously, for 500,000 generations, and every 100th tree
sampled.

Results

Collected and analysed fish did not display obvious external
signs of infection or disease.Macro- andmicroscopic analyses
for the detection of myxozoan parasites revealed the presence
of myxospores in multiple organs and tissues, appearing either
disseminated or contained within plasmodia or cysts.
Myxospores were all morphologically identified as belonging
to the genus Myxobolus (Myxosporea, Myxobolidae), with
the exception of a species of the genus Ellipsomyxa
(Myxosporea, Ceratomyxidae) parasitizing the gall bladder
of C. ramada. Another myxosporean species belonging to
an undetermined genus was also found in the intestine of
several specimens of C. ramada. The data acquired for this
latter species remains, at this point, insufficient for its proper
characterization.

All 22 specimens of C. ramada displayed infection by
Myxobolus spp. in at least one of the organs and tissues
analysed, with co-infections by members of this genus taking
place in the gills, spleen, gall bladder, kidney and digestive
tube (see Table 2). Myxosporean infection was never detected
in the tegument, scales, brain, eyes, gonads and swim bladder
of this fish host. A total of six specimens displayed further
cysts developing attached to the visceral peritoneum, which

Table 1 Polymerase chain reaction primers used for the amplification and sequencing of the SSU rDNA gene

Name Sequence (5′-3′) Paired with Source

18E CTG GTT GAT CCT GCC AGT MyxospecR, ACT2r, ACT3r, MYX4R Hillis and Dixon (1991)

MyxospecF TTC TGC CCTATC AAC TTG TTG MYX4R, 18R Fiala (2006)

ACT2f CCT GGT CCG AAC ATC CGA AGG ATA C 18R This study

ACT3f CAT GGA ACG AAC AAT 18R Hallett and Diamant (2001)

ACT5f TGT GCC TTG AATAAAT 18R Rocha et al. (2019b)

MYX4F GTT CGT GGA GTG ATC TGT CAG 18R Hallett and Diamant (2001);
Rocha et al. (2015)

MyxospecR CAA CAA GTT GATAGG GCA GAA 18E Fiala (2006)

ACT2r GTATCC TTC GGATGT TCG GAC CAG G 18E This study

ACT3r ATT GTT CGT TCC ATG 18E Rocha et al. (2014)

MYX4R CTG ACA GAT CAC TCC ACG AAC 18E, MyxospecF Hallett and Diamant (2001)

18R CTA CGG AAA CCT TGT TAC G MyxospecF, ACT2f, ACT3f, MYX4F Whipps et al. (2003)
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morphological and molecular analysis identified as
M. exiguus [data published in Rocha et al. 2019a].

At least three different morphotypes of Myxobolus were
observed either forming plasmodia or appearing disseminated
in the digestive tube, mostly in the intestine. Co-infection by
two or three of these morphotypes was microscopically deter-
mined in nine out of the 11 specimens displaying infection in
the digestive tube. Contamination with myxospores of
M. exiguus due to rupture of microscopic cysts in the visceral
peritoneum was further registered in specimens #12 and #20
(see Table 2). In total, only the parasitized intestinal samples
belonging to specimens #9 and #19 were without microscopic
signs of co-infection and, therefore, proceeded for molecular
analyses (see Table 2). The partial SSU rDNA sequences ob-
tained from the intestinal samples of specimen #19, however,
incorporated many overlapping peaks and suspect base-

calling errors, suggesting them as being unreliable. Thus, only
the data obtained from specimen #9 was used to describe here
a new Myxobolus species from the intestine of C. ramada.

Two morphologically distinguishable myxospores of
Myxobolus were observed developing in five out of the 10
specimens displaying kidney infection (see Table 2). Despite
being without microscopic evidence of co-infection, samples
belonging to specimens #1 and #3 could not be used for mo-
lecular procedures due to the very low intensity of the infec-
tion, associated with obvious aspects of lysis of the
myxospores. Molecular analysis of kidney samples belonging
to specimens #12, #14 and #16 originated 100% identical SSU
rDNA partial sequences, allowing the description of a new
Myxobolus species from this organ.

In the same manner, two species of Myxobolus were ob-
served forming cysts in the gills of C. ramada (see Table 2).

Table 2 Myxobolus infection in the different organs of the 22
specimens of C. ramada examined, as determined by light microscopic
observations. PI: overall prevalence of infection of Myxobolus per organ
examined; Ma: M. adiposus n. sp.; Mr: M. ramadus n. sp.; Mp:
M. pharyngobranchialis n. sp.; Mm: M. muscularis n. sp.; Mh:

M. hepatobiliaris n. sp.; Me: M. exiguus; Mren: M. renalis n. sp.; Mc:
M. cerveirensis n. sp.; Mh?/Mren?/Mc?: myxospores consistent with the
morphology of the species described here from the organ in question, but
which identity could not bemolecularly confirmed;M1–M6: unidentified
Myxobolus spp. 1 to 6

Specimen# Ocular
cavity

Gills Opercular
cavity

Skeletal
muscle

Heart Liver Gall
bladder

Spleen Kidney Urinary
bladder

Digestive
tube

1 Ma – – – – – – – Mren? – –

2 – – – – – Mh – – – – M5, M6

3 – – – – – – – – M4 – –

4 – Mr – – – – – – – – –

5 – – – – – – – – Mren?, M4 – –

6 Ma – – – – – – – – Ma –

7 – – – – – – – – – – M5, M6

8 – – – – – – – – Mren?, M4 – –

9 – – – – – – – – – – Mc

10 – – Mp – – – – – – – –

11 – Mr, M1 – – – – – – Mren?, M4 – –

12 – – – – – – Mea – Mren – M5, Me

13 Ma – – – – – – M2, M3 – – M5, M6

14 – Mr – Mm Mm – Mea – Mren – Mc?, M5

15 – – – – Mm – Mh – – – Mc?,M5, M6

16 – Mr, M1 – – – – – – Mren – Mc?, M6

17 – – – – – – Me – – – Mc?, M5,
M6b

18 – – Mp – – – Mea M2, M3 Mren?, M4 – –

19 – – – – – – Mea – – – Mc?c

20 – – Mp Mm – – Mh?, Mea – – – Mc?, M5,
Meb

21 Ma – Mp – – – – – Mren?, M4 Ma –

22 Ma – Mp – – – – – – – –

PI 22.7% 18.2% 22.7% 9.1% 9.1% 4.5% 27.3% 9.1% 45.4% 9.1% 50.0%

aCo-infection with Ellipsomyxa mugilis
b Co-infection with a myxosporean species of an undetermined genus
c Co-infection was molecularly determined
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One species formed whitish and filamentous cysts developing
in the gill lamellae of all four specimens with infection in this
organ, while a second species formed brownish and filamen-
tous cysts in the afferent artery of the gill filaments of only
specimens #11 and #16. The cysts developing in the gill la-
mellae reached macroscopic dimensions (2–3 mm in length)
and could be easily excised and isolated, allowing the species
to be described here. In turn, the species developing in the
afferent artery of the gill filaments could not be described as
a result of the microscopic size of its cysts. Attempts to isolate
them were not successful, since the SSU rDNA partial se-
quences obtained from respective DNA extractions incorpo-
rated overlapping peaks and suspect base-calling errors.

In the gall bladder, two morphotypes of Myxobolus were
also observed, one having myxospores overall bigger than the
other: the bigger myxospores appeared floating free in the
bile, while the smaller myxospores formed plasmodia in the
gall bladder wall. These two Myxobolus spp., together with
myxospores of the genus Ellipsomyxa, were simultaneously
observed in specimen #20. Specimens #12, #14, #18 and #19
displayed co-infection between Ellipsomyxa and the
Myxobolus having bigger myxospores; specimen #17
displayed only the bigger myxospores of Myxobolus; and
specimen #15 had only the smaller myxospores of
Myxobolus (see Table 2). Apart from the gall bladder sample
of specimen #20, all other samples were molecularly analysed
and showed no evidence of co-infection between Myxobolus.
The species having smaller myxospores is described here for
the first time, while the species having bigger myxospores was
identified as being M. exiguus. The myxospores of
Ellipsomyxa were identified as belonging to the species
E. mugilis.

Lastly, the infections detected in the spleen of specimens
#13 and #18 were promptly regarded as co-infections, due to
microscopic observations revealing the presence of two mor-
phologically distinguishable morphotypes of Myxobolus (see
Table 2).

In summary, regarding C. ramada, 7 Myxobolus spp. are
described here: four from sites in which co-infection was reg-
istered, and three from sites of infection that were without
microscopic or molecular evidence of co-infection. The latter
included one species from the adipose tissue in the ocular
c av i t y and u r i n a r y b l adde r ; ano t h e r f r om the
pharyngobranchial organ in the opercular cavity; and the last
from the skeletal and heart muscle (Figs. 1, 2, 3 and Table 3).
Light photomicrographs and measurements are also provided
for the unidentifiedMyxobolus morphotypes that appeared as
co-infective in the gills, spleen, kidney and digestive tube
(Fig. 4 and Table 4).

In the case of C. labrosus, one of the three specimens ex-
amined displayed macroscopic cysts attached to the visceral
peritoneum, while the other two specimens displayed only
plasmodia developing in the urinary bladder. Microscopic

and molecular analyses showed no evidence of co-infection,
so that both these species of Myxobolus are described here
from C. labrosus (Fig. 5 and Table 3).

Regarding the myxozoan survey performed on
M. cephalus, only infection by Myxobolus spp. was de-
tected in five out of the 10 specimens examined.
Infection was determined to occur in the gills, gall blad-
der, urinary bladder and intestine. Overall prevalence of
infection was 30.0% in the gall bladder (3 infected in
10 specimens examined); 20.0% in the urinary bladder
and intestine (2 infected in 10 specimens examined) and
10.0% in the gills (1 infected in 10 specimens exam-
ined). Microscopic and molecular analyses showed no
evidence of co-infection between isolates of the same
organ, but revealed significant differences among iso-
lates of different organs, so that four Myxobolus species
are described here from M. cephalus (Fig. 6 and
Table 3).

Schematic drawings depicting the overall morphology of
the myxospores in valvular view are provided for the 13 new
Myxobolus spp. described herein (Fig. 7). Morphometric and
biological data are summarized in Table 3, which further pro-
vides GenBank accession numbers and type material refer-
ences for all the new species. Type material in the form of a
series of phototypes and representative DNA samples of the
hapantotypes was deposited in the Natural History and
Science Museum of the University of Porto, Porto, Portugal.

Description of new species

Myxobolus ramadus n. sp.
Diagnosis: Cysts whitish and filamentous, about 2–3 mm

in length, located in the gill lamellae. Myxospores spherical to
subspherical in valvular view and ellipsoidal in sutural view,
with two pyriform equally sized polar capsules located side by
side at the anterior pole, and a small iodinophilous vacuole
randomly located in the sporoplasm (Figs. 1a, b, 7a and
Table 3).

Type host: The thinlip grey mullet Chelon ramada (Risso,
1827) (Teleostei, Mugilidae).

Type locality: The River Minho (41° 56′ N, 08° 45′ W),
near “Vila Nova de Cerveira”, Portugal.

Prevalence of infection: Four infected in 22 specimens ex-
amined (18.2%).

Material deposited: Series of phototypes of the
hapantotype, deposited together with a representative DNA
sample in the Natural History and Science Museum of the
University of Porto, Portugal, reference CIIMAR 2019.27.

Etymology: The specific epithet “ramadus” refers to the
host species.

Molecular data: One SSU rDNA gene sequence with a total
of 2021 bp, representative of two identical sequences that

3284 Parasitol Res (2019) 118:3279–3305



were separately assembled from the partial results obtained
frommacroscopic cysts in the gills of two infected specimens.

Remarks: Morphometry was determined from mature
myxospores observed in all infected hosts. Individual

measurements were identical between all case isolates, so no
significant morphometric variation was recorded.
Myxospores are morphologically similar to those of the un-
identifiedMyxobolus sp. 3 in the spleen of this host, however,

Fig. 2 Light micrographs of
Myxobolus spp. infecting the
thinlip grey mullet Chelon
ramada in the River Minho. a–c.
Myxospores ofM. adiposus n. sp.
forming clusters in the adipose
tissue of the ocular cavity (a),
appearing disseminated after
rupture of a plasmodium in the
urinary bladder (b), and as
observed in detail (c). d–f.
Myxospores of M. hepatobiliaris
n. sp. forming microscopic cysts
in the liver (d), developing in the
gall bladder (e), and as observed
in detail (f)

Fig. 1 Light micrographs of
Myxobolus spp. infecting the
thinlip grey mullet Chelon
ramada in the River Minho. a–b.
Myxospores ofM. ramadus n. sp.
as observed after rupture of a cyst
in the gill lamellae. c–d.
Myxospores of
M. pharyngobranchialis n. sp.
appearing disseminated in the
denticulate pharyngeal pad of the
pharyngobranchial organ, after
rupture of a plasmodium. e–g.
Myxospores of M. muscularis n.
sp. as observed in the heart (e) and
skeletal muscle (f), and in detail
(g)
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they differ in being significantly thicker (see Fig. 4 and
Table 4). Comparison to all other Myxobolus spp. previously
reported from mullet hosts revealed some morphometric sim-
ilarity to M. episquamalis, M. exiguus, Myxobolus hani Faye
et al., 1999 and Myxobolus parsi Das, 1996. The parasite in
study, however, differs morphologically from all these species
by lacking markings near its suture line. Moreover, the
myxospores of M. parsi are bigger in terms of length and
width, while those of M. episquamalis are narrower, being
oval instead of subspherical or spherical (see Suppl. file S1;
Egusa et al. 1990; Das 1996; Faye et al. 1999; Rocha et al.
2019a). Differentiation fromM. episquamalis andM. exiguus
is further ascertained by comparison of molecular data, given
that distance estimation resulted in similarity values lower
than 90.0% to all SSU rDNA sequences analysed, including
M. episquamalis (88.8%) and M. exiguus (86.6%). Thus, this
parasite is suggested as a new species, herein named
Myxobolus ramadus n. sp.

Myxobolus pharyngobranchialis n. sp.
Diagnosis: Polysporic plasmodia located in the denticu-

late pharyngeal pad of the pharyngobranchial organ.
Myxospores ellipsoidal in valvular and sutural view, with
six to eight markings near the suture line. Two pyriform
equally sized polar capsules located side by side at the
anterior pole (Figs 1c, d, 7b and Table 3).

Type host: The thinlip grey mullet Chelon ramada (Risso,
1827) (Teleostei, Mugilidae).

Type locality: The River Minho (41° 56′ N, 08° 45′ W),
near “Vila Nova de Cerveira”, Portugal.

Prevalence of infection: Five infected in 22 specimens ex-
amined (22.7%).

Material Deposited: Series of phototypes of the
hapantotype, deposited together with a representative DNA
sample in the Natural History and Science Museum of the
University of Porto, Portugal, reference CIIMAR 2019.28.

Etymology: The specific epithet “pharyngobranchialis” re-
fers to the organ of infection in which the parasite was
observed.

Molecular data: One SSU rDNA gene sequence with a total
of 1993 bp, representative of five identical sequences that
were separately assembled from the partial results obtained
from plasmodia in the pharyngobranchial organ of five infect-
ed specimens.

Remarks: Morphometry was determined from mature
myxospores observed in all infected hosts. Individual mea-
surements were identical between all case isolates, so no sig-
nificant morphometric variation was recorded. Myxospores
are morphometrically similar to those of the unidentified
Myxobolus sp. 3 from the spleen and Myxobolus sp. 4 from
the kidney (see Fig. 4 and Table 4). The latter, however,
differs by having oval myxospores that are significantly
thinner and overall have longer polar capsules than those
being described here. In turn, having the same shape and
similar morphometric range, it is possible that the
myxospores of the unidentified Myxobolus sp. 3 from the
spleen belong to the parasite in study. Comparison to all
other Myxobolus spp. previously reported from mullet
hosts revealed some morphometr ic similar i ty to
M. episquamalis, M. exiguus, M. hani and Myxobolus sp.
of Kim et al. (2013b). Differentiation from both M. hani
and Myxobolus sp. of Kim et al. (2013b) can be performed
based on specific morphological traits: the myxospores of

Fig. 3 Light micrographs of
Myxobolus spp. infecting the
thinlip grey mullet Chelon
ramada in the River Minho. a–c.
Myxospores of M. renalis n. sp.
forming microscopic cysts in the
kidney (a), appearing
disseminated after rupture of a
cyst (b), and as observed in detail
(c). d–f. Myxospores of
M. cerveirensis n. sp. forming
plasmodia in the intestine (d),
appearing disseminated after
rupture of a plasmodium (e), and
as observed in detail (f)
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M. hani are significantly shorter and have a subspherical
shape, rather than the ellipsoidal shape reported here, while
those of Myxobolus sp. of Kim et al. (2013b) are larger
with smaller polar capsules (see Suppl. file S1; Faye
et al. 1999). In turn, differentiation from M. episquamalis
and M. exiguus is mainly based on the molecular compar-
ison of SSU rDNA sequences, considering that few distinc-
tive morphological traits exist between these species and
the parasite being described. Overall, the myxospores of
M. episquamalis differ from those in study only in their
oval shape, while those of M. exiguus display a higher
number of polar tubule coils and fewer number of sutural
markings. Distance estimation resulted in similarity values
lower than 96.0% to all SSU rDNA sequences analysed,
including M. episquamalis (86.9%), M. exiguus (92.6%)
and Myxobolus sp. of Kim et al. (2013b) (86.0%). Thus,
this parasite is suggested as a new species, herein named
Myxobolus pharyngobranchialis n. sp.

Myxobolus muscularis n. sp.
Diagnosis: Polysporic plasmodia located in the fibres of the

heart (Fig. 1e) and skeletal muscle (Fig. 1f). Myxospores oval
in valvular view and ellipsoidal in sutural view, displaying 8 to
10 markings surrounding the posterior half of the suture line.
Two pyriform equally sized polar capsules located side by side
at the anterior pole (Figs. 1g, 7c and Table 3).

Type host: The thinlip grey mullet Chelon ramada (Risso,
1827) (Teleostei, Mugilidae).

Type locality: The River Minho (41° 56′ N, 08° 45′ W),
near “Vila Nova de Cerveira”, Portugal.

Prevalence of infection: Three infected in 22 specimens
examined (13.6%): two specimens with infection in the heart
(9.1%), and two with infection in the skeletal muscle (9.1%),
meaning that one of the three specimens displayed infection
by this species in both the skeletal and heart muscle.

Material Deposited: Series of phototypes of the
hapantotype, deposited together with a representative DNA
sample in the Natural History and Science Museum of the
University of Porto, Portugal, reference CIIMAR 2019.29.

Etymology: The specific epithet “muscularis” refers to the
site of infection of the parasite.

Molecular data: One SSU rDNA gene sequence with a total
of 2009 bp, representative of four identical sequences that
were separately assembled from the partial results obtained
from plasmodia in four tissue samples (two from the heart
muscle, and the other two from the skeletal muscle), belong-
ing to a total of three infected specimens.

Remarks: Morphometry was determined from mature
myxospores observed in both infected hosts. Individual mea-
surements were identical between both case isolates, so no
significant morphometric variation was recorded.
Myxospores display some morphometric similarity to the un-
identified Myxobolus sp. 3 from the spleen and the unidenti-
fiedMyxobolus sp. 4 from the kidney (see Fig. 4 and Table 4),
however, differing in significant morphological traits. The

Fig. 4 Light micrographs of the unidentified Myxobolus spp. infecting
the thinlip grey mullet Chelon ramada in the River Minho. a–b.
Myxospores of Myxobolus sp. 1 as observed after rupture of a
microscopic cyst in the afferent artery of the gill filaments (a), and in
detail (b). c–d. Myxospores of Myxobolus sp. 2 (smaller) and
Myxobolus sp. 3 (bigger) appearing disseminated among each other in

the spleen. e–f. Myxospores of Myxobolus sp. 4 disseminated in the
kidney after rupture of a plasmodium. Notice the presence of the smaller
myxospores ofM. renalis n. sp. (arrows) among those ofMyxobolus sp. 4.
g–h. Myxospores ofMyxobolus sp. 5 as observed after rupture of a plas-
modium located in the intestinal wall. i. Myxospore ofMyxobolus sp. 6 as
observed disseminated in the intestinal wall

3288 Parasitol Res (2019) 118:3279–3305



myxospores of the unidentified Myxobolus sp. 3 from the
spleen are ellipsoidal instead of oval, while those of the un-
identifiedMyxobolus sp. 4 from the kidney are more elongated
with bigger polar capsules. Comparison to all otherMyxobolus
spp. previously reported frommullet hosts revealed the parasite
displaying somemorphological similarity withMyxobolus anili
Sarkar, 1989, Myxobolus cheni Schulman, 1962,
M. episquamalis, M. exiguus, M. hani and M. parsi. The
myxospores of M. anili, M. exiguus and M. hani, however,
differ from those in study in terms of shape (M. anili is ellip-
soidal, while both M. exiguus and M. hani are subspherical).
Moreover, the myxospores of M. anili are significantly longer
and larger, while those ofM. parsi are much thicker, with their
length and width falling close to the superior limit of the mor-
phometric range reported here. On the other way around,
M. cheni has a smaller morphometric range that overlaps with
that of the parasite in study at its inferior limit; therefore, the
myxospores ofM. cheni are generally smaller than those being
described here. Overall, highest resemblance was found in re-
lation to M. episquamalis, if considered that it shares the same
oval shape, markings near the suture line, and morphometric
range (see Suppl. file S1). Differentiation from this species was
only possible through the molecular comparison of SSU rDNA
sequences. Distance estimation resulted in similarity values
lower than 95.0% to all SSU rDNA sequences analysed, includ-
ing M. exiguus (90.7%) and M. episquamalis (88.7%). Thus,
this parasite is suggested as a new species, herein named
Myxobolus muscularis n. sp.

Myxobolus adiposus n. sp.
Diagnosis: Clusters of myxospores forming plasmodia at-

tached to the adipose tissue surrounding the optic nerve in the
ocular cavity (Fig. 2a), and in the urinary bladder (Fig. 2b).
Myxospores spherical, displaying 12 to 14 markings near the
suture line. Two pyriform equally sized polar capsules located
side by side at the anterior pole (Figs. 2c, 7d and Table 3).

Type host: The thinlip grey mullet Chelon ramada (Risso,
1827) (Teleostei, Mugilidae).

Other hosts: The flathead grey mullet Mugil cephalus
Linnaeus, 1758 (Teleostei, Mugilidae).

Type locality: The River Minho (41° 56′ N, 08° 45′ W),
near “Vila Nova de Cerveira”, Portugal.

Other localities: The Mediterranean Sea off Northern
Israel.

Prevalence of infection: Five infected in 22 specimens ex-
amined (22.7%): five specimens with infection in the ocular
cavity (22.7%), two of which also displaying infection in the
urinary bladder (18.2%).

Material deposited: Series of phototypes of the
hapantotype, deposited together with a representative DNA
sample in the Natural History and Science Museum of the
University of Porto, Portugal, reference CIIMAR 2019.30.

Etymology: The specific epithet “adiposus” refers to the
site of infection of the parasite being the adipose tissue.Ta
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Molecular data: One SSU rDNA gene sequence with a total
of 2000 bp, representative of seven identical sequences that
were separately assembled from the partial results obtained
from plasmodia in seven samples of adipose tissue (five from
the ocular cavity, and the other two from the urinary bladder),
belonging to a total of five infected specimens.

Remarks: Morphometry was determined from mature
myxospores observed in all infected hosts. Individual mea-
surements were identical between case isolates, so no signif-
icant morphometric variation was recorded. Having spherical
myxospores, this parasite differs significantly from all others

reported here. In the same manner, no significant similarity
was found in relation to all otherMyxobolus spp. morpholog-
ically reported frommullet hosts (see Suppl. file S1). Distance
estimation, however, revealed 99.8% of similarity to the SSU
rDNA sequence of a Myxobolus sp. (MF118765) that was
recently reported from infections in the gills, intestine, and tail
ofM. cephalus from theMediterranean Sea off Northern Israel
(isolate IsraelMS gipt) (Sharon et al. 2019), and this small
divergence led us to consider them as being of the same spe-
cies. All other SSU rDNA sequences included in the analysis
showed similarity values lower than 95.0% to the parasite in

Fig. 6 Light micrographs of
Myxobolus spp. infecting the
flathead grey mullet Mugil
cephalus in the RiverMinho. a–b.
Myxospores of M. mugiliensis n.
sp. as observed after rupture of a
macroscopic cyst in the gill
lamellae (a), and in detail (b). c–
d. Myxospores of M. vesicularis
n. sp. forming plasmodia in the
gall bladder wall (c), and as
observed in detail (d). e–f.
Myxospores of M. urinaris n. sp.
forming plasmodia in the urinary
bladder wall (e), and as observed
in detail (f). g–h. Myxospores of
M. galaicoportucalensis n. sp.
appearing disseminated after
rupture of a plasmodium in the
intestinal wall (g), and as
observed in detail (h).

Fig. 5 Light micrographs of Myxobolus spp. infecting the thicklip grey
mullet Chelon labrosus in the River Minho. a–b. Myxospores of
M. peritonaeum n. sp. as observed after rupture of a macroscopic cyst

attached to the visceral peritoneum. c–d. Myxospores of M. labrosus n.
sp. forming plasmodia in the urinary bladder (c), and as observed in detail
(d)
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study. Considering all the above, this parasite is suggested as a
new species, herein named Myxobolus adiposus n. sp., with
C. ramada as type host and the River Minho as type locality.
Other hosts, sites of infection and geographic localities are
included in the summary provided as supplementary material
(see Suppl. file S1).

Myxobolus hepatobiliaris n. sp.
Diagnosis: Microscopic cysts in the liver (Fig. 2d) and gall

bladder wall (Fig. 2e). Myxospores ellipsoidal in valvular and
sutural view, displaying six to eight markings near the suture
line. Two pyriform equally sized polar capsules located side
by side at the anterior pole (Figs. 2f, 7e and Table 3).

Type host: The thinlip grey mullet Chelon ramada (Risso,
1827) (Teleostei, Mugilidae).

Type locality: The River Minho (41° 56′ N, 08° 45′ W),
near “Vila Nova de Cerveira”, Portugal.

Prevalence of infection: Two infected in 22 specimens ex-
amined (9.1%): one specimen with infection in the liver
(4.5%), and another with infection in the gall bladder wall
(4.5%).

Material deposited: Series of phototypes of the
hapantotype, deposited together with a representative DNA
sample in the Natural History and Science Museum of the
University of Porto, Portugal, reference CIIMAR 2019.31.

Etymology: The specific epithet “hepatobiliaris” refers to
the organs of infection in which the parasite was observed.

Molecular data: One SSU rDNA gene sequence with a total
of 1962 bp, representative of two identical sequences that
were separately assembled from the partial results obtained

from microscopic cysts in two tissue samples (one from the
liver, and another from the gall bladder), belonging to a total
of two infected specimens.

Remarks: Morphometry was determined from mature
myxospores observed in both infected hosts. Individual mea-
surements were identical between case isolates, so no signif-
icant morphometric variation was recorded. Myxospores are
morphometrically similar to those of the unidentified
Myxobolus sp. 1 from the gills, with slighter resemblance to
those of the unidentifiedMyxobolus sp. 2 from the spleen (see
Fig. 4 and Table 4). Nonetheless, the myxospores of the latter
differ in being overall bigger, while the myxospores of the
unidentified Myxobolus sp. 1 from the gills are oval shaped
instead of ellipsoidal, moreover being generally larger than
those described here. Comparison to all other Myxobolus
spp. previously reported from mullet hosts revealed some
morphometric similarity to Myxobolus macrolepi Dorothy
and Kalavati, 1992, Myxobolus mugauratus (Pogoreltseva,
1964) Landsberg and Lom, 1991 and Myxobolus parvus
Schulman, 1962. The myxospores ofM. macrolepi, however,
have a significantly wider morphometric range and higher
number of polar tubule coils (six to seven against the four
reported here), while those of both M. mugauratus and
M. parvus have notably bigger polar capsules. The
myxospores of M. parvus are also larger than those of the
parasite in study (see Suppl. file S1). Distance estimation
showed a high similarity to the Myxobolus species described
here from the kidney of C. ramada (97.3%), with all other
SSU rDNA sequences included in the analysis resulting in

Fig. 7 Schematic drawings of the
myxospores of the 13 new
Myxobolus spp. described here
from mullets in the River Minho,
as observed in valvular view. a.
M. ramadus n. sp. b.
M. pharyngobranchialis n. sp. c.
M. muscularis n. sp. d.
M. adiposus n. sp. e.
M. hepatobiliaris n. sp. f.
M. renalis n. sp. g.M. cerveirensis
n. sp. h. M. peritonaeum n. sp. i.
M. labrosus n. sp. j.
M. mugiliensis n. sp. k.
M. vesicularis n. sp. l.M. urinaris
n. sp.m.M. galaicoportucalensis
n. sp
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similarity values lower than 92.0%, including M. parvus
(89.3%). Thus, this parasite is suggested as a new species,
herein named Myxobolus hepatobiliaris n. sp.

Myxobolus renalis n. sp.
Diagnosis: Microscopic cysts developing in the kidney

(Fig. 3a). Myxospores ellipsoidal to subspherical in valvu-
lar view and ellipsoidal in sutural view, displaying 8 to 10
markings near the suture line. Two pyriform equally sized
polar capsules located side by side at the anterior pole
(Figs. 3b, c, 7f and Table 3).

Type host: The thinlip grey mullet Chelon ramada (Risso,
1827) (Teleostei, Mugilidae).

Type locality: The River Minho (41° 56′ N, 08° 45′ W),
near “Vila Nova de Cerveira”, Portugal.

Prevalence of infection: Three specimens molecularly con-
firmed to be infected by this parasite in 22 specimens exam-
ined (13.6%).

Material deposited: Series of phototypes of the
hapantotype, deposited together with a representative DNA
sample in the Natural History and Science Museum of the
University of Porto, Portugal, reference CIIMAR 2019.32.

Etymology: The specific epithet “renalis” refers to the or-
gan of infection in which the parasite was observed.

Molecular data: One SSU rDNA gene sequence with a total
of 1976 bp, representative of three identical sequences that
were separately assembled from the partial results obtained
from microscopic cysts in kidney samples of three infected
specimens.

Remarks: Morphometry was determined from mature
myxospores observed in the three host specimens molecularly
confirmed to be infected by this parasite. Individual measure-
ments were identical between case isolates, so no significant
morphometric variation was recorded. Myxospores are mor-
phometrically similar to those of the unidentified Myxobolus
sp. 2 from the spleen of C. ramada (see Fig. 4 and Table 4),
and possibly belong to the same species, despite the
myxospores in the spleen being overall more elongated than
those described here. Although some morphometric similarity
could also be found in relation to the unidentified Myxobolus
sp. 1 from the gills (see Fig. 4 and Table 4), the myxospores of
the latter differ in being oval shaped instead of ellipsoidal to
subspherical. Comparison to all other Myxobolus spp. previ-
ously reported frommullet hosts revealed somemorphometric
similarity to M. macrolepi, M. parvus and Myxobolus
supamattayai U-taynapun et al., 2011. The parasite in study
differs fromM. macrolepi in having myxospores with stricter
morphometric range and fewer number of polar tubule coils (4
against the 6 to 7 turns of M. macrolepi). In turn, the
myxospores of M. parvus have longer polar capsules than
those in study, while M. supamattayai myxospores are larger
(see Suppl. file S1). Differentiation of the parasite in study
from these two latter species, however, is mainly based on
the molecular comparison of SSU rDNA sequences.

Distance estimation showed a high similarity to the
Myxobolus species described here from the liver and gall blad-
der of C. ramada (97.3%), with all other SSU rDNA se-
quences analysed resulting in similarity values lower than
92.0%, including M. parvus (89.7%) and M. supamattayai
(84.1%). Thus, this parasite is suggested as a new species,
herein named Myxobolus renalis n. sp.

Myxobolus cerveirensis n. sp.
Diagnosis: Polysporic plasmodia located in the intestine

(Fig. 3d). Myxospores ellipsoidal in valvular and sutural view,
with at least six markings surrounding the posterior half of the
suture line. Two pyriform equally sized polar capsules located
side by side at the anterior pole (Figs. 3e, f, 7g and Table 3).

Type host: The thinlip grey mullet Chelon ramada (Risso,
1827) (Teleostei, Mugilidae).

Type locality: The River Minho (41° 56′ N, 08° 45′ W),
near “Vila Nova de Cerveira”, Portugal.

Prevalence of infection: One specimen molecularly con-
firmed to be infected by this parasite in 22 specimens exam-
ined (4.5%).

Material deposited: Series of phototypes of the
hapantotype, deposited together with a representative DNA
sample in the Natural History and Science Museum of the
University of Porto, Portugal, reference CIIMAR 2019.33.

Etymology: The specific epithet “cerveirensis” refers to the
type locality of the parasite in the River Minho, which is near
“Vila Nova de Cerveira”.

Molecular data: One SSU rDNA gene sequence with a total
of 1976 bp, assembled from the identical partial sequences
obtained from plasmodia in the intestine of a single specimen.

Remarks: Morphometry was determined from mature
myxospores observed in a single infected host. Myxospores
without significant overall morphometric similarity to the un-
identified species reported here from C. ramada. Comparison
to all other Myxobolus spp. previously reported from mullet
hosts revealed some morphometr ic s imilar i ty to
M. episquamalis and M. hani. The myxospores of the latter
can be differentiated from those in study by their subspherical
shape and larger width. In turn, the myxospores of
M. episquamalis differ only in their oval shape, considering
that the measurements of the parasite in study are well within
the morphometric range reported for this species (see Suppl.
file S1; Egusa et al. 1990; Faye et al. 1999). Despite the mor-
phological likeness, distance estimation showed low similari-
ty to M. episquamalis (86.7%), as well as to all other SSU
rDNA sequences analysed, which did not surpass 92.0% of
similarity. Thus, this parasite is suggested as a new species,
herein named Myxobolus cerveirensis n. sp.

Myxobolus peritonaeum n. sp.
Diagnosis: Cysts yellowish, subspherical to filamentous,

and measuring about 1–2 mm, attached to the visceral perito-
neum. Myxospores oval in valvular view, displaying 8 to 10
markings near the suture line. Two pyriform equally sized
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polar capsules located side by side at the anterior pole (Figs.
5a, b, 7h and Table 3).

Type host: The thicklip grey mullet Chelon labrosus
(Risso, 1827) (Teleostei, Mugilidae).

Type locality: The River Minho (41° 56′ N, 08° 45′ W),
near “Vila Nova de Cerveira”, Portugal.

Prevalence of infection: One infected in three specimens
examined (33.3%).

Material deposited: Series of phototypes of the
hapantotype, deposited together with a representative DNA
sample in the Natural History and Science Museum of the
University of Porto, Portugal, reference CIIMAR 2019.34.

Etymology: The specific epithet “peritonaeum” refers to
the site of infection of the parasite.

Molecular data: One SSU rDNA gene sequence with a total
of 1976 bp, assembled from the identical partial sequences
obtained from cysts excised from the visceral peritoneum of
a single infected specimen.

Remarks: Morphometry was determined from mature
myxospores observed in cysts collected from a single infected
host. Comparison to all other Myxobolus spp. previously re-
ported from mullet hosts revealed the parasite in study having
high morphological similarity to M. episquamalis. Although
M. exiguus and M. mugchelo have also been found in the
peritoneum of C. labrosus, the myxospores in study are
overall smaller than those ofM. exiguus, while being larger
than those of M. mugchelo (see Suppl. file S1). Despite the
morphological likeness to M. episquamalis, distance esti-
mation showed low similarity to this species (88.0%), as
well as to all other SSU rDNA sequences analysed, which
did not surpass 96.0% of similarity. Thus, this parasite is
suggested as a new species, herein named Myxobolus
peritonaeum n. sp.

Myxobolus labrosus n. sp.
Diagnosis: Polysporic plasmodia located in the urinary

bladder. Myxospores oval in valvular view and ellipsoidal in
sutural view, displaying about eight markings near the suture
line. Two pyriform equally sized polar capsules located side
by side at the slightly pointed anterior pole (Figs. 5c, d, 7i and
Table 3).

Type host: The thicklip grey mullet Chelon labrosus
(Risso, 1827) (Teleostei, Mugilidae).

Type locality: The River Minho (41° 56′ N, 08° 45′ W),
near “Vila Nova de Cerveira”, Portugal.

Prevalence of infection: Two infected in three specimens
examined (66.7%).

Material deposited: Series of phototypes of the
hapantotype, deposited together with a representative
DNA sample in the Natural History and Science
Museum of the University of Porto, Portugal, reference
CIIMAR 2019.35.

Etymology: The specific epithet “labrosus” refers to the
specific epithet of the host species.

Molecular data: One SSU rDNA gene sequence with a total
of 1965 bp, representative of two identical sequences that
were separately assembled from the partial results obtained
from plasmodia in the urinary bladder samples of two infected
specimens.

Remarks: Morphometry was determined from mature
myxospores observed in both infected hosts. Individual mea-
surements were identical between case isolates, so no signif-
icant morphometric variation was recorded. Comparison to all
other Myxobolus spp. previously reported from mullet hosts
revealed some morphometric similarity to M. anili,
Myxobolus bankimi Sarkar, 1999, M. exiguus, and
Myxobolus sp. of Kim et al. (2013b) (see Suppl. file S1).
Morphological differentiation between the parasite in study
and most of the above-mentioned species is mainly based on
their myxospores’ shape not being oval [M. exiguus
myxospores are subspherical, while those of M. anili and
Myxobolus sp. of Kim et al. (2013b) are ellipsoidal] (see
Sarkar 1989; Kim et al. 2013b; Rocha et al. 2019a). Only
M. bankimi was described to have ovoid to elongated
ovoid shaped myxospores that closely resemble those re-
ported here (see Sarkar 1999). Nonetheless, the
myxospores of the latter species are generally longer with
shorter polar capsules, additionally lacking the sutural
markings that characterize the myxospores of the parasite
in study (see Suppl. file S1). Differentiation from
M. exiguus and Myxobolus sp. of Kim et al. (2013b) was
further ascertained through molecular comparison of re-
spective SSU rDNA sequences. Distance estimation
showed low similarity to M. exiguus (93.2%) and
Myxobolus sp. of Kim et al. (2013b) (86.0%), as well as
to all other SSU rDNA sequences analysed, which did not
surpass 96.0% of similarity. Thus, this parasite is suggested
as a new species, herein named Myxobolus labrosus n. sp.

Myxobolus mugiliensis n. sp.
Diagnosis: Cysts whitish, subspherical to filamentous,

about 1–2 mm in length, located in the gill lamellae.
Myxospores ellipsoidal in valvular and sutural view,
displaying 8 to 10markings near the suture line. Two pyriform
equally sized polar capsules located side by side at the anterior
pole (Figs. 6a, b, 7j and Table 3).

Type host: The flathead grey mullet Mugil cephalus
Linnaeus, 1758 (Teleostei, Mugilidae).

Type locality: The River Minho (41° 56′ N, 08° 45′ W),
near “Vila Nova de Cerveira”, Portugal.

Other localities: The Spanish Mediterranean coast, and
possibly the Samsun coasts of the Black Sea in Turkey.

Prevalence of infection: One infected in ten specimens ex-
amined (10.0%).

Material deposited: Series of phototypes of the
hapantotype, deposited together with a representative DNA
sample in the Natural History and Science Museum of the
University of Porto, Portugal, reference CIIMAR 2019.36.
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Etymology: The specific epithet “mugiliensis” refers to the
name of the genus of the host species.

Molecular data: One SSU rDNA gene sequence with a total
of 1972 bp, assembled from the identical partial sequences
obtained from cysts excised from the gills of a single infected
specimen.

Remarks: Morphometry was determined from mature
myxospores observed in cysts collected from a single infected
host. Comparison to all other Myxobolus spp. previously re-
ported from mullet hosts revealed significant similarity to
M. rohdei, Myxobolus spinacurvatura Maeno et al., 1990,
Myxobolus sp. II of Yemmen et al. (2012), and Myxobolus
sp. of Kim et al. (2013b). The parasite in study, however,
differs from most of these species in specific morphological
aspects. For instance, the myxospores ofM. rohdei are thinner
with fewer polar tubule coils (three to four in comparison to
the five coils reported here), those of Myxobolus sp. II of
Yemmen et al. (2012) are larger and spherical in shape,
while those of Myxobolus sp. of Kim et al. (2013b) have a
wider morphometric range and overall smaller polar capsules
(see Suppl. file S1). In turn, morphological differentiation
from M. spinacurvatura is hard to be performed, given that
the measurements of the myxospores in study are overall with-
in the morphometric range reported for this species. Despite
the morphological likeness, distance estimation showed
low similarity to M. spinacurvatura (92.8%), while reveal-
ing 100% and 99.9% of similarity to the SSU rDNA se-
quences of a Myxobolus sp. deposited in GenBank under
the accession numbers MF118767 and MH392320. Both
these sequences were obtained from infections in the gills
of M. cephalus: the first from specimens originating from
wild catches in the Spanish Mediterranean coast (isolate
Spain1-g) (Sharon et al. 2019), and the second from spec-
imens originating from the Samsun coasts of the Black Sea
in Turkey (unpublished data in GenBank). All other SSU
rDNA sequences included in the analysis showed similar-
ity values lower than 98.0%. Considering all the above,
this parasite is suggested as a new species, herein named
Myxobolus mugiliensis n. sp., with the River Minho as type
locality (Table 3). Other geographic localities were includ-
ed in the summary provided as supplementary material (see
Suppl. file S1).

Myxobolus vesicularis n. sp.
Diagnosis: Polysporic plasmodia located in the gall bladder

wall. Myxospores ellipsoidal in valvular and sutural view,
displaying 10 to 12 markings near the suture line. Two pyri-
form equally sized polar capsules located side by side at the
anterior pole (Figs. 6c, d, 7k and Table 3).

Type host: The flathead grey mullet Mugil cephalus
Linnaeus, 1758 (Teleostei, Mugilidae).

Type locality: The River Minho (41° 56′ N, 08° 45′ W),
near “Vila Nova de Cerveira”, Portugal.

Other localities: The Spanish Mediterranean coast.

Prevalence of infection: Three infected in ten specimens
examined (30.0%).

Material deposited: Series of phototypes of the
hapantotype, deposited together with a representative DNA
sample in the Natural History and Science Museum of the
University of Porto, Portugal, reference CIIMAR 2019.37.

Etymology: The specific epithet “vesicularis” refers to the
organ of infection in which the parasite was observed.

Molecular data: One SSU rDNA gene sequence with a total
of 1943 bp, representative of three identical sequences that
were separately assembled from the partial results obtained
from plasmodia in the gall bladder wall tissue of three infected
specimens.

Remarks: Morphometry was determined from mature
myxospores observed in all three infected hosts. Individual
measurements were identical between case isolates, so no sig-
nificant morphometric variation was recorded. Comparison to
all other Myxobolus spp. previously reported from mullet
hosts revealed the parasite falling within the morphometric
range of M. spinacurvatura, while further sharing some mor-
phological similarity with Myxobolus sp. II of Yemmen et al.
(2012). The myxospores of the latter, however, differ from
those in study in their spherical shape, smaller width and thin-
ner polar capsules (see Suppl. file S1; Yemmen et al. 2012). In
turn, differentiation from M. spinacurvatura could only be
achieved based on molecular data of the SSU rDNA gene.
Distance estimation revealed the parasite in study
displaying only 92.0% of similarity to M. spinacurvatura,
while sharing 99.9% of similarity to a Myxobolus sp.
(MF118772) that was recently reported from infections in
the gills and tail of M. cephalus originating from wild
catches in the Spanish Mediterranean coast (isolate
Spain5-i) (Sharon et al. 2019). The occurrence of infection
in three distinct organs corroborates the histological find-
ings of Sharon et al. (2019) that showed the parasite having
specificity towards the connective tissue. Considering all
the above, this parasite is suggested as a new species, here-
in named Myxobolus vesicularis n. sp., with the connective
tissue as site of infection and the River Minho as type
locality (Table 3). Other geographic localities were includ-
ed in the summary provided as supplementary material (see
Suppl. file S1).

Myxobolus urinaris n. sp.
Diagnosis: Polysporic plasmodia located in the urinary

bladder. Myxospores ellipsoidal in valvular view, with two
pyriform equally sized polar capsules located side by side at
the anterior pole (Figs. 6e, f, 7l and Table 3).

Type host: The flathead grey mullet Mugil cephalus
Linnaeus, 1758 (Teleostei, Mugilidae).

Type locality: The River Minho (41° 56′ N, 08° 45′ W),
near “Vila Nova de Cerveira”, Portugal.

Prevalence of infection: Two infected in ten specimens ex-
amined (20.0%).
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Material deposited: Series of phototypes of the
hapantotype, deposited together with a representative DNA
sample in the Natural History and Science Museum of the
University of Porto, Portugal, reference CIIMAR 2019.38.

Etymology: The specific epithet “urinaris” refers to the
organ of infection in which the parasite was observed.

Molecular data: One SSU rDNA gene sequence with a total
of 1958 bp, representative of two identical sequences that
were separately assembled from the partial results obtained
from plasmodia in the urinary bladder samples of two infected
specimens.

Remarks: Morphometry was determined from mature
myxospores observed in both infected hosts. Individual mea-
surements were identical between case isolates, so no signif-
icant morphometric variation was recorded. Comparison to all
other Myxobolus spp. previously reported from mullet hosts
revealed some morphometric similarity to M. exiguus,
M. rohdei and Myxobolus sp. of Kim et al. (2013b). The
myxospores of M. rohdei can be differentiated from those of
the parasite in study based on their bigger size and fewer
number of polar tubule coils (see Suppl. file S1). In turn,
morphological differentiation from M. exiguus and
Myxobolus sp. of Kim et al. (2013b) is solely based on the
absence of sutural markings in the myxospores in study, given
that these three species share highly similar morphometric
ranges (see Suppl. file S1; Kim et al. 2013b; Rocha et al.
2019a). The newness of the parasite described here, however,
is confirmed by distance estimation analysis, which revealed
similarity values lower than 98.0% to all SSU rDNA se-
quences analysed, including those of M. exiguus (85.9%)
and Myxobolus sp. of Kim et al. (2013b) (94.0%). Thus, this
parasite is suggested as a new species, herein named
Myxobolus urinaris n. sp.

Myxobolus galaicoportucalensis n. sp.
Diagnosis: Polysporic plasmodia located in the intestine.

Myxospores ellipsoidal in valvular and sutural view,
displaying 12 to 14 markings near the suture line. Two pyri-
form equally sized polar capsules located side by side at the
anterior pole (Figs. 6g, h, 7m and Table 3).

Type host: The flathead grey mullet Mugil cephalus
Linnaeus, 1758 (Teleostei, Mugilidae).

Type locality: The River Minho (41° 56′ N, 08° 45′ W),
near “Vila Nova de Cerveira”, Portugal.

Other localities: The Spanish Mediterranean coast.
Prevalence of infection: Two infected in 10 specimens ex-

amined (20.0%).
Material deposited: Series of phototypes of the

hapantotype, deposited together with a representative DNA
sample in the Natural History and Science Museum of the
University of Porto, Portugal, reference CIIMAR 2019.39.

Etymology: The specific epithet “galaicoportucalensis” re-
fers to the parasite’s type locality – the RiverMinho –marking
the boundary between Portugal and Galicia (Spain).

Molecular data: One SSU rDNA gene sequence with a total
of 1975 bp, representative of two identical sequences that
were separately assembled from the partial results obtained
from plasmodia in the intestine of two infected specimens.

Remarks: Morphometry was determined from mature
myxospores observed in both infected hosts. Individual mea-
surements were identical between case isolates, so no signif-
icant morphometric variation was recorded. Comparison to all
other Myxobolus spp. previously reported from mullet hosts
revealed the parasite falling within the morphometric range of
M. spinacurvatura, while further sharing some morphological
similarity withMyxobolus sp. II of Yemmen et al. (2012). The
myxospores of the latter differ from those in study in being
generally shorter and having thinner polar capsules (see
Suppl. file S1). Differentiation fromM. spinacurvatura could
not be performed based on the morphological traits of the
myxospores; however, distance estimation showed the para-
site in study sharing only 92.3% of similarity with this species.
This analysis further revealed 100% and 99.9% of similarity
to the sequences of a Myxobolus sp. (MF118763, MF118768
andMF118766) that was recently reported from infected spec-
imens ofM. cephalus caught from the Spanish Mediterranean
coast: MF118763 from the scales (isolate Spain7-s);
MF118768 from the muscle (isolate Spain1-m); and
MF118766 from the tail (Spain1-t) (Sharon et al. 2019).
Considering all the above, this parasite is suggested as a new
species, herein namedMyxobolus galaicoportucalensis n. sp.,
with the River Minho as type locality (Table 3). All reported
sites of infection and geographic localities were included in
the summary provided as supplementary material (see Suppl.
file S1). Still regarding distance estimation, a 99.6% similarity
was further calculated in relation to the SSU rDNA sequence
of the Sphaeractinomyxon type 2 of Rangel et al., 2016.
Despite this high percentage of similarity, nucleotide compar-
ison among the sequences revealed the few differing nucleo-
tides bearing significance for species differentiation, given
that they are spread throughout the sequence, with their posi-
tioning being consistent between all identical partial se-
quences. All other SSU rDNA sequences included in the anal-
ysis displayed similarity values lower than 98.0% to the par-
asite in study.

Occurrence of known species in the thinlip grey
mullet Chelon ramada

Myxobolus exiguus Thélohan, 1895
This species was recently re-described from macroscopic

cysts developing in the visceral peritoneum ofC. ramada cap-
tured from this same study area (see Rocha et al. 2019a).
During this myxozoan survey, myxospores of M. exiguus
could also be morphologically and molecularly identified in
smears of the gall bladder (Fig. 8a, b) and intestine (Fig. 8c),
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as a result of contamination due to the rupture of microscopic
cysts in the visceral peritoneum.

Ellipsomyxa mugilis (Sitjà-Bobadilla and Álvarez-
Pellitero, 1993)

Developmental stages of E. mugilis were found parasitiz-
ing the gall bladder of C. ramada, with a prevalence of infec-
tion of 22.7% (five infected in 22 specimens examined).
Disporic plasmodia and mature myxospores were observed
floating free in the bile (Fig. 8d–g). Young plasmodia ap-
peared polymorphic, with an irregular cellular membrane
due to the presence of pseudopodia throughout (Fig. 8d),
while mature plasmodia appeared subspherical with smooth
cellular membrane, each containing two immature
myxospores (Fig. 8e). Mature myxospores were ellipsoidal,
measuring 5.8 ± 0.2 (5.5–6.0) μm (n = 12) in length, 9.0 ± 0.7
(6.7–9.7)μm (n = 30) in width, and 12.0 ± 0.9 (11.1–14.0) μm
(n = 30) in thickness. The suture line was laterally shifted and
slightly curved, separating the two asymmetric valves. Two
subspherical equally sized polar capsules, 4.0 ± 0.2 (3.5–4.0)
μm long (n = 16) and 3.0 ± 0.3 (2.7–3.9) μm wide (n = 40),
opened subterminally and in opposite directions, each con-
taining a polar tubule coiled in six turns (Fig. 8f, g). One
SSU rDNA gene sequence with a total of 1720 bp was depos-
ited in GenBank with the accession no. MK193812. The latter
is representative of five identical sequences that were separate-
ly assembled from the partial results obtained from plasmodia
and myxospores in the gall bladder of five infected specimens.
A voucher constituted by a series of phototypes and represen-
tative DNA sample of the hapantotype was deposited in the
Natural History and Science Museum of the University of
Porto, Portugal, reference CIIMAR 2019.40. The

morphological features of the plasmodia and myxospores
were overall congruent with those previously reported in the
original species description by Sitjà-Bobadilla and Álvarez-
Pellitero (1993), albeit our observations showing the polar
tubule coiled in six turns instead of five. Molecular compari-
son further confirmed the identity of the parasite, which
shared 99.8–100% of similarity with the three SSU rDNA
sequences available for E. mugilis in GenBank. High similar-
ity values were further obtained to the SSU rDNA sequences
of Ellipsomyxa syngnathi Køie and Karlsbakk, 2009 (99.8%)
and Ellipsomyxa gobii Køie, 2003 (99.6%), whereas all other
Ellipsomyxa spp. displayed similarity values lower than
97.4%.

Phylogenetic analysis

ML, BI and MP analyses revealed the SSU rDNA sequences
of the new species of Myxobolus clustering among all other
congeners thus far molecularly reported from mullet hosts,
forming a well-supported clade of mugiliform-infecting
Myxobolus spp. (Fig. 9). The species described here from
C. ramada and C. labrosus specifically clustered among all
others that infect hosts of the genus Chelon (except for
M. ramadus n. sp.), to form a well-supported subclade. All
Myxobolus spp. that infect hosts of the genusMugil, including
those described here, also clustered together to form another
well-supported subclade sister to the former. The SSU rDNA
sequence of M. ramadus n. sp. appeared positioned alone at
the basis of the two latter subclades. Nonetheless, the most
basal position of the clade was occupied byM. supamattayai,

Fig. 8 Light micrographs of
known myxosporean species
infecting the thinlip grey mullet
Chelon ramada in the River
Minho. a–c. Myxospores of
Myxobolus exiguus observed in
smears of the gall bladder (a, b)
and of the intestine (c), as a result
of contamination due to the
rupture of microscopic cysts in
the visceral peritoneum. d–g.
Disporic plasmodia and mature
myxospores of Ellipsomyxa
mugilis, coelozoic in the gall
bladder: young plasmodia
polymorphic, with cellular
membrane irregular due to the
presence of pseudopodia (d);
mature plasmodia subspherical
with smooth cellular membrane
(e); mature myxospores floating
free in the bile (f), and as observed
in detail (g)
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this being the sole molecular representative ofMyxobolus spp.
that infect hosts of the genus Crenimugil.

Discussion

Myxozoan survey and description of new species

The reliable description of Myxosporea is currently accepted
as being the result of the combined analysis of several criteria,
namely myxospore morphology, host specificity, tissue of in-
fection and molecular data (see Atkinson et al. 2015).
Considering that phylogenetic studies widely show the verte-
brate host group as the most relevant evolutionary signal for
myxobolids (Ferguson et al. 2008; Carriero et al. 2013; Rocha
et al. 2014), the species comparisons ofMyxobolus performed
in this study only took into consideration congeners reported
from mugiliform fish hosts. Tissue tropism also constitutes an
important evolutionary signal for myxobolids and other
myxosporeans in general (see Eszterbauer 2004; Holzer
et al. 2004; Ferguson et al. 2008). Nonetheless, the site of
infection could not be used as an informative character for
species comparison, considering that specific tissues of infec-
tion were not determined in this study, and neither is this type
of information included in most descriptions of mugiliform-
infectingMyxobolus. Future studies should, therefore, be care-
ful to provide histological data for determining exact sites of
infection. Overall, differentiation of the new Myxobolus spp.
described here, among each other and in relation to congeners
previously reported from mullets, was mainly based on mo-
lecular comparisons of SSU rDNA sequences. Morphology-

based comparisons, however, remained necessary in order to
establish differentiation from the many mugiliform-infecting
Myxobolus spp. that are without available molecular data.

Although frequently necessary, the comparison of morpho-
logical traits for the identification of myxosporeans must be
carried out cautiously. Phylogenetic studies have shown be-
fore that morphology-based criteria are unreliable for differ-
entiation at the species-level. In the case of Myxobolus, the
artificiality of the morphological criteria is evidenced by the
numerous species of this genus that share similar myxospore
shape and size, despite being molecularly different (see
Atkinson et al. 2015). In this study, differentiation of
M. mugil iensis n. sp. , M. vesicularis n. sp. and
M. galaicoportucalensis n. sp. fromM. spinacurvatura could
had not been performed without the help of molecular data,
given that all these species have ellipsoidal myxospores with
sutural markings, similar morphometric range and number of
polar tubule coils. In the samemanner, differentiation between
M. peritonaeum n. sp. and M. episquamalis was only made
possible by comparison of their respective SSU rDNA se-
quences. Thus, it can be stated that, without molecular input,
these species could have been easily identified erroneously,
consequently giving origin to species complexes. Molecular
comparison of SSU rDNA sequences were further crucial in
allowing differentiation between the several new species de-
scribed here. For instance, M. hepatobiliaris n. sp. and
M. renalis n. sp. from C. ramada share nearly identical
myxospore morphology, however, differing in 2.7% of their
SSU rDNA sequences. Similarly, the myxospores of
M. vesicularis n. sp. and M. galaicoportucalensis n. sp. from
M. cephalus are indistinguishable but differ in 5.7% of their

Fig. 9 Tree topology resulting
from the maximum likelihood
analysis of mugiliform-infecting
Myxobolus spp., rooted to
Myxobolus cerebralis (U96492)
and Myxobolus wulii
(KP642131). Number at the
nodes are ML bootstrap values/BI
posterior probabilities/MP boot-
strap values; dashes represent a
different branching pattern or a
bootstrap support value under 50.
The new Myxobolus spp. de-
scribed in this study are marked
using bold. Host groups are indi-
cated using boxes.
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SSU rDNA sequences. High values of intraspecific variability
have been reported for different isolates of a few Myxobolus
spp. [e.g. Myxobolus flavus Carriero et al., 2013 (1.9%), and
Myxobolus koiKudo, 1919 (3.0%)] (Camus and Griffin 2010;
Carriero et al. 2013). In the cases shown here, however, the
possibility of high intraspecific variability was disregarded,
considering that more than one SSU rDNA sequence was
obtained for most of these species, being 100% identical
among different isolates.

Overall, the new species described here showed high
values of interspecific variability among each other, as well
as to all other mugiliform-infecting congeners and
actinosporean related sequences. Distance estimation revealed
interspecific variability higher than 4% for the newMyxobolus
spp. found infecting C. ramada and M. cephalus, and higher
than 2% for those found in C. labrosus. Lower values of
genetic difference (0.1%) and exact matches were obtained
for M. adiposus n. sp., M. mugiliensis n. sp., M. vesicularis
n. sp. andM. galaicoportucalensis n. sp. in relation to the SSU
rDNA sequences ofMyxobolus spp. that were mainly obtain-
ed from infected M. cephalus specimens captured from the
Spanish Mediterranean coast (see Sharon et al. 2019). The
lowest value of genetic difference calculated here and that
possibly represents small interspecific variability was that of
M. galaicoportucalensis n. sp. and the Sphaeractinomyxon
type 2 of Rangel et al., 2016, which differed solely in 0.4%
of their SSU rDNA sequences, corresponding to a total of
eight different nucleotides. Nonetheless, sequence alignments
showed that the position of the differing nucleotides bore sig-
nificance for species differentiation, thus indicating it as pos-
sibly being representative of small interspecific variability.
This is corroborated by the 100% of similarity that was calcu-
lated between the different geographic isolates of
M. galaicoportucalensis n. sp. myxospores. On the other
hand, it is also possible that this low genetic difference can
be explained by ongoing processes of speciation in the verte-
brate host due to host-shift and recombination of different
lineages in annelid hosts (see Forró and Eszterbauer 2016),
which wouldmake it representative of intraspecific variability.
Considering that life cycle inferences through molecular data
should be performed cautiously, the genetic difference found
between these two sequences is here prudently maintained as
being representative of interspecific variability until further
data arises. This result, however, reinforces the involvement
of the sphaeractinomyxon collective group in the life cycles of
mugiliform-infecting myxobolids, as hypothesized by Rocha
et al. (2019b).

Most mugiliform-infectingMyxobolus spp. were originally
described prior to the implementation and vulgarization of
molecular procedures, consequently being without available
molecular data. In fact, of the ca. 38 species of Myxobolus
reported to infect mullets, only eight have molecular data
available, plus a few SSU rDNA sequences belonging to

unnamed Myxobolus spp. that infect M. cephalus (Kim et al.
2013b; Sharon et al. 2019). Of the above-mentioned eight
species, only Myxobolus bragantinus Cardim et al. 2018 and
M. supamattayai were originally described through combined
morphological and molecular features (U-taynapun et al.
2011; Cardim et al. 2018). In turn, Myxobolus bizerti Bahri
and Marques, 1996, M. episquamalis, M. exiguus,
M. ichkeulensis andM. spinacurvatura were given molecular
identity in subsequent reports from their original sites of in-
fection and type hosts (Bahri et al. 2003; Rocha et al. 2019a).
Only M. parvus was sequenced from a mullet species other
than its type host. The molecular data available for this species
was obtained from infections in the gills and kidney of leaping
mullet Chelon saliens (Risso, 1810) from the Turkish coast of
the Black Sea (Özer et al. 2016), despite it having been orig-
inally described fromM. cephalus and so-iuy mullet Planiliza
haematocheila (Temminck and Schlegel, 1845) off China (see
Eiras et al. 2005). The occurrence of M. parvus in C. saliens
therefore requires molecular validation through sequencing of
the parasite from its type site of infection and host. Similarly,
several other Myxobolus spp. have been reported from more
than one mullet host on the basis of myxospore morphology
(see Rocha et al. 2019a). Up until this study, however, none
had been molecularly confirmed to infect more than a single
mullet species.Myxobolus adiposus n. sp. now constitutes the
sole exception, having molecular data available from infec-
tions that take place in C. ramada and M. cephalus. This
confirms that host specificity of mugiliform-infecting
Myxobolus is not restricted to a single host, with some species
possibly having a cosmopolitan nature. In this context, pro-
viding molecular data for the many mugiliform-infecting
Myxobolus spp. that have not been sequenced, specifically
from their original site of infection and type host, constitutes
an important task for future researches targeting myxozoans in
mullets. The acquisition of this information is essential for
both the reliable description of new Myxobolus spp. from
these fishes, and for the recognition of the true host range of
previously established species that have been reported from
more than one mullet host.

Similarly, several mugiliform-infecting Myxobolus have
been indiscriminately reported from a wide array of sites of
infection (see Rocha et al. 2019a). Despite some species of
this genus having been recognized to develop in different
organs [e.g. Myxobolus diaphanus (Fantham et al., 1940),
Myxobolus cuneus Adriano et al., 2006 and Myxobolus
cordeiroi Adriano et al., 2009], this wide array of infection
sites results from their specificity to the connective tissue (see
Cone and Easy 2005; Adriano et al. 2006, 2009). In this study,
M. adiposus n. sp. is described from the adipose tissue in the
ocular cavity and urinary bladder, having further been
molecularly reported by Sharon et al. (2019) from infections
in the gills, intestine and tail. Myxobolus muscularis n. sp. is
also described from the heart and skeletal muscle based on
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sequencing of the SSU rDNA gene from its different sites of
infection inC. ramada. While the myxospores ofM. adiposus
n. sp. were significantly easy to morphologically differentiate
from all others observed in this study due to their spherical
shape and symmetric polar capsules, those ofM.muscularis n.
sp. shared significant morphological similarity with the
myxospores of M. pharyngobranchialis n. sp. and
M. episquamalis, and could only be distinguished based on
molecular data. Thus, the validity of the occurrence of a single
species in different organs should be based on sequencing of
the SSU rDNA gene or other adequate molecular markers,
rather than on myxospore morphology.

Taking into consideration all the above, the necessity of
using molecular tools for the myxozoan survey of mullets is
undisputable and will most certainly increase the biodiversity
of Myxobolus spp. known from these fish hosts. Molecular
approaches should, however, be mindful of the possibility of
co-infections, so as to not produce assembled chimeric se-
quences. In this study, the occurrence of co-infection was de-
termined in several of the specimens of C. ramada examined.
In fact, six other potentially different Myxobolus spp. were
further observed in this host: Myxobolus sp. 1 forming fila-
mentous microscopic cysts in the afferent artery of the gill
filaments; Myxobolus sp. 2 and Myxobolus sp. 3 appearing
disseminated in the spleen; Myxobolus sp. 4 disseminated or
forming plasmodia in the kidney; and Myxobolus sp. 5 and
Myxobolus sp. 6 forming plasmodia and appearing dissemi-
nated in the intestine, respectively. Molecular characterization
of these Myxobolus was not possible due to the lack of para-
sites isolates (see Table 2).

The myxospores of the two unidentified morphotypes oc-
curring in the intestine differ significantly from all others ob-
served in this study, as well as from those of previously known
species, therefore, potentially representing two new species.
In turn, the myxospores of theMyxobolus sp. 1 in the gills and
theMyxobolus sp. 2 infecting the spleen are morphometrically
very similar among each other, as well as to those of
M. hepatobiliaris n. sp. and M. renalis n. sp., which despite
sharing the overall same myxospore morphometry were dis-
tinguished through means of molecular procedures. A similar
situation was noticed between the myxospores of the
Myxobolus sp. 3 in the spleen, the Myxobolus sp. 4 in the
kidney, M. muscularis n. sp. and M. pharyngobranchialis n.
sp., which are also morphometrically similar among each oth-
er, albeit the two latter having been demonstrated to be mo-
lecularly different. Considering these cases, it can be hypoth-
esized that the acquisition of isolated biological material be-
longing to the unidentified morphotypes in the gills, spleen
and kidney may come to reveal yet four other potential new
species parasitizing C. ramada, regardless of their overall
morphological similarity. It should be noted, however, that
the measurements of Myxobolus sp. 3 and Myxobolus sp. 4
are also similar to those ofM. exiguus, so that the possibility of

co-infection in the spleen and kidney due to rupture of micro-
scopic cysts in the visceral peritoneum cannot be disregarded.

During this myxozoan survey, myxospores of M. exiguus
could be morphologically and molecularly identified in
smears of the gall bladder and intestine, as a result of contam-
ination. In turn, myxospores resembling M. adeli,
M. episquamalis,M. ichkeulensis,M. nile, andM. rohdeiwere
never observed, despite these species having been reported
from mugilids in the Western Mediterranean off Spain, based
on morphological criteria of the myxospores (see Yurakhno
and Ovcharenko 2014).

Only two myxozoan species not belonging to the genus
Myxobolus were observed in this study, both occurring in
C. ramada: the coelozoic Ellipsomyxa mugilis forming
disporic plasmodia attached to the gall bladder wall, or float-
ing in the bile alongside free mature myxospores; and a spe-
cies belonging to an unidentified genus, histozoic in the intes-
tinal wall. Ellipsomyxa mugilis was originally described as
Zschokkella mugilis from the gall bladder of the mugilids
C. ramada, C. saliens and M. cephalus in the Western
Mediterranean off Spain (Sitjà-Bobadilla and Álvarez-
Pellitero 1993). Since then, this parasite was further reported
fromC. saliens off theMediterranean coast of Tunisia (Thabet
et al. 2016), as well as from actinosporean stages developing
in the polychaete Hediste diversicolor in the Portuguese
Atlantic coast, more specifically in the Aveiro estuary
(Rangel et al. 2009), which is located about 175 km south
from the estuary of the River Minho. In this study, the identi-
fication of E. mugilis was based on both myxospore morphol-
ogy and molecular data of the SSU rDNA gene. Besides pro-
viding confirmation of species identity, molecular compari-
sons further revealed low genetic difference to the SSU
rDNA sequences of E. syngnathi (0.2%) and E. gobii
(0.4%). This low interspecific variability agrees with previ-
ously reported values (see Køie and Karlsbakk 2009; Thabet
et al. 2016). Currently, these three species are distinguished
based on morphological details of the myxospores, and nar-
row vertebrate host specificity. Ellipsomyxa mugilis and
E. gobii further differ in actinospore morphometry (Køie
2000; Køie et al. 2004; Køie and Karlsbakk 2009; Rangel
et al. 2009). A more comprehensive microscopic and molec-
ular analysis of these three species is obviously necessary in
order to either reinforce their differentiation or to reveal then
as being cryptic. In turn, the data acquired for the non-
myxobolid parasite infecting the intestine of C. ramada is, at
this point, insufficient for genus determination and species
characterization, so that further studies will be required.

The myxosporean species Kudoa trifolia, K. unicapsula
and Sphaerospora mugilis, and a species of the genus
Alataspora were also originally described from mullet hosts
in the Western Mediterranean off Spain (Sitjà-Bobadilla and
Álvarez-Pellitero 1993, 1995; Holzer et al. 2006; Yurakhno
et al. 2007; Yurakhno and Ovcharenko 2014), with Yurakhno
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and Ovcharenko (2014) further reporting the occurrence of
Enteromyxum leei, Sphaeromyxa sabrazesi, Kudoa
dicentrarchi and Zschokkella admiranda in mugilids of this
geographic location, based on morphological criteria. Despite
the geographic proximity, none of these species were found
infecting the specimens of mullets examined here from the
River Minho, which can possibly be related to differences in
the composition of the invertebrate communities inhabiting
the Western Mediterranean Sea and the Portuguese estuaries
and coastal waters of the North Atlantic Ocean.

Species-richness of Myxobolus in mullets

About 38 species of Myxobolus have been reported to infect
mullets worldwide (Marcotegui and Martorelli 2017; Cardim
et al. 2018; Rocha et al. 2019a). This study adds 13 new
species to this list from infections found in C. ramada,
C. labrosus and M. cephalus captured from the River
Minho, in Northern Portugal. The occurrence of unidentified
myxospores in several organs of C. ramada, potentially be-
longing to new species, suggests that this already high biodi-
versity can, in fact, be increased by further pursuing
myxozoan surveys in mullet hosts.

Prior to this study, only M. exiguus and M. mugchelo had
been reported to occur in C. ramada, among other fish hosts.
After being originally described by Thélohan (1895) from the
stomach epithelium, pyloric caeca, kidney, and spleen of
C. ramada and C. labrosus, as well as from the gills of the
cyprinid Abramis brama (Linnaeus, 1758), M. exiguus was
subsequently reported from a wide range of sites of infection
and host species, clearly indicating it as a species complex. To
resolve this issue, a recent study re-describedM. exiguus from
infections taking place in C. ramada captured from the River
Minho, with this mullet species being settled as type species,
and the visceral peritoneum as type tissue (Rocha et al.
2019a). The data presented here, which stems from the
myxozoan survey from which the re-description of
M. exiguus was performed, revealed the parasite occurring in
all specimens of C. ramada examined posteriorly. This indi-
cates that the prevalence of infection of this parasite in
C. ramada is probably higher than that reported in its re-de-
scription, as microscopic cysts in the visceral peritoneum may
pass unnoticed or be easily confused as a co-infection in or-
gans of the visceral cavity.

In turn, M. mugchelo was originally described from the
mesentery of C. labrosus from Italy, and recently reported
from the intestinal wall ofC. ramada from the same geograph-
ic location (Eiras et al. 2005; Ovcharenko et al. 2017). In this
study, myxospores displaying the petite morphometric fea-
tures reported for M. mugchelo were not observed in both
C. ramada and C. labrosus, suggesting that this species may
be absent in this specific geographic region. Nonetheless, it
cannot be disregarded that only a few specimens of

C. labrosus were examined in this study, so that further
myxozoan surveys can come to disclose the presence of
M. mugchelo in the River Minho. Still regarding
C. labrosus, the description of M. peritonaeum n. sp. and
M. labrosus n. sp. increases to five the number of
Myxobolus spp. thus far reported from this mullet species,
which is also the host forM. parenzani developing in the gills,
as well as a possible host forM. exiguus, both reported on the
basis of myxospore morphometry (see Rocha et al. 2019a).
Consequently, the molecular data presented here for
M. peritonaeum n. sp. and M. labrosus n. sp. constitutes the
first available in GenBank forMyxobolus infections occurring
in C. labrosus.

Mugil cephalus constitutes the mullet species from which a
higher number of Myxobolus spp. have been reported, now
accounting for ca. 23 species of this genus. It has been sug-
gested that the Myxobolus-richness in M. cephalus probably
reflects the higher number of myxozoan surveys that have
been conducted on this mullet species, as a result of its eco-
nomic importance for fisheries and aquaculture industries in
several geographic locations (see Rocha et al. 2019a). Our
study concurs with this assumption, given that myxozoan sur-
vey of C. ramada revealed a biodiversity of Myxobolus sig-
nificantly higher than that expected upon consideration of the
available literature. In comparison, Myxobolus-richness in
C. labrosus was significantly low, but again, it cannot be
disregarded that only a few specimens of this mullet species
were examined, so that future myxozoan surveys targeting
C. labrosus may increase its Myxobolus biodiversity.

In the past years, several studies have aimed to provide
information regarding the biodiversity of myxozoans infecting
mullets in specific geographic locations (e.g. Bahri and
Marques 1996; Bahri et al. 2003; U-taynapun et al. 2011;
Kim et al. 2013a, b; Yurakhno and Ovcharenko 2014; Özer
et al. 2016; Thabet et al. 2016; Barreiro et al. 2017; Yang et al.
2017). Nonetheless, this study constitutes that from which a
higher biodiversity of Myxobolus is reported. This probably
relates to the careful morphological and molecular analyses
that were performed here for species characterization, with no
“pre-identification” at the species-level being performed
based on myxospore morphology and morphometry. For
instance, Özer et al. (2016) examined more than 200 speci-
mens of leaping mullet C. saliens obtained from the Sinop
coast of the Black Sea in a period of just over a year, but only
identified infections by myxospores of M. parvus in several
organs. Despite providing an SSU rDNA sequence from the
parasite in the gills and kidney, reports of this species in the
gall bladder and lower jaw of C. saliens were solely based on
myxospore morpho logy, wi th the au thors even
acknowledging some morphological difference of the
myxospores observed in the gall bladder. Similarly,
Yurakhno and Ovcharenko (2014) examined ca. 450 speci-
mens of C. auratus captured from the Mediterranean, Black
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and Azov Seas during the course of two years, and described
solelyM. adeli from the intestine, pyloric caeca, eosophagus,
stomach, swim bladder, gills and muscles, on the basis of
myxospore morphometry. The broad array of organs
displaying infection in both these cases, however, suggests
that more than one Myxobolus spp. could have been present
in the specimens analysed. Thus, the contrasting biodiversity
of Myxobolus reported from mullets in different geographic
localities may be essentially consequential to the use of poor
discriminative criteria for identification at the species-level.
U-taynapun et al. (2011) examined near 150 specimens of
bluespot mullet Moolgarda seheli (Forsskål, 1775) captured
from the Thailand coast of the Andaman Sea during the course
of two years, and described only the blackish cysts of
M. supamatayai developing in the skin, having found no mi-
croscopic signs of myxozoan infection in the other potential
organs analysed. This shows that low biodiversity can also be
related to the biological and ecological traits of the parasite
and host vertebrate and invertebrate communities.
Oligochaetes and polychaetes are the definitive and most an-
cient hosts of myxosporeans (Holzer et al. 2018); thus, it is
reasonable to assume that the composition, spatial distribu-
tion, and susceptibility of the invertebrate community is de-
terminant for the successful establishment and diversification
of myxosporeans in different geographic locations.

Euryhaline hosts, such as anadromous and catadromous
fishes, migrate between freshwater and marine habitats, pass-
ing through brackish waters during different periods of their
lifetime. This capability of adaptation to different gradients of
salinity allows migratory fish to interact with intrinsically dif-
ferent vertebrate and invertebrate communities, therefore
making them potential temporary hosts for a wide array of
myxozoan species that may develop in freshwater or marine
annelids (e.g. Bartholomew et al. 1997, 2006; Rangel et al.
2017). Mullets are catadromous, meaning that they spawn in
saltwater and then migrate into freshwater as juveniles, where
they grow into adults before migrating back into the ocean. As
such, mullets are potential temporary hosts for myxozoan spe-
cies developing in oligochaetes or polychaetes, regardless be-
ing in freshwater, brackish or marine environments (Rocha
et al. 2019b). Species of the genera Myxobolus, Henneguya
Thélohan, 1892 and Thelohanellus Kudo, 1933 are the most
commonly reported from freshwater habitats, less frequently
occurring in brackish and marine habitats. These genera are
known to display life cycles that involve freshwater oligo-
chaetes, and possibly also marine oligochaetes, as invertebrate
hosts (Eszterbauer et al. 2015; Rocha et al. 2019b). In this
context, the lower biodiversity of Myxobolus reported in pre-
vious studies that targeted mullets in brackish/marine waters is
probably consequential to the low availability of adequate
invertebrate hosts for members of this myxosporean genus
in those areas. In fact, this may also explain the significant
variation of Myxobolus-richness that is reported here from

C. ramada, C. labrosus and M. cephalus. In this study, the
thinlip grey mullet C. ramada was undoubtedly the mullet
species that displayed highest rate of Myxobolus infection,
and by a significantly elevated number of different species.
In accordance, it also constitutes that whichmore frequently is
captured in upstream locations, as a result of its high adapt-
ability to low salinities and water pollution (Cardona 2006);
this being the reason why specimens of C. ramadawere more
frequently caught in our study area. Therefore, it can be hy-
pothesized that the species that are able to tolerate lower sa-
linity gradients are more prone to infection by myxobolids, as
they interact more broadly with upstream benthic communi-
ties. Several studies have shown that species composition of
annelid communities in Rivers and coastal waters is influ-
enced by environmental factors, including salinity gradients
(see Pfannkuche 1980; Pascar-Gluzman and Dimentman
1984; Moroz 1994; Seys et al. 1999; Schenková and Helešic
2006; Krodkiewska 2007; Armendáriz et al. 2011; Rosa et al.
2015; Kang et al. 2017). Future researches might aim to cor-
relate the spatial distribution of mugiliform-infecting
Myxobolus with that of its invertebrate hosts, and also to the
migratory patterns of potential mullet hosts. Nonetheless, it
will first be necessary to recognize full life cycles of these
mugiliform-infecting Myxobolus, namely through the identi-
fication of invertebrate hosts; so that research in this field
should aim to provide novel information on this subject.

Phylogenetic analysis

The phylogenetic analysis performed here is congruent with
previously published phylograms of mugiliform-infecting
Myxobolus spp. (e.g. Rocha et al. 2019a). Following the main
phylogenetic trend of myxobolids to group in accordance with
the vertebrate host taxonomic order (Ferguson et al. 2008;
Carriero et al. 2013; Rocha et al. 2014), the SSU rDNA se-
quences of the new Myxobolus spp. described here cluster
among congeners that have bona fide mugiliform fish hosts
(see Rocha et al. 2019a), to form a well-supported clade of
mugiliform-infecting Myxobolus spp. (Fig. 9). The inner to-
pology of this clade further reveals tendency for species clus-
tering in relation to host genus. Accordingly, the Myxobolus
spp. that infect mullets of the genus Chelon form a well-
supported subclade, sister to another well-supported subclade
comprising species that infect mullets of the genus Mugil.
Being the sole molecular representative of Myxobolus spp.
tha t in f ec t member s o f the genus Cren imug i l ,
M. supamattayai stands alone, occupying the most basal po-
sition of the mugiliform-infecting Myxobolus clade.
Myxobolus ramadus n. sp. constitutes the only exception to
species clustering according to the host genus, appearing po-
sitioned alone at the basis of the two subclades separately
comprising Myxobolus spp. that infect hosts of the genera
Chelon and Mugil. This phylogenetic placement of
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M. ramadus n. sp. shows that parasite host-switch has taken
place between mugiliform genera. A contention that is further
corroborated by the occurrence of M. adiposus n. sp. in
M. cephalus, as reported by Sharon et al. (2019).

Phylogenetic studies have demonstrated that the origin and
radiations of myxozoans reflect the evolution of their hosts
(Carriero et al. 2013; Kodádková et al. 2015; Holzer et al.
2018; Patra et al. 2018). Despite the co-evolutionary history
of this parasitic group and its vertebrate hosts being received
as a “mixed signal” of invertebrate and vertebrate co-
phylogeny due to the more ancient reciprocal adaptation of
myxozoans and their definitive invertebrate hosts, the acqui-
sition of vertebrates as alternate hosts was crucial for species
diversification (Holzer et al. 2018). The phylogenetic analysis
presented in this study agrees with this contention by reveal-
ing hyperdiversification of Myxobolus after entering
mugiliform fish as alternate hosts. This high biodiversity prob-
ably reflects the processes of speciation that have led to the
great ecological plasticity of mugiliform fish, which allows
them to migrate and live, even if temporarily, in intrinsically
distinct habitats, consequently entering in contact and feeding
from a great variety of living organisms and materials. The
placement of all new Myxobolus spp. described here within
the previously known clade of mugiliform-infecting
Myxobolus further supports the monophyletic origin of this
group. Nonetheless, the results obtained in this study clearly
show that the number of host-, site- and tissue-specific species
in mullets is probably much higher than expected based on
hitherto available literature, so that future myxozoan surveys
may come to reveal other lineages ofMyxobolus that evolved
from distinct entries into mugiliform fish hosts.
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