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Abstract
The genus Chloromyxum (Myxozoa: Myxosporea: Bivalvulida) is defined as having ridged or smooth bivalvular myxospores
containing four polar capsules, with/without caudal filaments. Currently containing more than 140 nominal species, this genus is
reasonably speciose with myxospores of unique but heterogeneous morphology. Recent phylogenetic studies have demonstrated
its polyphyletic nature. During our myxosporean survey of freshwater fish, a new coelozoic myxosporean species,Chloromyxum
trilineatum n. sp., was detected in the gall bladder of the pale chub, Zacco platypus (Cypriniformes: Cyprinidae), which
originated from central Japan. Spores were subspherical, measuring 8.5–9.1 (8.8) μm in length, 7.6–8.2 (8.0) μm in width,
and 6.8–7.8 (7.4) μm in thickness (n = 20). The valvular surface was smooth and three or four distinct ridges ran parallel to the
suture line. Four almost equal polar capsules, 2.9–3.8 (3.3) μm in length and 1.6–2.4 (2.0) μm in width, assembled at the apical
part of the spores. The partial nucleotide sequence of the 18S ribosomal RNA gene, 2014 bp in length, was closest to that of
morphologically distinct Chloromyxum ellipticum, infecting the gall bladder of grass carp (Ctenopharyngodon idella) in China
with 96.99% (1673/1725) identity and three insertion/deletion (indel) sites, followed by Chloromyxum legeri, infecting the gall
bladder of common carp (Cyprinus carpio) in the Czech Republic with 89.97% (1803/2004) identity and 14 indel sites. Other
myxosporean species, including Chloromyxum spp. from the gall bladder or urinary system of freshwater and marine fish, were
phylogenetically distant from the present species.
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Introduction

Myxospores of the genus Chloromyxum Mingazzini, 1890
(Myxozoa: Myxosporea: Bivalvulida) are heterogeneous in
morphology but invariably characterized by ridged or smooth
bivalvular myxospores with four polar capsules and a uni or
binucleated sporoplasm (Lom and Dyková 2006). Currently
containing more than 140 nominal species (Bartošová and
Fiala 2011; Eiras et al. 2012; Gleeson and Adlard 2012;
Rocha et al. 2013; Sanders et al. 2015; Liu et al. 2017;
Cantatore et al. 2018; Chandran et al. 2018), this genus is
reasonably speciose. Despite a certain degree of morphologi-
cal consistency among Chloromyxum myxospores, phyloge-
netic studies have demonstrated their polyphyletic nature with
multiple phylogenetic lineages (Fiala and Dyková 2004;
Gleeson and Adlard 2012; Rocha et al. 2013; Liu et al.
2017; Zhang et al. 2017; Chandran et al. 2018). As a
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consequence of the fairly limited availability of the nucleotide
sequences of Chloromyxum spp.—currently comprising the
18S ribosomal RNA gene (rDNA) sequences of approximate-
ly 19% of the nominal species—the molecular-genetic back-
ground of the genus is not yet sufficiently understood.

During our myxosporean survey of freshwater fish, a
coelozoic myxosporean species of the genus Chloromyxum
was detected in the gall bladder of the pale chub, Zacco
platypus (Temminck et Schlegel, 1846) (Cypriniformes:
Cyprinidae), which originated from the central part of Japan.
Its subspherical spores were clearly unique in morphology
under light microscopy. In the present study, we morphologi-
cally andmolecular-genetically characterize this specimen and
erect a new species, namely Chloromyxum trilineatum n. sp.

Materials and methods

Fish samples and parasitological examination

The Gifu World Fresh Water Aquarium (Aqua Totto Gifu) in
Japan exhibits approximately 28,500 freshwater fish of 260
species. Surveillance checks for dead fish are carried out on a
daily basis, where the specimens are subsequently frozen in
order to investigate the cause of death for disease monitoring
and other purposes. For this study, the bodies of 92 dead fish
of 34 species (13 families) were examined between October
10, 2017 and September 22, 2018 (Supplementary Table 1).
The frozen fish bodies were thawed, and the bodyweights and
total and standard body lengths were recorded. The external
and internal organs were then individually examined by the
naked eye and under a dissection microscope. To detect
myxosporeans microscopically, the contents of the luminal
organs, such as the gall bladder, urinary bladder, and gastro-
intestinal tract, were smeared on glass slides and treated with
Diff-Quik™ stain (Sysmex Co., Kobe, Japan). A coelozoic
myxosporean species of the genusChloromyxumwas detected
in the gall bladder of two of the five examined pale chub
individuals.

The contents of the gall bladder containing myxospores
were diluted with physiological saline. These were then ob-
served using a light microscope equipped with differential
interference contrast imaging, photographed at a magnifica-
tion of × 800, then transformed into digital images using
Adobe® Photoshop® ver. 11.0 (Adobe Systems, San Jose,
CA, USA). Then, the photographs were printed at a high mag-
nification. Measurements were conducted on multiple printed
photographs following the guidelines of Lom and Arthur
(1989). All measurements are expressed in micrometers
(μm) unless otherwise stated. Ranges with the means in pa-
rentheses are presented. Following the removal of a portion of
the spores for DNA extraction, the parasite was fixed in 10%
neutral-buffered formalin solution and 70% ethanol solution.

The specimens collected in the present work were deposited in
the Meguro Parasitological Museum, Tokyo, Japan, under
collection no. 21458.

For scanning electron microscopy (SEM), a portion of the
formalin-fixed spores was washed three times in 0.2 M
Na2HPO4–NaH2PO4 solution (PB) at pH 7.8 and immersed
in 2.5% glutaraldehyde in PB overnight. Following three
washes in PB, the sample was post-fixed in 1% (w/v) osmium
tetroxide in PB for 1 h. After washing three times in PB, the
sample was dehydrated through a graded ethanol series, im-
mersed in warmed t-butyl-alcohol, and cooled at 4 °C for 2 h.
All processing was conducted using SEMpore® with 0.6-μm
pore size (JEOL, Akishima, Tokyo, Japan) to reduce spore
loss. The polycarbonate membrane of SEMpore® was then
freeze-dried (model JFD-300; JEOL), mounted on stubs, and
sputter-coated with gold-palladium at 200 Å (model JFC-
1500; JEOL). The samples were examined using a scanning
electron microscope (model JSM-6100; JEOL) at an acceler-
ating voltage of 15 kV.

DNA extraction, polymerase chain reaction,
and sequencing

Parasite DNAwas extracted from collected myxospores using
an Illustra™ tissue and cells genomicPrep Mini Spin Kit (GE
Healthcare UK, Buckinghamshire, UK) according to the man-
ufacturer’s instructions. PCR amplification of two overlap-
ping fragments of the 18S rDNA was performed in a 20-μl
volume containing a DNA polymerase, Blend Taq-Plus-
(TOYOBO, Dojima Hama, Osaka, Japan), and two primer
pairs (MyxospecF [5′-TTCTGCCCTATCAACTWGTTG-3′]
and Act1R [5′-AATTTCACCTCTCGCTGCCA-3′], and
Myxo18S_575F [5′-CGCGGTAATTCCAGCTCCAG-3′]
and SSU18R [5′-TGATCCTTCYGGAGGTTCAC-3′]) with
reference to Hallett and Diamant (2001), Fiala (2006), and
Kato et al. (2017). Alternatively, a combination of universal
eukaryotic primers, Eurib1 (5′-ACCTGGTTGATCCT
GCCAG-3′) and reverse Eurib2 (5′-CTTCCGCTGGTTCA
CCTACGG-3′), was used to amplify almost the whole length
of the 18S rDNA at once (Kopečná et al. 2006; Li et al. 2012).
When direct sequencingwas not satisfactory, the purified PCR
products were cloned into the plasmid vector pTA2 (TArget
Clone™; TOYOBO) and transformed into Escherichia coli
JM109 cells (TOYOBO) according to the manufacturer’s in-
structions. Following propagation, the plasmid DNAwas ex-
tracted using a FastGene PlasmidMini Kit (NIPPONGenetics
Co., Tokyo, Japan), and inserts from multiple independent
clones, at least three, were sequenced using universal M13
forward and reverse primers.

The nucleotide sequence obtained in the present study is
available from the DDBJ/EMBL/GenBank databases under
accession no. LC417364.

3350 Parasitol Res (2019) 118:3349–3357



Phylogenetic analysis

For phylogenetic analysis, the newly obtained 18S rDNA nu-
cleotide sequence in the present study and related bivalvulid
myxosporean sequences retrieved from the DDBJ/EMBL/
GenBank databases were aligned using the CLUSTAL W
multiple alignment program (Thompson et al. 1994), with
subsequent manual adjustment. The accession numbers of
the sequences analyzed in the present study are provided in
the figure showing a phylogenetic tree. Regions judged to be
poorly aligned and characters with a gap in any sequence were
excluded from subsequent analyses; 812 characters, of which
435 were variable, were retained for subsequent analysis.
Maximum likelihood (ML) analysis was performed using
the PhyML program (Guindon and Gascuel 2003; Dereeper
et al. 2008) provided on the “phylogeny.fr” website (http://
www.phylogeny.fr/) as conducted previously (Matsukane
et al. 2010; Li et al. 2012, 2013). The probability of inferred
branch was assessed by the approximate likelihood-ratio test
(aLRT), an alternative to the non-parametric bootstrap estima-
tion of branch support (Anisimova and Gascuel 2006).Marine
bivalvulid species of genera Auerbachia andCoccomyxawere
used as an outgroup for the construction of the ML phyloge-
netic tree (Gleeson and Adlard 2012).

Results

Numerous subspherical spores were detected in the contents
of the gall bladder of two of the five dead pale chub individ-
uals examined. The infected fishes were 11.5 cm in standard
body length and 46.8 g in body weight, and 11.2 cm in stan-
dard body length and 28.7 g in body weight, and no macro-
scopic changes related to their death were observed.
Microscopic examination of isolated bivalvular spores re-
vealed four polar capsules and three sutural ridges parallel to
the suture line. Fine striations on the shell valvular surface
were not observed. The morphology of the present bivalvular
spores was well coincident with the definition of the genus
Chloromyxum by Lom and Dyková (2006), but was distinct
from any of the known species of the genus.

Description

Chloromyxum trilineatum n. sp. (Myxosporea: Bivalvulida)

Plasmodia unknown. Coelozoic in the gall bladder. Bivalvular
myxospores subspherical, measuring 8.5–9.1 (8.8) μm in length,
7.6–8.2 (8.0) μm in width, and 6.8–7.8 (7.4) μm in thickness
(n = 20). The valvular surface was smooth with three or four
distinct ridges parallel to the suture line. Four almost equal polar
capsules, pyriform, 2.9–3.8 (3.3) μm in length and 1.6–2.4 (2.0)
μm in width, assembled at the apical portion of spores.Ta
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Binucleated sporoplasm in the remaining space. The turns of
polar filaments were invisible.

Taxonomic summary

Host: Zacco platypus (Temminck et Schlegel, 1846), pale chub
(Actinopterygii: Cypriniformes: Cyprinidae: Xenocypridinae).

Locality: Collected from Gifu World Fresh Water
Aquarium (Aqua Totto Gifu), Gifu Prefecture, Japan, follow-
ing its relocation from one of the rivers running through Gifu

Prefecture, Japan. Circumstantially, the infection might origi-
nate from the water in the natural habitat and not in the
aquarium.

Site of infection: Gall bladder (coelozoic).
Materials deposited: Hapantotype no. 21458, Meguro

Parasitological Museum, Tokyo, Japan.
Prevalence: Two of the five pale chubs examined.
Etymology: The species name refers to the characteristic

morphology of spores, i.e., predominantly three distinct ridges
parallel to the suture line.

Fig. 1 Microscopic view of myxospores of Chloromyxum trilineatum n. sp. Valvular view (a–c), apical view (d, e), sutural view nearly at midline of
sagittal plane (f), and sutural view nearly at surface (g–j) at the same magnification. Scale bar is shown in j

Fig. 2 Scanning electron
microscopy of myxospores of
Chloromyxum trilineatum n. sp.
Valvular view (a, b) and sutural
view (c, d) at the same
magnification. Scale bar is shown
in a. Wrinkles at valvular surfaces
are artifacts due to dehydration.
Please note that originally
subspherical spores became
simple hamburger-shaped
structures due to shrinkage of
convex shell valves
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Remarks

In Japan, 13 Chloromyxum spp. have been described from
freshwater and anadromous fish (Table 1). In 1927,
C. sphericum was recorded from the same host species, i.e.,
pale chub, and Amur catfish (Silurus asotus L.) in Lake Biwa,
Shiga Prefecture (Fujita 1927). Although the almost spherical
spore shape and dimensions of C. sphericum are similar to the
present species, the former species has only a single sutural
ridge (elevation), but with nine or 10 extrasutural ridges on the
shell valve, distinct from the present new species. With the
exception of Chloromyxum colchicum (Chernova, 1969) in
the gall bladder of Rutilus rutilus (L.) from Russia and
Chloromyxum dubium (Auerbach, 1908) in the gall bladder
of Lota lota (L.) from Karelia and the northwestern margin of
Russia, other recorded species in Japan and other locations are
distinct from the present species in having a variety of
extrasutural edges on shell valves. Chloromyxum colchicum,
however, has more edges parallel to the suture line, i.e., a
sutural elevation and two thin extrasutural edges on each
valve, and smaller spherical spores with a diameter of 6.6–
7.3 μm (Chernova 1969). Chloromyxum dubium also has
more edges parallel to the suture line, i.e. six extrasutural
edges on each valve, and larger spherical spores with a diam-
eter of 10.0–11.0 μm (Auerbach 1908). Another species,
Chloromyxum trijugum (Kudo, 1920), in the gall bladder of
Lepomis megalotis (Rafinesque, 1820) from North America
has three distinct ridges encircling the spore, i.e., a thick su-
tural elevation and a thick straight, sometimes slightly zig-zag,
ridge running parallel to the suture line in each valve (Kudo
1920). Although this feature is fairly similar to the phenotype
of spores of the present new species, C. trijugum spores are
somewhat flattened (8–10 μm in diameter from the frontal
view and 5–7 μm in thickness), having eight to 12 short ridges
from the prominent ridge towards the center of each valve
(Kudo 1920). Thus, the present new species, C. trilineatum
n. sp., is morphologically distinct from any known
Chloromyxum spp.

Phylogenetic analysis of the rDNA

The partial nucleotide sequences of the 18S rDNA of two
Chloromyxum isolates from different pale chubs in the present
study were absolutely identical, and the 2.014-bp long se-
quence (DDBJ/EMBL/GenBank accession no. LC417364)
was closest to that of morphologically distinct Chloromyxum
ellipticum Li et Nie, 1973, infecting the gall bladder of grass
carp (Ctenopharyngodon idella (Valenciennes, 1844)) in
China (KX424575). This species and C. trilineatum n. sp.
had 96.99% (1673/1725) identity of the 18S rDNAwith three
insertion/deletion (indel) sites, followed by Chloromyxum
legeri Tourraine, 1931, infecting the gall bladder of common
carp (Cyprinus carpio L.) in the Czech Republic (AY604197)
with 89.97% (1803/2004) identity and 14 indel sites. Other
myxosporean species, including Chloromyxum spp. from the
gall bladder or urinary system of freshwater, estuarine, and
marine fish as well as amphibians, were phylogenetically dis-
tant from the present new species, C. ellipticum, and C. legeri
(Fig. 4).

Figure 4 depicts the phylogenetic relationships of
Chloromyxum spp. and other representative myxosporean
taxa with deposited 18S rDNA nucleotide sequences at the
DNA databases, demonstrating the distinct polyphyletic na-
ture of Chloromyxum spp. with multiple phylogenetic line-
ages. Marine (elasmobranch-infecting) Chloromyxum clade
that presently included at least 11 taxa (Fiala et al. 2015;
Cantatore et al. 2018) was independent from other five line-
ages as follows: (1) species infecting the gall bladder of cyp-
rinids and salmonids (C. auratum, C. cyprini, C. fluviatile,
C. peleci, C. thymalli, and C. truttae); (2) species infecting
the gall bladder of cyprinids (C. ellipticum, C. legeri, and C.
trilineatum n. sp.); (3) species infecting the gall bladder of
North American freshwater fish (C. trijugum); (4) species in-
fecting the urinary system of estuarine fish (C. argusi and
C. kurisi); and (5) species infecting the urinary system of
amphibians (C. careni).

Discussion

As stated above, the genus Chloromyxum is speciose and
comprises approximately 140 nominal species, according to
Eiras et al. (2012). Lom and Dyková (2006) previously
cataloged 112 species from marine and freshwater fish and
three species from amphibians in this genus. The difference
between these two reports can be partially ascribed to the
addition of at least 13 new species to the genus since the
publication of Lom and Dyková’s report (Hallett et al. 2006;
Abdel-Baki 2007; Sarkar 2007; Azevedo et al. 2009; Casal
et al. 2009; Reda 2010; Gleeson and Adlard 2012), as well as
to the different perspectives on synonyms (Shul’man 1966;
Lom and Dyková 1993; Fiala and Dyková 2004). For

Fig. 3 Stylized illustrations of Chloromyxum trilineatum n. sp. Valvular
view (a) and sutural view (b) at the same magnification

3353Parasitol Res (2019) 118:3349–3357



example, Lom and Dyková (1993) conducted an intensive
SEM investigation on Chloromyxum spores of multiple ori-
gins. They concluded that C. koi Fujita, 1913, C. cyprini
Fujita, 1927, and C. barbi Dogiel, 1934, may be junior syno-
nyms ofC. cristatum Léger, 1906, with the additional possible
synonyms of C. ctenopharyngodonis Akhmerov, 1960,
C. hypoph tha lm ich t yd i s Akhmerov, 1960 , and
C. orbiculatum Akhmerov, 1960. Interestingly, the majority
of Chloromyxum spp. were rarely detected again. This is par-
tially due to the coelozoic nature of myxosporeans, which

makes it difficult to detect parasitism with the naked eye, as
well as the limited availability of spores. Consequently, this
parasitic mode undoubtedly hampers the taxonomic revision
of Chloromyxum spp.

Ultrastructural observation of Chloromyxum myxospores ap-
pears to be critical to characterize individual species. It allows for
taxonomic characterization based on suture elevation and the
running condition of the extrasutural edges on the shell valves
(Lom and Dyková 1993). At the same time, we should take into
account the recent achievements regarding Myxobolus spp., the

Fig. 4 ML phylogenetic trees based on the 18S rDNA sequence of
Chloromyxuum spp. and related bivalvulid myxosporeans. A majority
of non-Chloromyxum spp. were omitted from this figure as individuals,
but shown as groups. In the right half of the figure, tissue preference, host
fish species with its family and order in classification, and country name
as the type locality are shown. Abbreviations of tissue preference: GB,

gall bladder; and UB, urinary bladder. Abbreviations of country names:
AR, Argentin; AU, Australia; BR, Brazil; CA, Canada; CN, China; CZ,
Czech Republic; FI, Finland; GB, United Kingdom; HR, Croatia; ID,
Indonesia; IN, India; IS, Iceland; JP, Japan; PK, Pakistan; RU, Russian
Federation; SK, Slovakia; and US, United States

3354 Parasitol Res (2019) 118:3349–3357



most speciose genus of Myxosporea, which suggest that mor-
phologically similar spores of Myxobolus spp. from different
localities do not prove their conspecificity (Salim and Desser
2000; Bahri et al. 2003; Ferguson et al. 2008; Liu et al. 2010,
2013; Zhang et al. 2010; Zhao et al. 2013; Liu et al. 2016). In this
respect, the contribution of molecular techniques is required,
particularly rDNAnucleotide sequencing, for the reliable specific
differentiation of myxozoans. Furthermore, this technique allows
the phylogenetic relationships of different species to be inferred.
As mentioned above, the currently recognized Chloromyxum
spp. are heterogeneous in both morphology and phylogeny
(Fiala and Dyková 2004; Holzer et al. 2006; Lom and Dyková
2006; Jirků et al. 2011; Gleeson and Adlard 2012; Rocha et al.
2013; Liu et al. 2017; Zhang et al. 2017; Chandran et al. 2018).

Since only a limited number of rDNA nucleotide se-
quences ofChloromyxum spp. is currently available (27 taxa;
ca. 19%), the phylogenetic relationships of only some repre-
sentative members of the genus are disclosed at present, as
shown in Fig. 4. Chloromyxum spp. form at least two major
distant clades: a marine (elasmobranch-infecting)
Chloromyxum clade (currently 11 taxa) and a cyprinid and
salmonid fish-infecting Chloromyxum clade (currently six
taxa). By adding the present new species, C. trilineatum n.
sp., to the phylogenetic analysis, a second cyprinid fish-
infecting Chloromyxum clade (three taxa) becomes evident.
All members of these three major clades, currently only 20
taxa, are coelozoic in thegall bladder of fish hosts.Regarding
the three species in the second freshwater fish-infecting
Chloromyxum clade, the myxospores of C. legeri from
Hypophthalmichthys molitrix and C. ellipticum from
Ctenopharyngodon idella have a relatively similarmorphol-
ogywith fine extrasutural edges on the shell valves (Fiala and
Dyková 2004; Zhang et al. 2017); however,C. trilineatum n.
sp. from Zacco platypus is distinct from them, having three
sutural ridges and a smooth valvular surface (Figs. 1, 2,
and 3). Additional nucleotide sequence data of more
Chloromyxum spp., particularly that related to species dem-
onstrating a solitary position on a phylogenetic tree based on
the 18S rDNA, such as C. careni from the urinary system of
frogs (Mutschmann 1999), C. argusi and C. kurisi from the
urinary system of estuarine fish (Sanders et al. 2015;
Chandran et al. 2018), andC. trijugum from the gall bladder
of centrarchid fish (Mitchell et al. 1980; Hallett et al. 2006),
would help to resolve the taxonomic complications and de-
termine the evolutional pathways of species currently classi-
fied under theChloromyxum genus (Fiala andDyková 2004;
Hallett et al. 2006; Jirků et al. 2011; Gleeson and Adlard
2012; Rocha et al. 2014; Liu et al. 2017). Furthermore, as is
evident in Fig. 4, the enrichment of available nucleotide se-
quences, at least those of the rDNA of not only different
homoplasious groups of the genus Chloromyxum but also
other genera, is fundamental to fully understand the evolu-
tion of Myxosporea (Fiala 2006; Fiala et al. 2015).

Acknowledgments We are indebted to Prof. Shuhei Tanaka, Faculty of
Agriculture, Yamaguchi University, for his help with SEM.We also thank
the staff of Gifu World Fresh Water Aquarium (Aqua Totto Gifu) for
kindly providing the preserved fish materials for this study. Their daily
health checks and dedicated care of the fish under their supervision en-
abled freshly dead samples to be promptly available for parasitological
examination.

Funding information This study was supported in part by Grant-in-Aid
for Scientific Research 2017 and 2019 from the Towa Foundation for
Food Science and Research (HS) and JSPS KAKENHI (Grant Number
18K05995). The collaborative research visit to Yamaguchi University in
2018 by the third author (JZ) was supported by the Chinese Academy of
Science.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

Abdel-Baki AAS (2007) Chloromyxum alii sp. n. (Myxozoa:
Myxosporea) infecting the gallbladder of African butter catfish
Schilbe mystus (Linnaeus 1758) from the River Nile, Egypt: light
and scanning electron microscopy. Acta Protozool 46:263–267

Anisimova M, Gascuel O (2006) Approximate likelihood-ratio test for
branches: a fast, accurate, and powerful alternative. Syst Biol 55:
539–552

Auerbach M (1908) Bemerkungen über Myxosporidien heimischer
Süsswasserfischen. Zool Anz 32:456–465

Azevedo C, Casal G, Garcia P, Matos P, Teles-Grilo L, Matos E (2009)
Ultrastructural and phylogenetic data of Chloromyxum riorajum sp.
nov. (Myxozoa), a parasite of the stingray Rioraja agassizii in
Southern Brazil. Dis Aquat Org 85:41–51

Bahri S, AndreeKB, Hedrick RP (2003)Morphological and phylogenetic
studies of marine Myxobolus spp. from mullet in Ichkeul Lake,
Tunisia. J Eukaryot Microbiol 50:463–470

Bartošová P, Fiala I (2011) Molecular evidence for the existence of cryp-
tic species assemblages of several myxosporeans (Myxozoa).
Parasitol Res 108:573–583

Cantatore DMP, IrigoitiaMM, Holzer AS, Bartošová-Sojková P, Pecková
H, Fiala I, Timi JT (2018) The description of two new species of
Chloromyxum from skates in the Argentine Sea reveals that a lim-
ited geographic host distribution causes phylogenetic lineage sepa-
ration of myxozoans in Chondrichthyes. Parasite 25:47

Casal G, Garcia P, Matos P, Monteiro E, Matos E, Azevedo C (2009) Fine
structure of Chloromyxum menticirrhi n. sp. (Myxozoa) infecting
the urinary bladder of the marine teleost Menticirrhus americanus
(Sciaenidae) in Southern Brazil. Eur J Protistol 45:139–146

Chandran A, Zacharia PU, Sathianandan TV, Shamal P, Binesh CP, Kaur
P, Sanil NK (2018)Morphological andmolecular characterization of
Chloromyxum argusi n. sp. (Myxosporea) infecting the urinary blad-
der of Scatophagus argus Linnaeus 1766 (Scatophagidae) from the
southwest coast of India. Parasitol Res 117:3145–3156

Chernova TN (1969) New species of Myxosporidae–Chloromyxum
colchicus Chernova sp. n.- from the gall bladder of the roach. Bull
Acad Sci Georgian SSR 53:731–732 (in Russian)

Dereeper A, Guignon V, Blanc G, Audic S, Buffet S, Chevenet F,
Dufayard JF, Guindon S, Lefort V, Lescot M, Claverie J-M,
Gascuel O (2008) Phylogeny.fr: robust phylogenetic analysis for
the non-specialist. Nucleic Acids Res 36:465–469

3355Parasitol Res (2019) 118:3349–3357



Eiras JC, LuYS, GibsonDI, Fiala I, Saraiva A, Cruz C, SantosMJ (2012)
Synopsis of the species of Chloromyxum Mingazinni, 1890
(Myxozoa: Myxosporea: Chloromyxidae). Syst Parasitol 83:203–
225

Ferguson JA, Atkinson SD,Whipps CM, Kent ML (2008) Molecular and
morphological analysis of Myxobolus spp. of salmonid fishes with
the description of a new Myxobolus species. J Parasitol 94:1322–
1334

Fiala I (2006) The phylogeny of Myxosporea (Myxozoa) based on small
subunit ribosomal RNA gene analysis. Int J Parasitol 36:1521–1534

Fiala I, Dyková I (2004) The phylogeny of marine and freshwater species
of the genus Chloromyxum Mingazzini, 1890 (Myxosporea,
Bivalvulida) based on small subunit ribosomal RNA gene se-
quences. Folia Parasitol 51:211–214

Fiala I, Bartošová-Sojková P, Whipps CM (2015) Classification and phy-
logenetics of Myxozoa. In: Okamura B, Gruhl A, Bartholomew JL
(eds) Myxozoan evolution, ecology and development. Springer
International Publishing, Cham, pp 85–110

Fujita T (1913) On a new species of Chloromyxum from the gall bladder
of the carp. Annot Zool Jpn 8:257–259

Fujita T (1923) Studies on Myxosporidia of Japan. J Coll Agri Hokkaido
Imp Univ 10:191–248

Fujita T (1925) On two new species ofChloromyxum found in freshwater
fishes in Sapporo. Annot Zool Jpn 10:278–280

Fujita T (1927) Studies onMyxosporidia of Japan. 5. OnMyxosporidia in
fishes of Lake Biwa. J Coll Agri Hokkaido Imp Univ 16:229–247

Fujita T (1936) Notes on some Myxosporidia in freshwater fishes. Zool
Mag (Tokyo) 48:595–601

Gleeson RJ, Adlard RD (2012) Phylogenetic relationships amongst
Chloromyxum Mingazzini, 1890 (Myxozoa: Myxosporea), and the
description of six novel species from Australian elasmobranchs.
Parasitol Int 61:267–274

Guindon S, Gascuel O (2003) A simple, fast, and accurate algorithm to
estimate large phylogenies by maximum likelihood. Syst Biol 52:
696–704

Hallett SL, Diamant A (2001) Ultrastructure and small-subunit ribosomal
DNA sequence ofHenneguya lesteri n. sp. (Myxosporea), a parasite
of sand whiting Sillago analis (Sillaginidae) from the coast of
Queensland, Australia. Dis Aquat Org 46:197–212

Hallett SL, Atkinson SD, Holt RA, Banner CR, Bartholomew JL (2006)
A new myxozoan from feral goldfish (Carassius auratus). J
Parasitol 92:357–366

Holzer AS, Sommerville C, Wootten R (2006) Molecular identity, phy-
logeny and life cycle of Chloromyxum schurovi Shul’man & Ieshko
2003. Parasitol Res 99:90–96

Jirků M, Bartošová P, Kodádková A, Mutschmann F (2011) Another
chloromyxid lineage: molecular phylogeney and redescription of
Chloromyxum careni from the Asian horned frog Megophrys
nasuta. J Eukaryot Microbiol 58:50–59

Kato E, Kasai A, Tomochi H, Li YC, Sato H (2017) FourMyxobolus spp.
(Myxosporea: Bivalvulida) from the gill lamellae of common carp
(Cyprinus carpio) and Japanese silver crucian carp (Carassius
langsdorfii) in the western part of Japan, with the description of
three new species (M. tanakai n. sp., M. paratoyamai n. sp., and
M. ginbuna n. sp.). Parasitol Res 116:2427–2441

Kopečná J, Jirku M, Oborník M, Tokarev YS, Lukes J, Modrý D (2006)
Phylogenetic analysis of coccidian parasites from invertebrates:
search for missing links. Protist 157:173–183

Kudo RR (1916) Contributions to the study of parasitic protozoa. III.
Notes on some Myxosporidia found in some fresh-water fishes of
Japan, with the description of three new species. J Parasitol 3:3–9

Kudo RR (1920) Studies on the Myxosporidia: a synopsis of genera and
species of Myxosporidia. Illinois Biological Monographs 5:1–265

Li Y-C, Sato H, Kamata Y, Ohnishi T, Sugita-Konishi Y (2012) Tree
novel myxobolid species of genera Henneguya and Myxobolus

(Myxosporea: Bivalvulida) from marine fish in Japan. Parasitol
Res 111:819–826

Li Y-C, Sato H, Tanaka S, Ohnishi T, Kamata Y, Sugita-Konishi Y (2013)
Characterization of the ribosomal RNA gene of Kudoa neothunni
(Myxosporea: Multivalvulida) in tunas (Thunnus spp.) and Kudoa
scomberi n. sp. in a chub mackerel (Scomber japonicus). Parasitol
Res 112:1991–2003

Liu Y, Gu ZM, Luo YL (2010) Some additional data to the occurrence,
morphology and validity ofMyxobolus turpisrotundus Zhang, 2009
(Myxozoa: Myxosporea). Parasitol Res 107:67–73

Liu Y, Whipps CM, Gu ZM, Huang MJ, He C, Yang HL, Molnár K
(2013) Myxobolus musseliusae (Myxozoa: Myxobolidae) from the
gills of common carp Cyprinus carpio and revision of Myxobolus
dispar recorded in China. Parasitol Res 112:289–296

Liu XH, Yuan S, Zhao YL, Fang P, Chen H, Zhang JY (2016)
Morphological and molecular characterization of Myxobolus
sheyangensis n. sp. (Myxosporea: Myxobolidae) with intralamellar
sporulation in allogynogenetic gibel carp, Carassius auratus gibelio
(Bloch) in China. Parasitol Res 115:3567–3574

Liu XH, Voronin VN, Dudin AS, Morozova DA, Zhang JY (2017)
Morphological andmolecular characterization of a new cyprinid gall
bladder-infecting Chloromyxum species, Chloromyxum peleci sp. n.
(Myxozoa: Chloromyxidae), from Pelecus cultratus (L.) in Russia.
Parasitol Res 116:2239–2248

Lom J, Arthur JR (1989) A guideline for the preparation of species de-
scriptions in Myxosporea. J Fish Dis 12:151–156

Lom J, Dyková I (1993) Scanning electron microscopic revision of com-
mon species of the genus Chloromyxum (Myxozoa: Myxosporea)
infecting European freshwater fishes. Folia Parasitol 40:161–174

Lom J, Dyková I (2006) Myxozoan genera: definition and notes on tax-
onomy, life-cycle terminology and pathogenic species. Folia
Parasitol 53:1–36

Matsukane Y, Sato H, Tanaka S, Kamata Y, Sugita-Konishi Y (2010)
Kudoa septempunctata n. sp. (Myxosporea: Multivalvulida) from
an aquacultured olive flounder (Paralichthys olivaceus) imported
from Korea. Parasitol Res 107:865–872

Mitchell LG, Listebarger JK, Bailey WC (1980) Epizootiology and his-
topathology ofChloromyxum trijugum (Myxosporea:Myxosporida)
in centrarchid fishes from Iowa. J Wildl Dis 16:233–236

Mutschmann F (1999) A new myxozoan, Chloromyxum careni sp. n.
(Myxosporea: Chloromyxidae) from the kidney of Megophrys
nasuta Schlegel, 1858 (Anura: Pelobatidae) from Indonesia. Acta
Protozool 38:83–86

Reda ASA (2010) Chloromyxum aegypticus n. sp. (Myxozoa:
Chloromyxidae) infecting the testicular tissue of the Egyptian toad,
Bufo regularis (Amphibia: Bufonidae), and its pathogenicity.
Parasitol Res 107:1299–1306

Rocha S, Casal G, Al-Quraishy S, Azevedo C (2013) Morphological and
molecular characterization of a new myxozoan species
(Myxosporea) infecting the gall bladder of Raja clavata
(Chondrichthyes), from the Portuguese Atlantic coast. J Parasitol
99:307–317

Rocha S, Casal G, Al-Quraishy S, Azevedo C (2014) Morphological and
ultrastructural redescription of Chloromyxum leydigi Mingazzini,
1890 (Myxozoa: Myxosporea), type species of the genus, infecting
the gall bladder of the marine cartilaginous fish Torpedo marmorata
Risso (Chondrichthyes: Torpedinidae), from the Portuguese Atlantic
coast. Folia Parasitol 61:1–10

Salim KY, Desser SS (2000) Descriptions and phylogenetic systematics
of Myxobolus spp. from cyprinids in Algonquin Park, Ontario. J
Eukaryot Microbiol 47:309–318

Sanders JL, Jaramillo AG, Ashford JE, Feist SW, Lafferty KD, Kent ML
(2015) Two myxozoans from the urinary tract of topsmelt,
Atherinops affinis. J Parasitol 10:577–586

3356 Parasitol Res (2019) 118:3349–3357



Sarkar NK (2007) Two new myxosporean species of Chloromyxum
Mingazzini 1890 (Myxosporea: Chloromyxidae) from the gall blad-
der of two freshwater fishes. Uttar Pradesh J Zool 27:233–237

Shul’man SS (1966) Myxosporidia of the USSR. In: Kothekar VS (ed)
Izdatel’stvo Nauka AN SSSR, Moscow-Leningrad (in Russian;
English version in 1988). Amerind Publishing Co., New Delhi 631
pp

Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTALW: improving
the sensitivity of progressive multiple sequence alignment through
sequence weighting, position-specific gap penalties and weight ma-
trix choice. Nucleic Acids Res 22:4673–4680

Urawa S, Hiroi O (1986) Two species of Chloromyxum (Myxozoa:
Myxosporea) in chum salmon,Oncorhynchus keta (Walbaum): tax-
onomy and life cycle. Sci Rep Hokkaido Fish Hatchery 40:11–20 (in
Japanese with English summary)

Zhang JY, Wang JG, Li AH, Gong XN (2010) Infection of Myxobolus
turpisrotundus sp. n. in allogynogenetic gibel carp, Carassius

auratus gibelio (Bloch), with revision of Myxobolus rotundus (s.
l.) Nemaczek reported from C. auratus auratus (L.). J Fish Dis 33:
625–638

Zhang JY, Zhao YL, Batueva MD, Luo D, Xing ZF, Zhang QQ, Liu XH
(2017) Redescription of Chloromyxum ellipticum Li & Nie, 1973
(Myxosporea: Chloromyxidae) infecting the gall bladder of gras
carp Ctenopharyngodon idellus Valenciennes, 1844, supplemented
by morphlogical and molecular characteristics. Parasitol Res 116:
1479–1486

Zhao YJ, Li NN, Tang FH, Dong JL (2013) Remarks on the validity of
Myxobolus ampullicapsulatus and Myxobolus honghuensis
(Myxozoa: Myxosporea) based on SSU rDNA sequences.
Parasitol Res 112:3817–3823

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

3357Parasitol Res (2019) 118:3349–3357


	Morphological...
	Abstract
	Introduction
	Materials and methods
	Fish samples and parasitological examination
	DNA extraction, polymerase chain reaction, and sequencing
	Phylogenetic analysis

	Results
	Description
	Chloromyxum trilineatum n. sp. (Myxosporea: Bivalvulida)

	Taxonomic summary
	Remarks
	Phylogenetic analysis of the rDNA

	Discussion
	References


