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Abstract Molecular genetic characterization using the ribo-
somal RNA (rDNA) gene accrues a wealth of knowledge
regarding the true nature of species diversity of Kudoa
Meglitsch, 1947 (Myxozoa: Myxosporea: Multivalvulida)
and the biogeographical relationships of isolates from differ-
ent host fish and sea areas. In the present study, we character-
ized morphologically and genetically three Kudoa spp. with
four shell valves and polar capsules (SV/PC), forming
pseudocysts in the myofiber of trunk muscles of
Cheilodactylus zonatus or Acanthogobius hasta in the natural
seawater around Japan. Myxospores from C. zonatus fished in
the western Pacific Ocean off Kochi, Japan, were unequal
quadrangular pyramids with one large and three smaller SV/
PC, morphologically closest to Kudoa whippsi recorded in
various pomacentrid and apogonid fish from the Australian
Coral Sea. The 18S and 28S rDNA nucleotide sequences of
the Japanese isolate were highly similar to some Australian
K. whippsi isolates, but also displayed less similarity to other
K. whippsi isolates from the same sea mainly due to instability
of nucleotides at certain base positions and/or segments of
different isolates. All the K. whippsi isolates including the
present Japanese isolate, however, were distinct from Kudoa
gunterae, K. whippsi’s closest kudoid species in morphology,
molecular phylogeny, and biogeography. Our detection of
K. whippsi from C. zonatus in the natural seawater around
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Japan is a new host and geographical record. Kudoid
myxospores from A. hasta from the Sea of Ariake, a deep
bay of the western part of Japan, exhibited two morphotypes,
one resembling K. whippsi and the other Kudoa quadricornis
with distinct posteriolateral SV projections. However, IDNA
nucleotide sequencing revealed that these two Kudoa spp.
were distinct from any known congeners; thus, Kudoa akihitoi
n. sp. and Kudoa empressmichikoae n. sp. were erected. The
morphological differentiation of K. akihitoi n. sp. from multi-
ple Kudoa spp. with scalene stellate myxospores containing
one large and three smaller SV/PC was difficult, whereas
K. empressmichikoae n. sp. with spherical spore bodies ex-
tending small posteriolateral SV projections was distinct from
known congeners with similar but elongated spore bodies and
PC, i.e., K. quadricornis and Kudoa paraquadricornis, found
in the trunk muscle of carangid fish from the Australian Coral
Sea.

Keywords Kudoa whippsi - Kudoa akihitoin. sp. - Kudoa
empressmichikoae n. sp. - Multivalvulida - Cheilodactylus
zonatus - Acanthogobius hasta - Japan - Genetic diversity

Introduction

Kudoa Meglitsch, 1947 (Myxozoa: Myxosporea:
Multivalvulida) is currently defined as myxosporeans with
four or more shell valves and polar capsules (SV/PC) in equal
numbers (Whipps et al. 2003a, 2004; Lom and Dykova 2006).
Records of Kudoa spp., including multiple new species, have
accrued at an accelerating pace in the last two decades, with
currently more than 100 species (Moran et al. 1999; Lom and
Dykova 2006; Sato 2011; Eiras et al. 2014). Myxospores of

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00436-016-5329-2&domain=pdf

648

Parasitol Res (2017) 116:647-659

Kudoa spp. are relatively simple in morphology, being stel-
late, quadrate, or subspherical to ovoid in apical view with
ellipsoidal or pyriform PC (Whipps et al. 2003a, 2004; Lom
and Dykova 2006). Furthermore, surface ornamentations of
SV are uncommon, and specialized techniques such as scan-
ning electron microscopy are required to observe fine struc-
tures including apical projections of myxospores. Although
information pertaining to geographical distribution, host spec-
ificity, and tissue tropism may aid species differentiation, it is
still difficult to confidently identify a species based solely on
myxospore morphology. Moreover, at present, the life cycle of
Kudoa spp., i.e., alternate annelid hosts and actinospore
stages, is poorly understood (Yokoyama et al. 2012;
Eszterbauer et al. 2015). The recent application of 18S and
28S ribosomal RNA (rDNA) gene nucleotide sequencing has,
however, dramatically improved the species identification of
Kudoa spp. and other myxozoans. It has demonstrated the
phenotypic plasticity of myxospores, low host specificity,
and appreciable genetic variation of certain species, as well
as higher phylogenetic relationships of species showing the
same tissue tropism rather than morphological similarity of
myxospores (Burger et al. 2007, 2008; Burger and Adlard
2010b, 2011; Abdel-Ghaffar et al. 2016).

Kudoa thyrsites (Gilchrist, 1924) causes post-mortem
myoliquefaction and is distributed worldwide. It has been re-
corded from a variety of fish species and is responsible for
precipitating great economic losses to global fisheries (Kent
et al. 1994; Moran et al. 1999; Yokoyama et al. 2004; Whipps
and Kent 2006; Kasai et al. 2016b). Myxospores of K. thyrsites
are unequal quadrangular pyramids containing one large and
three smaller SV/PC. In the last decade, with the benefit of
molecular techniques, multiple Kudoa spp. with almost identi-
cal myxospore morphology to K. thyrsites have been differen-
tiated and named. These include Kudoa minithyrsites Whipps
et al., 2003; Kudoa lateolabracis Yokoyama et al., 2004;
Kudoa megacapsula Yokoyama & Itoh, 2005; Kudoa whippsi
Burger & Adlard, 2010; Kudoa gunterae Burger & Adlard,
2010; Kudoa cheilodipteri Heiniger et al., 2013; and Kudoa
parathyrsites Kasai et al., 2016 (Whipps et al. 2003b;
Yokoyama et al. 2004; Yokoyama and Itoh 2005; Burger and
Adlard 2010a; Heiniger et al. 2013; Kasai et al. 2016b).
Furthermore, K. thyrsites itself has been suggested to be a spe-
cies complex with four major regional strains (Whipps and
Kent 2006; Burger and Adlard 2010a, 2011).

During our recent survey of myxosporean infection in 354
individuals of 53 edible marine fish species in the natural
seawater around Japan, two K. whippsi-like and one Kudoa
quadricornis-like Kudoa spp., in addition to Kudoa trachuri
Matsukane et al., 2011, in the white trevally Pseudocaranx
dentex, were found in the myofiber of trunk muscles of
Cheilodactylus zonatus from the western Pacific Ocean off
Kochi, Japan, and Acanthogobius hasta from the Sea of
Ariake, Japan. Since the two aforementioned Kudoa spp.,
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K. whippsi and K. quadricornis Whipps et al., 2003, were
originally recorded in Australian coral fish of Carangidae,
Pomacentridae, and Apogonidae (Whipps et al. 2003a;
Burger and Adlard 2010a; Heiniger et al. 2013), their phylo-
genetic relationships with the new Kudoa spp. collected from
Japan’s seawater are of great benefit to the understanding of
species diversity and/or phylogenetic relationships between
isolates in distant sea areas.

Materials and methods
Fish samples and parasitological examination

Whole bodies of 354 individuals of 53 fish species, classified
in 44 genera of 34 families, were purchased from local fish
markets in Japan during the period June 2014 to February
2016 (Table 1). These fish were caught near the local fish
markets in the Sea of Japan, East China Sea, Sea of Ariake,
Inland Sea of Japan, and western Pacific Ocean. Following
transportation of the samples on ice, fish were cut open and
their gills and viscera removed and examined under a dissec-
tion microscope. Filleted fish meats were examined on the day
of arrival or frozen until examination. Thin slices of muscle
fillets were pressed between two glass plates and examined
under a dissection microscope to detect the presence of
myxosporean cysts or pseudocysts.

When myxosporean plasmodia were detected, muscle slices
were placed in physiological saline and parasitized myofibers
were carefully isolated with fine forceps. The release of
myxospores from a pseudocyst in the myofiber or a cyst be-
tween myofibers was executed with fine forceps. Myxospores
were observed using a microscope equipped with differential
interference contrast imaging, photographed at a magnification
of x800, and then transformed into photographs with Adobe®
Photoshop® ver. 11.0 (Adobe Systems, San Jose, California,
USA). Photographs were then printed at a high magnification.
Measurements were conducted on multiple printed photographs
following the guidelines of Lom and Arthur (1989). All mea-
surements are expressed in micrometer unless otherwise stated.
Ranges with the means in parentheses are presented.

Following removal of a portion of the myxospores for
DNA extraction, the parasite was fixed in 10% neutral-
buffered formalin solution and 70% ethanol solution.
Specimens collected in the present work were deposited in
the Meguro Parasitological Museum, Tokyo, Japan, under
collection nos. 21255-21257.

DNA extraction, PCR, and sequencing
Parasite DNA was extracted from a kudoid plasmodium using

an [llustra™ tissue and cell genomicPrep Mini Spin Kit (GE
Healthcare UK, Buckinghamshire, UK) according to the
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Table 1  Fish samples examined for myxosporean infection in the present study
Order, family, and subfamily Fish species Locality Date of fishing No. of fish ~ No. of fish
of fish examined infected”
Beloniformes
Exocoetidae Cypselurus agoo West Pacific Ocean, off Tokyo Jan. 6, 2016 6 0
Scomberesocidae Cololabis saira West Pacific Ocean, off Aomori Sep. 10, 2015 6 0
Sea of Japan, off Hokkaido Sep. 26, 2015 6 0
Beryciformes
Berycidae Beryx splendens West Pacific Ocean, off Kochi Feb. 11, 2016 3 0
Holocentridae Sargocentron spiniferum East China Sea, off Okinoerabu Nov. 26, 2015 1 0
Clupeiformes
Clupeidae Clupea pallasii Sea of Japan, off Hokkaido Sep. 26, 2015 6 0
Sardinops melanostictus West Pacific Ocean, off Aomori Sep. 10, 2015 6 0
Gadiformes
Gadidae Gadus macrocephalus West Pacific Ocean, off Aomori Sep. 10, 2015 4 0
Moridae Physiculus japonicus West Pacific Ocean, off Aomori Sep. 10, 2015 6 0
Osmeriformes
Osmeridae Spirinchus lanceolatus Sea of Japan, off Hokkaido Sep. 25, 2015 10 0
Perciformes
Acanthuridae: Nasinae Naso hexacanthus East China Sea, off Okinoerabu Nov. 26, 2015 5 0
Naso vlamingii East China Sea, off Okinoerabu Nov. 26, 2015 1 0
Caesionidae: Caesioninae Pterocaesio tile East China Sea, off Okinoerabu Nov. 26, 2015 6 0
Caranx ignobilis East China Sea, off Kagoshima Dec. 26, 2015 9 0
Pseudocaranx dentex East China Sea, off Kagoshima Dec. 26, 2015 6 2 (K.t. 2/6)
Carangidae: Naucratinae Seriola dumerili Sea of Japan, off Hokkaido Sep. 25, 2015 5 0
Seriola lalandi Sea of Japan, off Tottori Feb. 5, 2016 6 0
Seriola quinqueradiata East China Sea, off Kagoshima Dec. 26, 2015 6 0
Sea of Japan, off Tottori Jan. 27, 2016— 16 0
Feb. 11, 2016
West Pacific Ocean, off Kochi Jan. 29, 2016 0
Cheilodactylidae Cheilodactylus zonatus West Pacific Ocean, off Kochi Jan. 14, 2016 6 1 (Kw. 1/6)
Gobiidae: Amblyopinae Odontamblyopus lacepedii Ariake Sea Jun. 26, 2014 17 0
Gobiidae: Gobionellinae Acanthogobius hasta Ariake Sea Feb. 11, 2016 6 6 (K.a. 2/6;
K.e. 6/6)
Gobiidae: Oxudercinae Boleophthalmus pectinirostris Ariake Sea Jun. 26, 2014 20 0
Haemulidae: Plectorhinchinae Parapristipoma trilineatum East China Sea, off Okinoerabu Nov. 26, 2015 2 0
Sea of Japan, off Tottori Feb. 1, 2016 6 0
Kyphosidae: Girellinae Girella punctata East China Sea, off Kagoshima Dec. 26, 2015 3 0
West Pacific Ocean, off Kochi Feb. 11, 2016 5 0
Lateolabracidae Lateolabrax latus West Pacific Ocean, off Kochi Feb. 2, 2016 3 0
Lutjanidae: Apsilinae Paracaesio xanthurus West Pacific Ocean, off Kochi Feb. 11, 2016 4 0
Paracaesio caerulea East China Sea, off Okinoerabu Nov. 26, 2015 4 0
Lutjanidae: Etelinae Etelis coruscans East China Sea, off Okinoerabu Nov. 26, 2015 4 0
Lutjanidae: Lutjaninae Lutjanus bengalensis East China Sea, off Okinoerabu Nov. 26, 2015 1 0
Lutjanus gibbus East China Sea, off Okinoerabu Nov. 26, 2015 1 0
Lutjanus kasmira East China Sea, off Okinoerabu Nov. 26, 2015 2 0
Mullidae Parupeneus chrysopleuron East China Sea, off Okinoerabu Now. 26, 2015 2 0
Pomacentridae: Chrominae Chromis chrysurus East China Sea, off Okinoerabu Nov. 26, 2015 15 0
Priacanthidae Cookeolus japonicus Sea of Japan, off Tottori Feb. 1, 2016 8 0
Scaridae: Scarinae Scarus forsteni East China Sea, off Okinoerabu Now. 26, 2015 4 0
Scombridae: Scombrinae Scomber japonicus Sea of Japan, off Hokkaido Sep. 26, 2015 6 0
Scomberomorus niphonius East China Sea, off Kagoshima Dec. 26, 2015 3 0
Scombropidae Scombrops boops West Pacific Ocean, off Tokyo Jan. 6, 2016 6 0
Serranidae: Epinephelinae Plectropomus laevis East China Sea, off Okinoerabu Now. 26, 2015 1 0
Sillaginidae Sillago japonica Sea of Japan, off Tottori Feb. 5, 2016 6 0
Sparidae Acanthopagrus schlegelii Sea of Japan, off Tottori Feb. 5, 2016 5 0
Trichodontidae Arctoscopus japonicus West Pacific Ocean, off Aomori Sep. 10, 2015 6 0
Sea of Japan, off Tottori Feb. 11, 2016 6 0
Pleuronectiformes
Cynoglossidae Paraplagusia japonica Ariake Sea Feb. 11, 2016 6 0
Pleuronectidae Hippoglossoides pinetorum West Pacific Ocean, off Aomori Sep. 10, 2015 6 0
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Table 1 (continued)

Order, family, and subfamily Fish species Locality Date of fishing No. of fish ~ No. of fish
of fish examined infected”
Sea of Japan, off Hokkaido Sep. 26, 2015 6 0
Pleuronectes herzensteini West Pacific Ocean, off Aomori Sep. 10, 2015 2 0
Sea of Japan, off Hokkaido Sep. 26, 2015 6 0
Pleuronectes schrenki West Pacific Ocean, off Aomori Sep. 10, 2015 6 0
Scorpaeniformes
Sebastidae: Sebastinae Sebastes vulpes Sea of Japan, off Tottori Feb. 11, 2016 6 0
Sebastiscus marmoratus Inland Sea of Japan, off Hyogo Jan. 27, 2016 11 0
Sebastiscus tertius Sea of Japan, off Tottori Feb. 1, 2016 6 0
Triglidae: Triglinae Lepidotrigla microptera Sea of Japan, off Tottori Feb. 5, 2016 6 0
Scorpaeniformes
Agonidae Podothecus sachi West Pacific Ocean, oft Aomori Sep. 10, 2015 4 0
Sebastidae Sebastes pachycephalus West Pacific Ocean, off Aomori Sep. 10, 2015 6 0
Sebastes steindachneri Sea of Japan, off Hokkaido Sep. 26, 2015 6 0
Tetraodontiformes
Tetraodontidae: Tetraodontinae Takifugu porphyreus Sea of Japan, off Hokkaido Sep. 26, 2015 6 0
Total (10 orders; 34 families; 44 genera; 53 species) 354 9

K.t. Kudoa trachuri, K.w. Kudoa whippsi, K.a. Kudoa akihitoi n. sp., K.e. Kudoa empressmichikoae n. sp.

?In parentheses, the infection rate for each kudoid species is shown

instructions of the manufacturer. Polymerase chain reaction
(PCR) amplification of overlapping fragments of the rDNA
was performed in a 20-pl volume containing a DNA polymer-
ase, Blend Tag-Plus- (TOYOBO, Dojima Hama, Osaka,
Japan), and primers as described previously (Li et al. 2013;
Kasai et al. 2015). The PCR products were purified using a
FastGene Gel/PCR Extraction Kit (NIPPON Genetics Co.,
Tokyo, Japan) and sequenced directly. When direct sequenc-
ing was not satisfactory, the purified PCR products were
cloned into the plasmid vector pTA2 (TArget Clone™;
TOYOBO) and transformed into Escherichia coli IM109
(TOYOBO) according to the instructions of the manufacturer.
Following propagation, the plasmid DNA was extracted using
a FastGene Plasmid Mini Kit (NIPPON Genetics Co.) and
inserts from multiple independent clones, at least three, were
sequenced using universal M13 forward and reverse primers.
The nucleotide sequences obtained in the present study are
available from the DDBJ/EMBL/GenBank databases under
the accession nos. LC190919-LC190927.

Phylogenetic analysis

For phylogenetic analysis, the newly obtained rDNA nucleo-
tide sequences of Kudoa spp. in the present study and related
Kudoa 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 given in the figures showing
phylogenetic trees. Regions judged to be poorly aligned and
characters with a gap in any sequence were excluded from
subsequent analyses; 1399 characters, of which 238 were
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variable, and 460 characters, of which 152 were variable,
remained for subsequent analysis for the 18S and 28S
rDNAs, respectively. Maximum likelihood (ML) analysis
was performed with the program PhyML as described previ-
ously (Matsukane et al. 2010; Li et al. 2013). Kudoa
carcharhini and Kudoa hemiscylli, two Kudoa spp. of elasmo-
branchs in the natural seawater around Australia, were used as
an outgroup for the construction of ML phylogenetic trees.
They were used for this purpose because they are positioned
near the root of a great majority of Kudoa spp. in phylogenetic
trees based on the rDNA (Gleeson et al. 2010).

Results
Incidence of kudoid infection

A survey of 354 samples of edible marine fish (53 species of
44 genera in 34 families) in the natural seawater around Japan
(Table 1) revealed myxosporean infection in trunk muscles of
Pseudocaranx dentex fished in the East China Sea off
Kagoshima, Japan (body standard length, 23-26 cm; and
body weight, 315-403 g), C. zonatus fished in the western
Pacific Ocean off Kochi, Japan (body standard length, 30—
33 cm; body weight, 609—733 g), and A. hasta in the Sea of
Ariake, Japan (body standard length, 26-31 cm; body weight,
160-203 g). Plasmodia of K. trachuri from two of six
P dentex individuals examined were found in fibrous cysts
between the myofibers, and 35 and nine cysts were dispersed
in the trunk muscles of each of the infected fish individuals.
Kudoid cysts in the former individual contained 15 intact,
well-grown plasmodia and 20 degenerated ones. The
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morphology and 18S rDNA nucleotide sequence of
myxospores isolated from intact cysts coincided well with
K. trachuri from Japanese jack mackerel Trachurus japonicus
(Matsukane et al. 2011; Kasai et al. 2015). Therefore, this
kudoid was not further investigated in the present study.

K. whippsi-like species from C. zonatus had unequal qua-
drangular pyramid-shaped myxospores (Fig. 1), forming ten
pseudocysts in the myofibers. The infection was found in one
of six fish individuals examined. In six A. hasta individuals,
51 to 106 (average 67) pseudocysts occurred in the myofibers,
and two morphotypes of Kudoa myxospores were found:
K. whippsi-like spores (Fig. 2) in two individuals and a
K. quadricornis-like species with spherical spore bodies bear-
ing small posteriolateral SV projections (Fig. 3) in all six fish
individuals examined. Pseudocysts of the two Kudoa spp.
from A. hasta could not be differentiated by their shape or
dimensions under a dissection microscope. Stylized diagrams
of each kudoid species are shown in Fig. 4. No inflammation
was noted around the myofibers containing myxosporean
plasmodia. Phylogenetic trees based on the 18S rDNA and
28S rDNA nucleotide sequences indicated that the Kudoa
isolate from C. zonatus had a close affinity with certain iso-
lates of K. whippsi recorded in the Australian Coral Sea,
whereas the two Kudoa spp. from A. hasta showed no notable
genetic affinities with known Kudoa spp. (Figs. 5 and 6).
Consequently, for the two latter Kudoa spp. from A. hasta,
new myxosporean species, Kudoa akihitoi n. sp. and Kudoa
empressmichikoae n. sp., are erected in the present study.

K. whippsi (Myxosporea: Multivalvulida) from C. zonatus
(Figs. 1 and 4a, a’; Table 2)

Elongated plasmodia with tapering ends, 1.13-3.91 mm
(2.15) by 0.19-0.30 mm (0.24) (n = 10), forming pseudocysts,
were found in the myofiber of trunk muscles. Plasmodia were
polysporic with synchronized spore development.
Myxospores from pseudocysts were scalene stellate with four
unequal SV/PC in apical view. When the average length of the
largest PC was assumed to be 10, the ratio of the four PC was
10:6.3-7.9 (7.0):6.1-7.6 (6.7):5.7-7.0 (6.2) (n = 20). General
spore morphology was closest to K. whippsi. PC were drop-
like, occupying most parts of spores. In lateral view, spores

Fig. 1 Photographs of fresh
spores of Kudoa whippsi from
Cheilodactylus zonatus in apical
(a—e) and lateral (f-h) views. All
photographs are at the same
magnification, with the scale
shown on photograph (a)

were scalene pyramidal, extending sharp SV corners
posteriolaterally. Coils of polar filament were not seen in
wet preparations. Measurements of myxospores are shown
in Table 2. Although myxospore morphometrics of the present
specimens were similar to most or some of the values of the
eight species listed in Table 2, the closest ones were
K. whippsi and K. cheilodipteri recorded from various
Australian coral fish of Carangidae and Pomacentridae
(Burger and Adlard 2010a; Heiniger et al. 2013).

Four nucleotide sequences of the serial 18S to 28S rDNA,
5417-5431 bp in length, were obtained by extensive DNA
clonings from a single plasmodium. These sequences
contained 1727-bp-long partial 18S rDNA, 518-bp-long inter-
nal transcribed spacer 1 (ITS1), 158-bp-long 5.8S tDNA, 434-
bp-long internal transcribed spacer 2 (ITS2), and 2580-2594-
bp-long partial 28S rDNA (DDBJ/EMBL/GenBank accession
nos. LC190919-LC190922), showing intraindividual nucleo-
tide changes, i.e., nucleotide substitutions and indels (inser-
tion/deletion), at certain base positions and segments in the
28S rDNA nucleotide sequences. The remaining parts (18S
rDNA, ITS1, 5.8S rDNA, and ITS2) of the four sequences,
2837 bp in length, were absolutely identical. As shown in
Figs. 5 and 6, the Japanese K. whippsi isolate from
C. zonatus formed a clade with Australian K. whippsi isolates
and K. gunterae isolates from various pomacentrid and
apogonid fish in both phylogenetic trees based on either the
18S rDNA or 28S rDNA, and was distant from
K. cheilodipteri and other kudoids. When their 18S and 28S
rDNA nucleotide sequences were aligned and precisely com-
pared, K. gunterae isolates were clearly different from all the
K. whippsi isolates at several base positions and certain seg-
ments of the sequences (data not shown). The Australian and
Japanese isolates of K. whippsi showed nucleotide changes at
certain base positions and segments (Tables 3 and 4), and
combinations of these nucleotide changes were variable by
isolate. Certain Australian K. whippsi isolates (e.g., NR iso-
late, followed by LI1 or KwAb2 isolates) showed partial but
higher commonality of the rDNA nucleotide sequences with
the Japanese isolate rather than the other Australian K. whippsi
isolates. The present isolation of K. whippsi from spottedtail
morwong C. zonatus fished in the western Pacific Ocean off
Kochi, Japan, is a new host and new geographical record.
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Fig. 2 Photographs of fresh
spores of Kudoa akihitoi n. sp.
from Acanthogobius hasta in
apical (a—e) and lateral (a, f-k)
views. All photographs are at the
same magnification, with the
scale shown on photograph (a)

Description

K. akihitoi n. sp. (Myxosporea: Multivalvulida) (Figs. 2
and 4b, b’; Table 2)

Elongated plasmodia with tapering ends, 0.79-5.40 (1.98)
mm by 0.12-0.44 (0.26) mm (n = 16), forming pseudocysts,
in the myofiber of trunk muscles. Polysporic and synchro-
nized spore development. Myxospores scalene stellate with
four unequal SV/PC in apical view, without SV ornamenta-
tion. In lateral view, myxospores scalene pyramidal, PC drop-
like, occupying most parts of myxospores. When the average
length of the largest PC was assumed to be 10, the ratio of the
four PCwas 10:7.2-9.3 (8.4): 6.2-9.2 (7.8) : 5.9-8.2 (7.0) (n
=20). Coils of polar filament not seen in wet preparations. The
spores having dimensions of: width 9.1-12.5 (10.6); thickness
6.8-9.4 (8.1); sutural thickness 5.3—6.7 (6.1); length 5.3-7.0
(6.4); largest PC 4.2-5.1 (4.8) by 2.2-2.8 (2.5); and three
smaller PC 2.8-4.6 (3.7) by 1.5-2.3 (1.9).

Two serial nucleotide sequences of the 18S to 28S rDNA,
5950 and 5959 bp in length, were obtained from a single
plasmodium. These sequences contained 1717-bp-long partial
18S rDNA, 594- and 609-bp-long ITS1, 158-bp-long 5.8S
rDNA, 576- and 570-bp-long ITS2, and 2905-bp-long partial
28S rDNA (DDBIJ/EMBL/GenBank accession nos.
LC190923 and LC190924). The two nucleotide sequences
were absolutely identical regarding their 18S, 5.8S, and 28S
rDNAs, whereas their ITS1 and ITS2 regions showed 93.8
and 94.9% identities, respectively, partly ascribed to different

Fig. 3 Photographs of fresh
spores of Kudoa
empressmichikoae n. sp. from
Acanthogobius hasta in apical (a—
f) and lateral (g-1) views. All
photographs are at the same
magnification, with the scale
shown on photograph (1)
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numbers of repeats of a few nucleotide units such as “TG,”
‘GGT’” OI‘ 6‘TGA A A ‘”

Taxonomic summary

Host: Acanthogobius hasta (Temminck & Schlegel, 1845)
(Actinopterygii: Perciformes: Gobiidae).

Locality: The Sea of Ariake, a deep bay surrounded by
Fukuoka, Saga, Nagasaki, and Kumamoto Prefectures on
Kyushu Island, Japan.

Site of infection: Pseudocysts in somatic muscles.

Materials deposited: Hapantotype no. 21256, Meguro
Parasitological Museum, Tokyo, Japan.

Prevalence: Two of six fish individuals were collected in
the same sea area. These two fish individuals were coinfected
with another species described in the following,
K. empressmichikoae n. sp., with 74 and 106 pseudocysts
detected in them, whereas the four other fish individuals with
only K. empressmichikoae n. sp. infection were loaded with
51 to 70 (average 57) pseudocysts. Due to the similarity of
plasmodia in morphology and dimensions, the exact numbers
of K. akihitoi n. sp. plasmodia in infected A. hasta individuals
were unable to be determined.

Etymology: The species is named in honor of Akihito, the
reigning Emperor of Japan, who has a great interest in science
and ichthyological research, particularly the taxonomy of the
family Gobiidae, and has previously published in the field
(Akihito 1992; Akihito et al. 2000).
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Fig. 4 Stylized diagrams of the
three Kudoa spp. recorded in the
present study. Kudoa whippsi (a,
a’), Kudoa akihitoi n. sp. (b, b’),
and Kudoa empressmichikoae n.
sp. (¢, ¢”) in apical (upper) and
lateral (lower) views

Fig. 5 ML phylogenetic tree
based on the 18S rDNA sequence.
The species name of the isolates
collected in the present study
(with gray background) is
followed by the name of the
isolate, fish host, country of
collection, and DDBJ/EMBL/
GenBank accession number. The
name of the other species is
followed by the country of
collection and DDBJ/EMBL/
GenBank accession number.
Abbreviations of country names:
AU Australia, CA Canada, CN
People’s Republic of China, ES
Spain, /L Israel, IS Iceland, JP
Japan, KR Korea, PH Philippines,
UA Ukraine, US USA, ZA South
Africa

K. hemiscylli AU (GU324948)
K. carcharhini AU (GU324970)
K. carcharhini AU (GU324968)
— K. musculoliquefaciens JP (LCO97084)

100

97

K. ogawai JP (AB636470)

100 K. twatai IL (AY514038)

—,

K. twatai JP (AB553294)
55: K. paniformis CA (AF034640)

K. inornata US (FJ790311)

[———— K. nova UA (EF644198)

100

0.07 substitutions/site

83

93

K. pleurogrammi JP (LC097085)
K. islandica IS (KJ451388)

— K. trifolia ES (AM183300)
[ K. quadricornis AU (AY078428)
98

K. paraquadricornis AU (FJ792715)
K. permulticapsula AU (AY078429)
K. monodactyli AU (DQ439814)
K. neothunni ex. Thunnus alvacares PH (AB693049)
78| K. neothunni ex. Thunnus tonggol_#1,#2, #3, #5, #6 JP (LCXXXXXX)
K. hexapunctata ex. Thunnus orientalis JP (AB693042)
K hexapunctata ex. Thunnus tonggol_#4 JP (LCXXXXXX)
. scomberomori AU (AY302737)
K. grammatorcyni AU (AY302739)
K. cheilodipteri AU (JX090295)
K. parathyrsites JP (LC128647)
Kudoa empressmichikoae n. sp. [HZK-1] ex. Acanthogobius hasta JP (LC190925)
90! Kudoa empressmichikoae n. sp. [HZK-3,4A| ex. Acanthogobius hasta JP
K. minithyrsites AU (AY152749) (LC190926 and LC190927)
100 K. lateolabracis JP (AY382606)

78

72

K. lateolabracis JP (AB844442)
iLK. megacapsula CN (AB188529)

K. megacapsula KR (AB263074)
. K. thyrsites ZA (AB188530)

K. thyrsites JP (AY382607)
K. thyrsites JP (LC128644)

9| - K. thyrsites ZA (AY542481)
sgLF K. thyrsites CA (AF031412)

K. thyrsites AU (AY152747)
Kudoa akihitoi n. sp. [HZK-4B| ex. Acanthogobius hasta JP
K. gunterae [KgAsor] AU (FJ792709) (LC190923 and LC190924)
K. gunterae [KgAsex] AU (FJ792708)
- K. gunterae [KgAsep] AU (FJ792707)
K. whippsi [TKN] ex. Cheilodactylus zonatus JP (LC190919 - LC190922)
K. whippsi [NR] AU (JX090292)
K. whippsi [KwAa] AU (FJ792722)
K. whippsi [L1] AU (JX090293)
92k K. whippsi [KwAbl1] AU (FJ792723)
K. neurophila AU (AY172511)
K. lethrini AU (DQ519388)

K. chaetodoni AU (DQ519387)

K. yasunagai JP (AY302741)

80

89

90]

83

98

97L K. prunusi JP (AB573715)
99 K. septempunctata KR (AB553293)
K. septempunctata JP (LC128640)
91, K. thalassomi AU (AY302738)
K. thalassomi JP (AB844443)
K. igami JP (AB844444)

100

88
920

@ Springer



654

Parasitol Res (2017) 116:647-659

K. hemiscylli AU (GU446628)

Fig. 6 ML phylogenetic tree scyliy
I K. hemiscylli AU (GU446624)

based on the 28S rDNA sequence
(see Fig. 5 legend for details)

98

80
86 |9

7 S

I
78

99

0.2 substitutions/site
73

Remarks

As shown in Table 2, there are multiple K. whippsi-like
kudoids with unequal quadrangular pyramid-shaped
myxospores containing one large and three smaller SV/PC.
It is rather difficult to differentiate one from the other based
solely on myxospore morphology. Furthermore, K. whippsi,
K. gunterae, and K. cheilodipteri are found in the same fish
hosts in the same coastal sea around Australia (Burger and
Adlard 2010a; Heiniger et al. 2013). From several standpoints,
the morphometrics of the present new species were closest to
those of K. whippsi and K. cheilodipteri. However, molecular
genetic analyses using the currently available 18S and 28S
rDNA nucleotide sequences clearly separated K. akihitoi n.
sp. from known Kudoa spp. with unequal quadrangular
pyramid-shaped myxospores (listed in Table 2), albeit they
demonstrated intraspecific nucleotide variations to some ex-
tent. The present new species showed 96.6-98.2% nucleotide

@ Springer
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K. carcharhini AU (GU446630)
K. musculoliquefaciens JP (LCO97084)
K. ogawai JP (AB636471)
K. iwatai JP (LCO66366)

K. monodactyli AU (FJ792748)

K. grammatorcyni AU (AY302729)

'K. neothunni ex. Thunnus alvacares PH (AY693049)

K. neothunni ex. Thunnus tonggol_#1, #2,#3, #5, #6 JP (LCXXXXXX)
K. hexapunctata ex. Thunnus orientalis JP (AY693042)

K. hexapuncatata ex. Thunnus tonggol_#4 JP (LCXXXXXX)

78

86 |

K. trifolia ES (AM490336)

K. unicapsula ES (AM490335)

K. miniauriculata US (AY302730)
K. pleurogrammi JP (LC0O97086)
K. islandica 1S (KJ857071)

K. paniformis CA (AY302732)

K. inornata US (FJ790312)
K. quadricornis AU (AY302733)

87

99 L K. paraquadricornis AU (FJ792749)
K. cheilodipteri AU (JX090300)
100l

K. cheilodipteri AU (JX090299)
K. parathyrsites JP (LC128648)

a9 Kudoa empressmichikoae n. sp. [HZK-1, 3, 4A] ex. Acanthogobius hasta JP

K. thyrsites JP (AY924196)
K. thyrsites JP (LC128644)
K. thyrsites JP (JQ302300)
K. thyrsites CA (AY924188)
K. thyrsites ZA (AY941819)
"\ K. thyrsites ZA (AY924193)
86L K. thyrsites AU (GU191935)
Kudoa akihitoi n. sp. [HZK-4B] ex. Acanthogobius hasta JP
K. lateolabracis JP (AB844445) (LC190923 and LC190924)
K. lateolabracis JP (JQ302298)
K. gunterae [KgDa] AU (FJ792738)
K. gunterae [KgCc] AU (FJ792736)
K. gunterae [KgAsor] AU (FJ792735)
K. whippsi [TKN] ex. Cheilodactylus zonatus JP (LC190919 - LC190922)
97 | K. whippsi [NR] AU (JX090296)

K. whippsi [KwAb2] AU (FJ792758)

K. whippsi [L11] AU (JX090297)
92| K. whippsi [KwAal] AU (FJ792755)
K. whippsi [KwApr] AU (FJ792761)

(LC190925 - LC190927)

78
92

K. septempunctata JP (AB693040)
93 IK. septempunctata JP (LC128641)

K. neurophila AU (AY302735)
K. lethrini AU (GUB08772)

89k K. yasunagai JP (AY302736)
73 |93 K. thalassomi JP (AB844446)
K. thalassomi AU (HM022125)
K. igami JP (AB844447)

identities of the 18S rDNA and 91.4-95.6% nucleotide iden-
tities of the 28S rDNA with the aforementioned Kudoa spp.,
which were satisfactory differences for species differentiation.
The low affinities of K. akihitoi n. sp. with K. whippsi and
other related species were reflected in isolation of the present
new species in both ML phylogenetic trees based on the 18S
and 28S rDNAs (Figs. 5 and 0).

K. empressmichikoae n. sp. (Myxosporea: Multivalvulida)
(Figs. 3 and 4c, ¢’; Table 5)

Elongated plasmodia with tapering ends, 0.79-5.40
(1.98) mm by 0.12—0.44 (0.26) mm (n = 16), forming
pseudocysts, in the myofiber of trunk muscles. Polysporic
and synchronized spore development. Myxospores spheroi-
dal with four almost equal SV/PC and small posteriolateral
SV projections. Apical digitate projections evident, without
other SV ornamentation; PC drop-like, slightly variable in
size. Coils of polar filament not seen in wet preparations.
The spores having dimensions of: width 9.2—11.8 (10.5);
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Table 3  Nucleotide changes in the 18S rDNA of Kudoa whippsi isolates from Japan and Australia®
Locality =~ PDBVEMBL/GenBank i oe o icolate Nucleotide position in the 18S rDNA" Nucleotide
accession no. 156—175 612 646 889 1311 1595 1602 1607 1608 1620 1631 1638 1641 identity (%)
Japan LC190919—LC190922  TKN CCGCCGCCCAAATAAAGGGC [ A T ¢ A C A G T T & C T 100
Australia  JX090292 NR CCGCCCCCCARATARAGGGC A T ¢ A ¢ T| - =2 99.46
Australia ~ FJ792723 KwADbl CCGCCCCC-ARACAAGGGGC | ¢ C [ A | @ - . . T c 99.35
Australia  JX090293 LI CCGCCCCC-ABACAAGGGGC | G C | A T ¢ A ¢ c|T| - =a 99.07
Australia  FJ792725 KwApr CCGCCCCC-AAACAAGGGGC R C A T G A C C T - A 99.09
Australia  FJ792724 KwApo CCECCCCC-ARACARGGEEC c | a T ¢ A ¢ c|T| - =& 99.09
Australia  FJ792722 KwAa CCGACCCC-ARACAAGGGGC A T ¢ A ¢ c|T| - =a 99.09

Dots denote an identical nucleotide to that of the Japanese isolate (clone A), and gaps are indicated by “—.” Nucleotide arrangements encased by lines

show a clear resemblance

?Data of nucleotide sequences were retrieved from the DDBJ/EMBL/GenBank databases, and they were deposited from the present study, Burger and

Adlard (2010a), and Heiniger et al. (2013)

®Nucleotide position is expressed relative to the 5’-end of 18S (Table 3) and 28S (Table 4) sequence of Japanese isolate of K. whippsi (DDBJ/EMBL/

GenBank accession no. LC190919)

thickness 6.2-9.1 (7.5); surural thickness 4.8-7.0 (5.7);
length 5.1-6.1 (5.6); PC length 1.7-2.7 (2.1); PC width
1.2-1.8 (1.5); posteriolateral SV projection length 2.2-3.4
(2.9); and posteriolateral SV projection width 1.8-2.9 (2.2).

Three serial nucleotide sequences of the 18S to 28S rDNA,
6002—6016 bp in length, were obtained from three different
plasmodia isolated from fish individual no. 1, no. 3, and no.
4. These sequences contained 1718-bp-long partial 18S rDNA,
651-665-bp-long ITS1, 158-bp-long 5.8S rDNA, 566-bp-long
ITS2, and 2909-bp-long partial 28S rDNA (DDBJ/EMBL/
GenBank accession nos. LC190925-1.C190927). The 188,
5.8S, ITS2, and 28S rDNA nucleotide sequences of these three
isolates were highly similar (99.4-100% identities), whereas
those of the ITS1 region showed 83.3-94.2% identities, partly
ascribed to different numbers of repeats of a few nucleotide
units such as “TTG,” GT, or “AGTG.”

Taxonomic summary

Host: Acanthogobius hasta (Temminck & Schlegel, 1845)
(Actinopterygii: Perciformes: Gobiidae).

Locality: The Sea of Ariake, a deep bay surrounded by
Fukuoka, Saga, Nagasaki, and Kumamoto Prefectures on
Kyushu Island, Japan.

Site of infection: Pseudocysts in somatic muscles.

Materials deposited: Hapantotype no. 21257, Meguro
Parasitological Museum, Tokyo, Japan.

Prevalence: All six fish individuals were examined. As
stated earlier, all six A. hasta individuals examined had 51—
106 (average 67) pseudocysts, and two of them were
coinfected with undetermined numbers of K. akihitoi n. sp.
plasmodia. The four fish individuals solely infected with
K. empressmichikoae n. sp. had 51-70 (average 57)
pseudocysts in their trunk muscles.

Etymology: The species is named in honor of Empress
Michiko, the wife of Japan’s Emperor Akihito, who unfailing-
ly supports his role of monarch and its associated duties.

Remarks

The present new species, K. empressmichikoae n. sp., was
highly prevalent in A. hasta in the Sea of Ariake and

Table 4 Nucleotide changes in the 28S rDNA of Kudoa whippsi isolates from Japan and Australia®

Locality DDBJ/_EmBL/GenBank Name of isolate Nucleotide position in the 28S DNA" _NuclAeo(ide
accession no. 253 470 489/490 495 498 538 633 660—680 727 732—750 identity (%)
Japan LC190919 TKN T R - G R Y G TCATTACATTAATGTTTAATG C |ACGTAAGTGGTGGGAGAAA- 100
Japan LC190920 TKN TCATTT----- ATT----- TG ACGTAAGTGGTGGGAGAAA- 98.51
Japan LC190921,LC190922 TKN TCATTA----- ATTTTTAATG ACGTAAGTGGTGGGAGAAA- 99.26
Australia  JX090296 NR . A A . G T “C--m e - GTA ACGTAAGTGGTGGGAGAAA- 97.41
Australia  JX090297 LIl C A A T G C . TCATTTAATTTTAATTAAGTG ACGAAAGTGGTGGGAGAARAA 98.23
Australia  FJ792758 KwAb2 C A A G C A |TCATTTAA------ TTAAGTG ACGTAAGTGGTGGGAGAAA- 98.29
Australia  FJ792755, FJ792761  KwAal, KwApr c A A T G c TCATTTAA------ TCAARATG | T |---TGACTAG--GGAGAAAA 96.74
Australia  FJ792762 KwAwl: clone a (¢} A A T G c TCATTTAA------ TCAAGTG T |---TGACTAG--GGAGAAAA 96.73
Australia  FJ792757, FJ792756 ~ KwAbl, KwAa2 c A A T G c TCATTTAA------ TTAAGTG | T |---TGACTAG--GGAGAAAA 96.74
Australia  FJ792763 KwAwl1: clone b c A A T G c TCATTTAA------ TTAAGTG T |---TGACTAG--GGAGAAAA 96.74
Australia  FJ792759, FJ792760 ~ KwAm, KwApo c A . G T TCATTTAA------ TTAAGTG | T |---TGACTAG--GGAGAAAA 97.01
Australia  JX090298 LI2 C A A G C TCATTTAA------ TTAAGTG T |---TGACTAG--GGAGAAAA 96.88

See the footnote for Table 3
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Table 5 Morphological characteristics of Kudoa spp. with posteriolateral spore valve (SV) projections

Species K. empressmichikoae n. sp. K. quadricornis K. quadricornis K. paraquadricornis K. paraquadricornis
Host Acanthogobius hasta Carangoides Carangoides Caranx ignobilis Caranx plagiotaenia
fulvoguttatus fulvoguttatus
Locality Sea of Ariake, Nagasaki, Great Barrier Reef, Great Barrier Reef, Great Barrier Reef,  Great Barrier Reef,
Japan Australia Australia Australia Australia
Reference The present study Whipps et al. 2003a Burger and Adlard Burger and Adlard  Burger and Adlard
2010a 2010a 2010a
Number of examined 20 20 30 30 30
spores
Spore width 9.2-11.8 (10.5) - 14.0-15.3 (14.6) 12.2-13.4 (12.9) 12.2-13.9 (13.1)
Spore thickness 6.2-9.1 (7.5) 5.9-8.7(7.1) 7.0-8.3 (7.3) 6.6-7.8 (7.0) 6.8-7.6 (7.0)
Spore sutural thickness ~ 4.8-7.0 (5.7) - 6.6-7.2 (6.8) 6.2-7.2 (6.8) 6.4-7.2 (6.8)
Length 5.1-6.1 (5.6) 7.8-10.0 (9.0) 7.9-9.0 (8.4) 7.6-8.5 (8.0) 7.7-8.6 (8.2)
Polar capsule length 1.7-2.7 2.1) 3.4-4.6 (4.0) 3.8-4.6 (4.3) 3.7-4.54.2) 3.6-4.6 (4.2)
Polar capsule width 1.2-1.8 (1.5) 1.1-1.6 (1.4) 1.4-1.8 (1.6) 1.3-1.7 (1.6) 1.3-1.7 (1.5)
Posteriolateral SV 22-34(2.9) 4.0-5.0 (4.3) 4.6-58 (5.1) 3.8-4.6 (4.2) 4.0-4.9 (4.4)
projection length
Posteriolateral SV 1.8-2.9 (2.2) 2.6-3.6 (2.9) 29-35(@3.2) 2.7-3.7 (3.3) 2.7-39(3.2)
projection width
All measurements are in micrometer and expressed as range with mean in parentheses. “—” indicates no available data

sometimes coinfected the trunk muscles with K. akihitoi n. sp.
This species is the third Kudoa sp. to have unique myxospore
morphology with distinct posteriolateral SV projections and
trunk muscle tropism, similar to K. quadricornis and Kudoa
paraquadricornis recorded in carangid fish (Perciformes)
such as Carangoides fulvoguttatus, Carangoides
plagiotaenia, and Caranx ignobilis from the Australian
Coral Sea (Whipps et al. 2003a; Burger and Adlard 2010a).
Both of these known species have a pyriform spore body and
elongated club-like PC, whereas the present new species has a
spherical spore body and drop-like PC. Therefore, morpho-
logical differentiation of K. empressmichikoae n. sp. from the
two other Kudoa spp. is feasible. Phylogenetically, the present
new species showed the highest affinity with K. parathyrsites
(99.4% identity over 1560-bp-long 18S rDNA; and 95.7%
over 553-bp-long 28S rDNA), followed by some other
K. thyrsites-like species such as K. megacapsula (98.7% over
1565-bp-long 18S rDNA) and K. minithyrsites (98.2% over
1684-bp-long 18S rDNA), indicating its uniqueness as a line-
age of kudoids. K. parathyrsites, phylogenetically closest to
the present new species, was recorded from the myofiber of
trunk muscles of a black scraper (Thamnaconus modestus) in
the Inland Sea of Japan (Seto-naikai) and had K. whippsi- or
K. cheilodipteri-like myxospores (Kasai et al. 2016b).

Discussion
Nucleotide sequencing of the 18S and 28S rDNAs has provid-

ed us with great insight into the phylogenetic positions of
Kudoa isolates from diverse fish resources. This molecular

technology has affirmed the conspecificity of different
morphotypes of myxospores, €.g., Kudoa yasunagai with five
or seven SV/PC, Kudoa chaetodoni with eight or nine SV/PC,
Kudoa thalassomi with six or seven SV/PC, and Kudoa
septempunctata with six or seven SV/PC (Burger et al. 2007;
Burger and Adlard 2010b, 2011; Kasai et al. 2016b). However,
until recently, the number of SV/PC was believed to be the
clearest morphological marker to separate the species or genera
of Multivalvulida, with Kudoa, Pentacapsula Naidenova &
Zaika, 1970, Hexacapsula Arai & Matsumoto, 1953, and
Septemcapsula Hsich & Chen, 1984, being settled in the clas-
sical systematics of Multivalvulida (Whipps et al. 2003a, 2004;
Lom and Dykova 2006). Furthermore, the morphometrical var-
iation of the small-sized myxospores of Kudoa spp. presents
another problem requiring clarification for species differentia-
tion (Matsukane et al. 2011). Fortunately, rDNA nucleotide
sequencing has dramatically improved our recognition of the
species and systematics of Kudoa. Therefore, incorporation of
genetic analysis in addition to morphological characterization
of kudoid myxospores is critically important to facilitate their
unambiguous specific identification, as is the case with other
myxosporeans (Burger and Adlard 2011; Morsy et al. 2012;
Abdel-Ghaffar et al. 2012, 2016).

Nevertheless, appreciable variations in the nucleotide se-
quences of the DNA, a gene believed to be relatively consistent
and not rapidly evolving in a species, have been reported for
some Kudoa spp. such as K. thyrsites, K. thalassomi,
K. whippsi, K. gunterae, Kudoa iwatai, Kudoa amamiensis,
and K. hemiscylli (Diamant et al. 2005; Whipps and Kent
2006; Burger et al. 2008; Burger and Adlard 2010a, b, 2011;
Gleeson et al. 2010; Matsukane et al. 2011; Heiniger et al. 2013).
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The 28S rDNA nucleotide sequencing of K. whippsi from
C. zonatus in Japan required DNA cloning instead of direct
sequencing due to intraindividual nucleotide changes, particular-
ly indels, in several rDNA regions, i.c., the areas between 665
and 679 base positions (5 to 15 nucleotides by 4 clones), 955 and
965 base positions (11 to 15 nucleotides), 1284 (1 to 7 nucleo-
tides), and 1881 and 1891 (11 to 19 nucleotides) of Japanese
K. whippsi TKN isolate clone A (DDBJ/EMBL/GenBank acces-
sion no. LC190919). Similarly, interindividual nucleotide varia-
tions of multiple Australian isolates of K. whippsi are evident in
Tables 3 and 4, which do not reflect the fish host or geographical
distribution (Heiniger et al. 2013). Similar individual and seg-
mental nucleotide variations of the 28S rDNA nucleotide se-
quence have also been observed for K. thyrsites isolates of dif-
ferent origins (Whipps and Kent 2006), partially reflected in the
phylogenetic tree presented in Fig. 6. If, in the future, the rDNAs
of multiple isolates are sequenced instead of only one isolate/a
few isolates as is currently the case, similar genetic complexity of
a species could be observed for more Kudoa spp. As indicated
by Whipps and Kent (2006), parasite gene flow in a region
appears to be critical to determine the level of genetic variation
of a given Kudoa species. In other words, noticeable genetic
variation could be seen when parasite gene flow is not satisfac-
tory due to a limited time since speciation—dispersal—coloniza-
tion or natural obstacles for fluent gene flow between individuals
of a species. This should be taken into consideration henceforth
when conducting the specific identification of Kudoa spp. using
molecular genetic characterization.

The speciation of Kudoa spp. with unequal quadrangular
pyramidal myxospores has progressed well, with multiple
species being described: K. thyrsites, K. minithyrsites,
K. whippsi, K. gunterae, K. lateolabracis, K. megacapsula,
K. cheilodipteri, and K. parathyrsites. The present study adds
one more species, K. akihitoi n. sp. from A. hasta in the Sea of
Ariake, Japan. Therefore, just around Japan, at least six spe-
cies of this morphotype group, i.e., K. thyrsites,
K. lateolabracis, K. megacapsula, K. parathyrsites,
K. whippsi, and K. akihitoi n. sp., are currently found
(Yokoyama et al. 2004; Yokoyama and Itoh 2005; Kasai
et al. 2016b; the present study). As seen in Figs. 5 and 6,
almost all members of K. thyrsites and relatives with a similar
myxospore morphology form a well-supported clade in the
phylogenetic trees based on the rDNA. Intriguingly,
K. empressmichikoae n. sp. with distinct morphological char-
acters, i.e., spherical spore body with posteriolateral SV pro-
jections like K. quadricornis and K. paraquadricornis, is po-
sitioned in the same clade as K. thyrsites and its relatives.
Burger et al. (2007) evaluated the 18S and 28S rDNA phylo-
genetic trees to reflect the tissue tropism of each kudoid spe-
cies rather than its myxospore morphotype. Since A. hasta is a
fish that lives in the sand and mud bottoms of deep bays in
Japan (Sea of Ariake and Sea of Yatsushiro, both located on
Kyushu Island), Korea, and Taiwan (Masuda et al. 1984; Shao
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et al. 1993), it would be of great interest to ascertain whether
the two Kudoa spp. recorded here as new species are also
distributed in Korea and Taiwan and to determine how much
genetic diversity is displayed by these two species distributed
in clearly isolated sea areas.

The present study and earlier studies (Adlard et al. 2005;
Burger et al. 2008; Burger and Adlard 2010b; Shirakashi et al.
2014) have expanded the geographical distribution of some
Kudoa spp. such as K. amamiensis, K. thalassomi, and
K. whippsi, which are believed to have local distribution in
the natural seawater around Japan or Australia. The detection
of kudoid infection is often difficult, as demonstrated here in
which only 9 out of 354 fish individuals examined had
kudoids (2.5%; Table 1) and in other surveys (Egusa and
Nakajima 1980; Burger et al. 2008; Matsukane et al. 2010;
Kasai et al. 2016b). Rarely is the prevalence of kudoid infec-
tion satisfactorily high (Gleeson et al. 2010; Shirakashi et al.
2014; Kasai et al. 2016a), partly dependent on batch differ-
ences and not natural prevalence, because we examined only a
limited number of fish. Full genetic characterization of kudoid
species obtained by chance could provide us with more insight
into the genetic variation of a known species on the distribu-
tional borders or genetic changes after speciation and geo-
graphical dispersal. At the same time, it is highly likely that
more kudoid species remain to be discovered like K. akihitoi
n. sp. and K. empressmichikoae n. sp. in local fish with limited
distribution, since the majority of research on kudoid infection
is conducted by experts in a limited number of countries that
do not cover all areas of our planet.
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