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ABSTRACT: Parvicapsula curvatura n. sp. (Myxozoa; Bivalvulida) was found in the urinary blad-
der of olive flounder Paralichthys olivaceus cultured in a fish farm on Jeju Island, ROK. When
laterally viewed, the parasite has asymmetrical curved spores that measure 9.6-11.6 pm in length.
Furthermore, it has 2 subspherical polar capsules at the apex. Based on the phenotypical traits, it
is most similar to P. limandae but differs in the shape of polar capsule, locality, and host specificity
(family level). BLAST analysis indicated that P. curvatura was closest to P. unicornis and P. petu-
niae via 18S and 28S rDNA sequences, respectively. The 18S rDNA from P. curvatura was used in
molecular phylogenetic analyses of Parvicapsula spp. to examine the congruence of phylogeny
with spore morphology, locality, and host specificity. The results demonstrated that the spore
morphotype was correlated with the phylogeny of the genus Parvicapsula, and the parasites have
speciated into an oblong and semicircular spore type.
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INTRODUCTION

Myxosporeans are parasites that infect vertebrates
(mainly fish) and invertebrates (annelids). These par-
asites evolved from a cnidarian ancestor (Chang et al.
2015) and diverged into 3 main distinctive lineages:
marine, freshwater, and Sphaerospora sensu stricto
(Fiala 2006, Bartosova et al. 2013). The marine and
freshwater lineages constitute clades of species ac-
cording to infection site such as the gall bladder, uri-
nary system, and various tissues (Fiala et al. 2015).
The genus Parvicapsula mainly infects the urinary
system of marine and anadromous fishes (Lom &
Dykova 2006), but some species have been reported
in the gall bladder, intestine, and pseudobranch (Ko-
valeva & Gaevskaya 1981, Dorothy & Kalavati 1993,
Karlsbakk et al. 2002). Parvicapsula species occa-
sionally recognized as potential pathogens include P.
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minibicornis and P. pseudobranchicola, both of which
cause mortality in salmonid fish (Sterud et al. 2003,
Bradford et al. 2010). Furthermore, P. anisocaudata
infections can occasionally cause opaque urine with
white spots in olive flounder Paralichthys olivaceus
(Zhao et al. 2000).

Olive flounder is an important fish species in
Korean aquaculture. However, the olive flounder
aquaculture industry has suffered from parasitic dis-
eases and infections of myxosporeans involving
Enteromyxum leei, Kudoa septempunctata, and P.
anisocaudata, which cause food poisoning and eco-
nomic losses (Yasuda et al. 2005, Jung et al. 2012,
Kawai et al. 2012, Song et al. 2013, Kim et al. 2015,
Sekiya et al. 2016). To prevent and control parasitic
diseases, the parasites must be exactly identified and
classified based on morphological or molecular data.
The Fish Vaccine Research Center of Jeju National
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University, ROK, has been monitoring parasitic infec-
tions of olive flounder cultured on Jeju island and has
isolated a novel Parvicapsula species from the fish
samples. The aim of the present study was to identify
this new Parvicapsula species and to determine the
relationship between its phylogenetic position and
biological characteristics such as host, spore morpho-
type, and locality.

MATERIALS AND METHODS
Parasite samples and partial purification

Olive flounder samples (n = 15; total length = 32.8 +
9.5 cm) were obtained from 5 olive flounder farms on
Jeju island. The fish showed a distension of the uri-
nary bladder with urine that was aseptically extracted
using a syringe. The urine suspensions were filtered
using a 40 pm cell strainer and then centrifuged at
10000 x g (3 min at 20°C). The pellets were resus-
pended in lysis buffer (RIPA, Merck) for 5 min and
the suspensions centrifuged at 10000 x g (1 min at
20°C). The supernatant was removed and the pellets
resuspended in phosphate-buffered saline. The sam-
ples were collected and preserved at 4°C.

Morphological identification

The urine suspensions and partially purified para-
sites were wet mounted and observed under a light
microscope and photographed at 1000x magnifica-
tion. Myxospores were measured from 20 individual
spores using the ImageJ image-processing program
(http://rsb.info.nih.gov/ij/) according to Karlsbakk et
al. (2002).

Molecular identification and phylogenetic analysis

DNA was extracted from partially purified para-
sites using the AccuPrep Genomic DNA Extraction
Kit (Bioneer) following the manufacturer's instruc-
tions. Portions of the 18S and 28S rDNA were ampli-
fied by PCR using a combination of primers designed
by the authors (ParviK500F, ParviK950R, ParviK1800F,
and ParviK2700F) and other sources (18e, ERIB 10,
Myx028S1F[mo], NLF1050, NLR1694[mo], 28S3R,
and NLR3113[mo]) (Table 1). PCR was performed
with the following cycling parameters: initial denatu-
ration at 95°C for 5 min; followed by 35 cycles at 95°C
for 30 s, 58°C for 30 s, 72°C for 60 or 90 s; and a final
extension at 72°C for 7 min. PCR products were
treated with an AccuPrep Genomic PCR Purification
Kit (Bioneer) to remove excess primers and dNTPs
and were then directly sequenced with BigDye™ Ter-
minator v3.1 in an ABI 3730xl Sequencer. Multiple
alignments of the 18S rDNA sequence were carried
out by Clustal X 2.0 (Larkin et al. 2007) with homolo-
gous sequences of other Parvicapsula species based
on similar spore morphotypes. Pairwise sequence
distances and similarities of the Parvicapsula spp.
based on 18S rDNA were calculated in MEGA 7.0
(Kumar et al. 2016) and Clustal Omega (Sievers et al.
2011). Bayesian inference (BI) was used to recon-
struct the phylogenetic tree from datasets containing
13 sequences of the 18S rDNA from Parvicapsula
spp. with Tetracapsuloides bryosalmonae (KF731712),
which was used as an outgroup. Ambiguously aligned
regions in 18S rDNA datasets were removed using
Gblocks v0.91b (Castresana 2000) under default
parameters, allowing up to half of the taxa to have
gaps. For BI analysis, nucleotide substitution models
were selected using Akaike's information criterion
(AIC), and the Bayesian information criterion (BIC)

Table 1. Oligonucleotide primers used for molecular analysis in this study

Target Name Sequence (5'-3") Position Reference

18S rRNA 18e CTG GTT GAT CCT GCC AGT 3 Hillis & Dixon (1991)
ERIB10 CTT CCG CAG GTT CAC CTA 1733 Barta et al. (1997)
ParviK500F GGT GAG CCA CTG GTT CAC TAT 550 This study
ParviK950R CGG ACA CTG ACC GTT TGA 950 This study

28S rRNA Myx028S1F(mo)? AGT AAC TGC GAG TGA AGC G 100 Bartosova et al. (2009)
NLF 1050 AAT CGA ACC ATCTAGTAG CTG G 1050 Bartosova et al. (2009)
NLR1694(mo)® GTT AGG CAA TGG CTT AGG ACC 1674 Bartosova et al. (2009)
ParviK1800F CGT TGT GTC GGA TTG CAG TG 1880 This study
ParviK2700F CCA AAG CCATGC CGT AAAC 2900 This study
28S3R GAG CAC TGG GCA GAA ATC 2490 Whipps et al. (2004b)
NLR 3113(mo)* GTC TAA ACC CAG CTC ACG TTC 3310 Bartosova et al. (2009)

“Primer sequence was slightly modified in the present study
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implemented in jModeltest 2.1.7 (Guindon & Gascuel
2003, Darriba et al. 2012), GTR + I + G and TrN + G
were chosen as the best-fit nucleotide substitution
models for the 18S rDNA data sets. The metropolis-
coupled Markov chain Monte Carlo (MCMC) algo-
rithm implemented in MrBayes 3.2.4 (Ronquist et al.
2012) was performed for a sufficient number of gen-
erations until the average standard deviation of the
split frequencies was <0.05. The sampling frequency
was set at every 100 generations for 1000000 sam-
ples. The first 100000 samples from each run were
discarded as burn-in, and the remaining were ana-
lyzed using the ‘sumt’ command in MrBayes. Gaps
were treated as missing data. A consensus tree was
created using FigTree v1.4.2 (http://tree.bio.ed.ac.uk/
software/figtree/). The association between the phy-
logeny and biological traits was tested using a
Bayesian MCMC approach implemented in Bayesian
tip-association significance testing (BaTS) v0.1.1
(Parker et al. 2008). This program analyzes the poste-
rior set of 9000 trees generated by MrBayes 3.2.4,
accounting for phylogenetic error (Ronquist et al.
2012). Correlations for the presence of the phyloge-
netic traits (morphological differences, cyst/pseudo-
cyst formation, and infection site tropism) were as-
sessed using the parsimony score, association index,

and maximum monophyletic clade size, and the com-
plete list of sequences is shown in Table S1 in the
Supplement at www.int-res.com/articles/suppl/d130
p199_supp.pdf. The null hypothesis of random phylo-
genetic trait associations was rejected at a signifi-
cance level of 0.05 (p < 0.05).

RESULTS

Description of disporic plasmodia
and mature spores

Disporic plasmodia and mature spores were found
in the urine suspension; spherical disporogonic plas-
modia had 2 spores, 9-12 pm in length (Fig. 1A). The
spores were asymmetrical (curved) in the lateral
view (Fig. 1B,C) and measured (mean + SD) 10.5 =
0.6 pm (range: 9.6-11.6 pm) in length and 4.9 +
0.6 pm (3.9-5.8 pm) in thickness, whereas the spores
had an elliptical shape in the medial plane (Fig. 1D).
A suture line passed between polar capsules and
along lateral sides to the convex side, which was a
distance from the posterior pole, and then went
across the bottom to the apex (Figs. 1E,F & 2). Fur-
thermore, the sporoplasm was binucleate. Two sub-
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Fig. 1. Parvicapsula curvatura n. sp. in the urinary bladder of Paralichthys olivaceus. (A) Disporic plasmodium. (B,C) Mature

spores with sutural line (B, black arrow) and 2 circular nuclei (C, arrows). (D) Mature spore in frontal view, seen from the con-

vex side. (E,F) Scanning electron microscopy images of mature spores with sutural line (white arrows) in the lateral and
frontal views, as observed from the concave side. Scale bars = (A-D) 10 pm, (E,F) 5 pm
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Fig. 2. Line drawing of a Parvicapsula curvatura spore. Scale
bar =5 pm

spherical capsules, with a diameter of 4.3 + 0.4 pm
(3.8-5.0 pm), were arranged anteriorly side by side
and were open at the concave side.

According to the shape and size of the spores, 4
species, Parvicapsula pseudobranchicola (Karlsbakk
et al. 2002), P. spinachiae, (Koie 2003), P. kabatai
(Jones et al. 2006), and P. limandae (Koie et al. 2007),
exhibited similarities to the present species (Table 2).
P. Iimandae was most similar in spore shape, size,
and host specificity (Order: Pleuronectiformes). How-
ever, the isolate in this study had subspherical (ovoidal)
polar capsules, whereas P. limandae has spherical
polar capsules. In addition, there were differences in
locality (Asia vs. Europe) and at the family level of
host specificity (Paralichthyidae vs. Pleuronectidae).
P. spinachiae was similar in spore shape and size;
however, there were differences in the shape of the
polar capsule (subspherical vs. spherical), locality (Asia
vs. Europe), and at the order level of host specificity
(Pleuronectiformes vs. Gasterosteiformes). P. pseudo-
branchicola and P. kabatai have different host speci-
ficities (order: Salmoniformes) and spore size and
locality. In addition, P. pseudobranchicola infects
mainly pseudobranchs.

Molecular identification and phylogenetic analysis

Partial sequences of the 18S rDNA (1763 bp) and
28S rDNA (3310 bp) were obtained from the isolate
and had 100 % similarities with GenBank accession
numbers MF161398 and MF161399, respectively. A
BLAST search indicated that this sequence differed
from all available sequences in GenBank. The analy-
sis of Max Score by BLAST indicated that the 18S
rDNA gene of P. unicornis (AY584190) and the 28S
rDNA gene of P. petuniae (KF874223) were the most
similar sequences. The sequence of the isolate that

Table 2. Comparison of Parvicapsula curvatura with other Parvicapsula spp. that have a similar spore morphotype. Length and thickness of spores are given as mean

(=SD) (range) in pm. Pyriform polar capsule size is given as mean length x width, and spherical polar capsule size is given as mean diameter (range), in pm

Infection site Locality Reference

Polar capsule

Host Spore total length ~ Spore thickness  Spore shape

Species

Present study

Jeju island,

Urinary bladder

Semicircular 22x%x1.6

4.9 + 0.6

(3.9-5.8)
6.2 (5.2-7.3)

Paralichthys 10.5+0.6

P. curvatura

ROK
Lyngen, Norway

(9.6-11.6)
12.4 (11.1-13.8)

olivaceus

Karlsbakk
et al. (2002)
Koie (2003)

Pseudobranch

2.4 (2.1-2.9)

Semicircular

Salmo salar

P. pseudo-

branchicola

Jresund, Denmark

Kidney,
urinary bladder

1.5

10 (9-12) 5 (4-7) Semicircular

Spinachia

P. spinachiae

spinachia

British Columbia, Jones et al.

Semicircular 1.8 (1.2-2.2) Kidney

6.0 (4.9-8.0)

Oncorhynchus 12.3 (10.7-14.0)

P. kabatai

(2006)
Koie et al.

Canada

gorbuscha

@resund, Denmark

1.5-1.6 Kidney,
urinary bladder

Semicircular

4.7 (4.3-5.4)

Limanda 9.5 (8.3-10.8)

limanda

P. limandae

(2007)
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differed from the aligned sequences of Parvicapsula
species had a similar spore shape available in Gen-
Bank at the 1620 nucleotide alignments and had a
maximum genetic similarity of 90.4 %, being closest
to P. limandae (Table 3). Based on the morphological
and molecular identification, the myxospores pro-
vided compelling evidence that this is a new species
of Parvicapsula.

Parvicapsula curvatura n. sp. taxonomic summary

Host: Olive flounder Paralichthys olivaceus (Pleuro-
nectiformes; Paralichthyidae)

Locality: Olive flounder culture farm, Jeju self-
governing province, Republic of Korea (33°16'N,
126°40'E)

Site of infection: Urinary bladder

Date of sampling: January and February 2018

Host size: 22-51 cm

Prevalence: 8 of 15 fish examined were infected
(53.3%)

Type material: Diff-Quik stained smears were de-
posited in the parasitological collection of the Fish
Vaccine Research Center, Jeju National University,
under accession number PCFVRC20180301A.
Etymology: The specific epithet refers to the shape of
the spore, which is curved.

Diagnosis: The morphology of P. curvatura n. sp. is
similar to that of P. imandae, P. spinachiae, P. pseudo-
branchicola, and P. kabatai. However, it differs from
P. imandae and P. spinachiae by having a different
polar capsule shape (subspherical vs. spherical) and
from P. pseudobranchicola and P. kabatai by having
a smaller spore size (9-11 vs. 11-14 pm). In addition,
P. curvatura differs from P. anisocaudata, found occa-
sionally together in the urinary bladder of olive
flounder, by having a different spore shape (semicir-
cular type vs. oblong type) and a smaller spore size
(9-11 vs. 12-15 pm).

The phylogenetic tree divided 2 groups, and P.
curvatura was clustered with P. kabatai, P. spina-
chiae, P. limandae, P. asymmetrica, P. pseudobran-
chicola, and P. unicornis (Fig. 3). Based on the BaTS
result, the spore morphotype of the Parvicapsula
spp. showed a significant relationship in the phylo-
genetic tree, whereas no significant differences were
observed for locality and host specificity (Table 4;
Tables S2 & S3).

DISCUSSION

We previously isolated a myxosporean similar to
Sinuolinea capsularis from urine samples of cultured
olive flounder and obtained partial sequences of 18S
and 28S rDNA from the samples. The sequences
were deposited in GenBank under accession num-
bers MF161398 and MF161399. However, the se-
quences showed high similarity with Parvicapsula
spp. but not Sinuolinea spp. In addition, we identified
sequences that were also amplified in the urine of
olive flounder samples that did not contain parasites
such as S. capsularis (data not shown). Interestingly,
Dykova et al. (2013) also reported an 18S rDNA
sequence of Parvicapsula sp. (accession number
JX460907) that apparently belongs to an undeter-
mined Parvicapsula species that was not observed in
the material examined with light microscopy. In the
present study, we isolated a new Parvicapsula sp.
that was morphologically different from P. anisocau-
data, well known from cultured olive flounder on Jeju
Island, and obtained 18S and 28S rDNA sequences
from the parasite. The sequences have 100 % similar-
ity with MF161398 and MF161399.

The traditional approach to classifying myxo-
sporeans uses phenotypic differences, such as spore
morphology and infection site tropism (Whipps et al.
2004b, Lom & Dykova 2006, Kodadkova et al. 2015).
The genus Parvicapsula was defined by previous

Table 3. Genetic distance (p-distance; below diagonal) and percent sequence similarity (%; above diagonal) obtained from the
distance matrix based on a 1620 bp 18S rDNA sequence of Parvicapsula curvatura (present isolate) with Parvicapsula species
with similar spore morphotype. GenBank accession numbers are shown in parentheses

P. curvatura P.limandae P. pseudobranchicola P. unicornis P. spinachiae P. kabatai

(MF161398) (EF429096) (AY308481) (AY584190) (AY431928) (DQ515821)
P. curvatura (MF161398) 90.4 89.2 88.5 88.0 88.3
P. limandae (EF429096) 0.103 95.2 92.0 86.9 85.2
P. pseudobranchicola (AY308481) 0.120 0.054 90.9 87.4 86.9
P. unicornis (AY584190) 0.121 0.084 0.088 65.8 87.4
P. spinachiae (AY431928) 0.124 0.137 0.134 0.133 89.4
P. kabatai (DQ515821) 0.127 0.156 0.138 0.130 0.101
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| Outgroup

KF731712 Tetracapsuloides bryosalmonae
KF874229 Parvicapsula irregularis
4‘1
EF429097 Parvicapsula bicornis

KF874230 Parvicapsula petuniae

Oblong type

02

Fig. 3. Phylogenetic tree generated by Bayesian analysis of

the aligned partial 18S rDNA sequences of Parvicapsula

curvatura newly obtained during the present study (arrow)

and other Parvicapsula species. P. curvatura clustered with

semicircular type Parvicapsula spp. Tetracapsuloides bryo-

salmonae was used as the outgroup, and the posterior prob-
abilities are shown on the branches

KT321705 Parvicapsula sp. SMK-2015
1

KY341924 Parvicapsula anisocaudata

AF201375 Parvicapsula minibicornis

DQ515821 Parvicapsula kabatai
e Semicircular type
EF431928 Parvicapsula spinachiae yp

06—— MF 161398 Parvicapsula curvatura <+——

EF429096 Parvicapsula limandae

ggAY5841 91 Parvicapsula asymmetrica
95~ AY308481 Parvicapsula pseudobranchicola

AY584190 Parvicapsula unicornis

Table 4. Significant associations between 18S rDNA sequence phylogeny and morphotype of Parvicapsula spp. identified by
Bayesian tip-association significance testing. Al: association index; PS: parsimony score; MC: monophyletic clade

Statistic Observed Lower Upper Null Lower Upper Significance
mean 95% CI 95% CI mean 95% CI 95% CI

Al 0.001 0.000 0.003 0.908 0.443 1.347 0.000

PS 2.174 2.000 3.000 7.697 5.665 9.615 0.000

MC (semicircular type)  6.144 4.000 7.000 1.959 1.000 3.971 0.001

MC (oblong type) 5.335 4.000 6.000 1.679 1.000 2.995 0.001

MC (outgroup) 1.000 1.000 1.000 1.000 1.000 1.000 1.000

studies (Shulman 1953, Kegie 2003, Lom & Dykova
2006) as follows: myxosporeans with spores elon-
gated, asymmetrical, and somewhat curved. Addi-
tional characteristics include 2 small spherical to
pyriform polar capsules at the anterior end of the
spores, 1 relatively large binucleate sporoplasm,
and disporic trophozoites coelozoic in the urinary
system or histozoic in kidneys. However, some Parvi-
capsula spp. were not in accordance with this defi-
nition (Keie 2003). Interestingly, the BaTS result
suggested that spore morphotype is an important
factor to identify and classify Parvicapsula spp.
(Table 4). A previous study suggested the possibility
that spore morphology of the genus Parvicapsula
correlates with genetic relatedness (Nylund et al.
2005), and we support the correlation by dividing the
spore morphotype into semicircular and oblong
types from a lateral perspective. The semicircular
type has curved spores, whereas the oblong type

does not. P. curvatura was included with the semi-
circular type. A relationship between the biological
traits and phylogenetic clusters was also observed in
another myxosporean group, genus Kudoa (Shin et al.
2016). In addition, myxobolid-infected cyprinids also
have particular phylogenetic characteristics (Shin et
al. 2014), although not as strict as genus Parvicapsula
and Kudoa. Therefore, spore morphotype is an im-
portant factor to identify and classify myxosporeans
as well as to investigate the speciation and evolution
of these parasites.

Previous phylogeographical studies of myxozoans
reported that intraspecific differences depend on the
geographical distribution of Tetracapsuloides bryo-
salmonae, Myxobolus cerebralis, K. thyrsites, and
P. minibicornis (Henderson & Okamura 2004, Whipps
et al. 2004a, Whipps & Kent 2006, Atkinson et al.
2011). We investigated the relationship between local-
ity and species of Parvicapsula based on the 18S
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rDNA phylogeny. The BaTS result showed a signifi-
cant association among Parvicapsula spp. found in
Asia and Europe, whereas there were no significant
associations for the parasites found in North America
(Table S2). It is therefore difficult to claim that there
is a significant relation between locality and phy-
logeny of Parvicapsula spp. because the p-value of
the parasite found in Europe is only marginally sig-
nificant (p = 0.048), and only 2 and 3 species found in
North America and Asia, respectively, were investi-
gated. In addition, P. pseudobranchicola was detected
in North America (Miller et al. 2014). Other various
factors should also be considered, because the phylo-
geography of the parasite is related to the distribu-
tion and speciation of the host as well as to the host
specificity of the parasite.

Host specificity is an important factor used to char-
acterize myxozoans. The host specificity of most
myxozoan species is narrow, with the parasites able
to develop only in a single or closely related host spe-
cies. However, some myxozoans (typically marine
species), such as K. thyrsites and Enteromyxum leeli,
have broad host ranges (Burger & Adlard 2011,
Yanagida 2017). In the present study, the BaTS result
revealed no significant association between the host
specificity (order level) and phylogeny of Parvicap-
sula spp. (Table S3). In addition, we found a co-
infection of P. curvatura with other myxosporeans
such as P. anisocaudata (Parvicapsulidae), Sinuolinea
sp. (Sinoulineidae), Myxodavisia sp. (Sinoulineidae),
and Ortholinea sp. (Ortholineidae) in the olive floun-
der samples (data not shown). Interestingly, the fresh-
water myxosporeans Myxobolus spp. and Henne-
guya spp. have a strict host specificity (order/family
level), whereas the marine myxosporean Kudoidae
has low host specificity (Burger & Adlard 2011, Car-
riero et al. 2013, Shin et al. 2014). We could not iden-
tify a reason for why there was a difference in host
specificity between marine and freshwater myxo-
sporeans. However, we speculate that when the par-
asites come into contact with a new fish species, they
adapt to infect the new species; the parasites then
cospeciate with the new host (Shin et al. 2014). Since
the speciation and extinction rate of freshwater fish is
higher than in marine fish (Bloom et al. 2013), this
environmental (biological) pressure results in a strict
relationship between parasite and host. Interestingly,
a previous study suggested that high host specificity
increases genetic structure of the parasite (Huyse et
al. 2005). Further, freshwater fish and myxosporeans
have larger genomes than marine fish and myxo-
sporeans (Smith & Gregory 2009, Yang et al. 2014,
Chang et al. 2015).

More myxozoan species, including the genus Parvi-
capsula, need to be sequenced to reveal the relation-
ship between biological traits and phylogeny as well
as the evolution of the parasite. The phylogenetic
analysis methods used in this study can be applied to
reveal the relationship between phenotypic traits
and the phylogeny of other myxosporean species.
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