
Citation: Li, X.-B.; He, J.; Ma, R.-R.;

Sun, F.-Y.; Wu, W.-X.; Luo, H.-M.; Bai,

L.-H.; Qian, D. Morphological

Characterization and Molecular

Phylogenetic Analysis of Kudoa iwatai

from Large Yellow Croaker

(Larimichthys crocea) as a New Host in

China. Animals 2022, 12, 1145.

https://doi.org/10.3390/

ani12091145

Academic Editor: Giovanni Garippa

Received: 7 March 2022

Accepted: 26 April 2022

Published: 29 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

animals

Article

Morphological Characterization and Molecular Phylogenetic
Analysis of Kudoa iwatai from Large Yellow Croaker
(Larimichthys crocea) as a New Host in China
Xiao-Bing Li 1, Jie He 2, Rong-Rong Ma 1, Fu-Ying Sun 1, Wen-Xin Wu 1, Hua-Ming Luo 2, Lu-Huai Bai 1

and Dong Qian 1,*

1 College of Marine Sciences, Ningbo University, Ningbo 315823, China; 1911091081@nbu.edu.cn (X.-B.L.);
marongrong@nbu.edu.cn (R.-R.M.); 17759735922@163.com (F.-Y.S.); w1778422694@163.com (W.-X.W.);
b269682771@163.com (L.-H.B.)

2 Taizhou Extention Station for Fishery Technique, Taizhou 315800, China; hejie1998@sina.com (J.H.);
3634004474@163.com (H.-M.L.)

* Correspondence: qiandong@nbu.edu.cn; Tel.: +86-13884416531

Simple Summary: Larimichthys crocea is the most important economic marine cultured fish in China.
Kudoa parasites are critical pathogens that infect a wide range of marine and freshwater fish. Com-
pared to the hundred marine Kudoa species recognized in wild and cultured fish worldwide, records
of Kudoa are relatively few in China. In this report, large yellow croakers were found to be infected
with Kudoa for the first time in China. Morphological observations and molecular techniques were
combined for the final identification of Kudoa iwatai. Additionally, the morphological characterization
and phylogenetic status of Kudoa iwatai have been described in detail. This study enriches knowledge
about Kudoa iwatai and provides a direction for early disease prevention and monitoring of large
yellow croakers.

Abstract: Kudoa (Myxosporea: Multivalvulida) parasites are critical pathogens in marine and freshwa-
ter fish associated with significant economic losses and reduced market prices caused by post-mortem
myoliquefaction or numerous cysts on muscles. In the present study, large yellow croakers infected
by Kudoa were found during fish disease surveillance in China in November 2020 and used for
morphological observation and characterization using light DIC microscopy and electron microscopy.
Numerous creamy-white oval plasmodia were observed in muscles and on the surface of brain
cartilage, gill arches, and serosal surfaces. The spores were considerably longer and thicker than pre-
viously reported Kudoa, with protruding polar filaments (PFs) in the mature spores, fingertip-shaped
apical projections (APs), and polar capsules. Phylogenetic analyses with SSU rDNA, LSU rDNA, and
mitochondrial DNA showed that the Kudoa-infected sample (LcK-2020) had the highest similarity
to Kudoa iwatai reported in Japan. Based on the morphological characterization and phylogenetic
analysis, it could be concluded that the sample LcK-2020 was infected by Kudoa iwatai, which would
be the first report of Kudoa iwatai infection in large yellow croaker in China.

Keywords: myxosporea; Kudoa iwatai; Larimichthys crocea; phylogenetic analysis; identification

1. Introduction

The large yellow croaker, Larimichthys crocea, is an economically important marine cul-
tured fish, mainly distributed along the southeast coast of China [1]. With the establishment
of artificial breeding and intensive cage culture, the large yellow croaker industry has de-
veloped rapidly in the past decade (2010–2020), with a total production of 225,549 tons per
year in China, mainly in Zhejiang, Fujian, and Guangdong provinces [2] (data from China
Fishery Statistical Yearbook). Due to the rapid increase in intensive mariculture and the
continuous deterioration of water quality, cage-cultured large yellow croakers often suffer
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from severe diseases caused by parasites, bacteria, and viruses [3]. The white spot disease
caused by Cryptocaryon irritans [4] was considered the most critical parasite infection in large
yellow croaker cultures, responsible for severe economic losses. Neobenedenia melleni [5,6]
and Trichodina (unpublished lab data) infections are commonly reported in cultured farms
in Zhejiang and Fujian provinces every summer. In recent years, myxosporea have been
reported as a common parasite in both fresh and saltwater fish, such as channel catfish
(Ictalurus punctatus), Atlantic salmon (Salmo salar), and crucian carp (Carassius auratus) [7,8].
In addition, a few other myxosporea infections were recorded in large yellow croakers,
including the newly reported myxosporean parasite Sinuolinea sp. [9].

The myxozoans of the genus Kudoa belong to the family Kudoidae (Myxosporea:
Multivalvulida) and contain four or more spore valves (SVs) and polar capsules (PCs).
Kudoa-infected fish are often accompanied by numerous white round oval pseudocysts
scattered throughout muscles, often associated with post-mortem myoliquefaction due to
the release of proteolytic enzymes in the fibers, also known as ‘milk flesh’, ‘soft flesh’, or
‘jelly flesh’, causing economic losses in aquaculture [10–13]. Thus far, more than 100 Kudoa
species have been recognized in a wide range of marine wild and cultured fish world-
wide [14]—mainly concentrated in the northwest Pacific and eastern Atlantic [15]. The
records of Kudoa infections were relatively less common in China before 2008, but num-
bers of Kudoa have increased in the last decade, with new or known species reported
in marine Perciformes and Mugiliformes. Here, the authors report for the first time the
parasitic disease of large yellow croaker infected by Kudoa, identified via morphological
characterization and phylogenetic analysis.

2. Materials and Methods
2.1. Sample Collection and Procession

Large yellow croaker samples with suspicious Kudoa infections were collected from
marine cages during regular disease surveillance in Zhejiang province, East China, in
November 2020, and brought to the laboratory in sealed incubators filled with crushed ice.
The samples, named LcK-2020, with average specimen weights ranging from 0.5 kg to 1 kg,
were necropsied within 2 h. Some white plasmodia were observed on the base of the anal
fins and the dorsal fins of the fish. The tissues and organs were sampled with disposal
inoculation loops for bacteria isolation with nutrient agar (NA) and thiosulfate–citrate–bile
salts–sucrose agar (TCBS) under an aseptic cabinet. Plates were cultured at 28 ◦C for
24–48 h for bacterial observation. No predominant bacterial colonies were found in NA or
TCBS agar.

Muscles, gills, and brains obviously infected with plasmodia were cut off and used
for observation under the dissecting microscope. Plasmodia-infected tissues were dipped
in 95% alcohol for genome extraction and fixed with 10% neutral formalin and 2.5% glu-
taraldehyde for histopathological and ultrastructural observation.

2.2. Morphological and Histological Examination

Fresh plasmodia were excised from small muscle fragments with ophthalmic scissors
and squashed on a glass slide with a few drops of phosphate-buffered saline (PBS) for
observation by light DIC microscopy. The dimensions of 100 mature spores were pho-
tographed and measured randomly with an ocular meter (Nikon; Corporation TOKYO;
Japan), including thickness (T), sutural thickness (ST), width (W), length (L), polar fila-
ment (PF), polar capsule length (PCL), and polar capsule width (PCW). Mean values and
standard deviations were calculated using the software NIC-Elements D 4.40.00 [16,17].

Parasitized tissue was extracted and placed in 10% neutral-buffered formalin for 24 h,
dehydrated through a graded ethanol series, cleared in xylene, and embedded in paraffin.
Histological sections 5 µm thick were prepared and stained with hematoxylin and eosin
(HE) following a standard protocol and examined using light microscopy [17].
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2.3. Ultrastructure Observation

Kudoa plasmodia from infected fish muscle were fixed with 2.5% glutaraldehyde
in 0.2 M sodium cacodylate and post-fixed with 1% osmium tetroxide in 0.2 M sodium
cacodylate. For scanning electron microscopy, part of the fixed spores was dehydrated
through an ethanol series. Membranes were dried, mounted on stubs, sputter-coated with
gold, and viewed with a Hitachi 3400 scanning electron microscope at 30 KV. Sections
were stained in uranyl acetate and lead citrate for transmission electron microscopy and
examined with a Hitachi 7700 transmission electron microscope at 120 KV [18].

2.4. Molecular and Phylogenetic Analysis

Kudoa plasmodia collected from infected muscle tissue were extracted for genomic
DNA using a Tissue DNA Kit (Omega, Norcross, GA, USA), following the manufacturer’s
guidelines, and qualified with a Thermo Fisher Scientific Nanodrop. The small subunit
rRNA (SSU) and large subunit rRNA (LSU) of Kudoa plasmodia were amplified with
primers Ksp18S, Kt28S1, and KI28S, respectively (Table 1). Furthermore, the cytochrome
c oxidase subunit (cox-1) and the large subunit rRNA gene (rnl) of Kudoa mitochondria
were amplified with primers of cox-1 and rnl, respectively (Table 1). All PCR products were
purified with a Gel Extraction Kit, cloned into a plasmid vector (pMD-19T), transformed
into chemically competent Escherichia coli DH5α cells, and plated on LB–Amp medium
overnight. Positive clones were selected for plasmid DNA extraction and amplification
with universal M13 primers followed by sequencing to ensure connection accuracy.

Table 1. Primers used to amplify and sequence the nucleotides of the rDNA, cox-1, and rnl genes.

Primer Sequences (5′–3′) Annealing Temperature Length of Seq. Reference

Ksp18S-F GGATAACTGTGGTAAATCTAGAGC
64 ◦C 1300 bp [19]Ksp18S-R GAGCAATTATTACAAGGCTCARTC

Ksp28S-R CAGCTCCATACAAGTTTACAC
64 ◦C 1500 bp [19]Kt28S1-F CAAGACTACCTGCTGAAC

Ki28S-F CTATCAACCGGTGAGAACAT
59 ◦C 574 bp [20]Ki28S-R ACGTCACACTACGCAGTTCATC

Cox1-F3 ATGCTAATGATGGTATGGTTCCT
52 ◦C 471 bp [21]Cox1-R3 TCTCCTCAGGAAGTATGGCT

RnL-F3 TTCACGTGTTCAGGTTCCTT
52 ◦C 384 bp [21]RnL-R3 ACCTTATCTTGCCGAATTCATCA

The amplified sequences were submitted to the Basic Local Alignment Search Tool
(BLAST) on the National Center for Biotechnology Information (NCBI) website to identify
nucleotide sequences with high similarity. The Kudoa sequences of sample LcK-2020 and
the sequences of Kudoa iwatai and other Kudoa species from Asian–Pacific regions were
selected from the GenBank database and imported into the Mega X software and were
aligned using the Align X multiple alignment program.

A phylogenetic tree was constructed with the neighbor-joining (NJ) method by apply-
ing 1000 bootstrap replicates with default settings. Unicapsula sp. of the family Trilospori-
dae, another genus belonging to the same order Multivalvulida, was used as an outgroup
to construct NJ phylogenetic trees (GenBank accession nos. AY302725 and AY302727).

3. Results
3.1. Morphological and Histopathology Examination

Creamy-white oval plasmodia were displayed on the base of the anal and dorsal fins of
Kudoa-infected large yellow croakers, but no obvious lesions were found on the skin surface
near parasitic sites. Numerous white cysts were observed in the muscle, with post-mortem
myoliquefaction caused by the parasites. Similar cysts were also found on the surface of
brain cartilage, gill arches, and serosal surfaces (Figure 1). The size of cysts in the skeletal
muscle ranged from 0.1 to 0.3 cm (n = 100).
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Figure 1. Main tissue and organs of large yellow croaker, Larimichthys crocea, with Kudoa infection.
(A) Muscle with myoliquefaction. (B) Kudoa cysts on brain cartilage. (C) Kudoa cysts on dorsal muscle.
(D) Kudoa cysts on gill arch. (E) Kudoa cyst on anal fin. White arrows: Kudoa cysts.

Mature quadrate spores were observed with four equal spore valves, each contain-
ing one polar capsule with a rounded peripheral edge in the apical view. The spores
were garlic-shaped, and distinct apical projections on shell valves were inconspicuous.
The pyriform polar capsules were equal in size, and protruding polar filaments were
found on mature spores in the lateral view (Figures 2 and 3). In the dimensional mea-
surements, the average ± standard deviation (range) of spores was 8.68 ± 0.79 µm in
width, 9.38 ± 0.81 µm in thickness, 10.01 ± 0.65 µm in sutural thickness, 8.15 ± 0.6 µm in
length, 10.09 ± 1.03 µm polar filament length, 3.76 ± 0.65 µm polar capsule length, and
2.37 ± 0.53 µm polar capsule width. The regular morphology of the spores was measured
with a microscopic view. The measurements of the K. iwatai from different hosts and similar
species reported by other researchers are listed in Table 2. A few numbers of aberrant
spores with five polar capsules were observed (Figure 2).
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Figure 2. Light DIC microscopy of mature spores of Kudoa from large yellow croaker. (A,B) Spores of
Kudoa. Note the protruding polar filament (black arrowhead) and aberrant spores with five polar
capsules (black arrow). (C,D) Apical view of a single spore. (E,F) Lateral view of a single spore. All
photographs are the same magnification. Scale bar = 5 µm.
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Figure 2. Light DIC microscopy of mature spores of Kudoa from large yellow croaker. (A,B) Spores 
of Kudoa. Note the protruding polar filament (black arrowhead) and aberrant spores with five polar 
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Figure 3. Line drawing of Kudoa in apical view (left) and lateral view (right) from large yellow
croaker. T, thickness; ST, sutural thickness; L, length; PCL, polar capsule length; PCW, polar capsule
width; PF, polar filament. Scale bar = 10 µm.

Histological observation of infected fibrous tissue revealed that the round or oval cysts
contained numerous spores delineated by thin layers of myofibers (Figure 4).
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Figure 4. Histological analysis of muscle in large yellow croaker positively infected with Kudoa. H&E
staining: (A) Scale bar = 500 µm. (B) Scale bar = 100 µm. (C) Scale bar = 50 µm. P, parasite; M, muscle.

3.2. Ultrastructure Observation

The observations with both SEM and TEM revealed that the Kudoa spores (sample
LcK-2020) were composed of four shell valves of equal size, each containing one pyriform
polar capsule with 2–3 coiled polar filaments, which could be found from the lateral view
of spores. Fine suture lines between each shell valve could be observed distinctly, and
the oblique section of the spore showed desmosome-like valve junctions at the sutures
where the valves overlapped and extended. Fingertip-shaped apical projections (APs) in
some spores could be clearly observed with TEM, but APs showed square button-shaped
protrusions indistinctly with SEM. The spores comprised a sporoplasmic cell (SpC) with
one nucleus (N) and a capsulogenic cell with a coiled polar filament in the polar capsule
(Figure 5).
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Table 2. Measurements of Kudoa spp. mature spores.

Species Kudoa iwatai Kudoa iwatai Kudoa iwatai Kudoa iwatai Kudoa lutjanus Kudoa bora Kudoa petala

Host Larimichthys crocea Oplegnathus fasciatus Acanthopagrus sclegelii Sparus aurata Acanthopagrus latus Osteomugil perusii Sillago sihama
Locality Zhejiang Province, China Korea Japan Israeli Guangdong Province, China Guangdong Province, China Fujian Province, China

Reference Present study [20] [22] [23] [21] [21] [21]
Number of examined spores 100 30 20 30 20 20 16

Thickness 7.37–11.05 (9.38) 6.7–8.3 (7.8) 8.7–10.3 (10.1) 5.0–7.0 (6.0) 8.1–9.8 (8.9) 8.7–10.2 (9.7) 8.0–10.2 (9.2)
Sutural Thickness 8.4–11.26 (10.01) NA NA NA 7.5–9.1 (8.2) 8.1–9.6 (9.2) 7.6–9.2 (8.5)

Width 6.98–9.98 (8.68) 9.8–11.8 (11.0) NA 6.0–7.5 (6.8) 8.8–10.3 (9.5) 9.6–10.4 (10.1) 9.2–11.2 (10.4)
Length 7.03–9.59 (8.15) 6.5–8.3 (7.5) 7.3–8.9 (8.2) 5.0–7.0 (6.0) 7.3–8.4 (7.9) 8.3–9.4 (8.7) 7.2–8.0 (7.5)

Polar capsule length 2.02–5.25 (3.76) 2.3–4.3 (3.2) 3.7–5.0 (4.3) 2.5–3.5 (2.8) 3.6–4.5 (4.1) 4.5–6.4 (5.1) 4.0–5.2 (4.7)
Polar capsule width 1.22–3.79 (2.37) 1.3–2.5 (1.8) 1.5–2.1 (2.2) 1.5–2.0 (1.5) 1.4–1.7 (1.6) 1.9–2.5 (2.0) 1.3–1.8 (1.6)

All measurements are in micrometers and expressed as ranges with the mean values in parentheses. NA = not available.
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The LcK-2020 amplified SSU rDNA sequence (MW898141) showed 99.77% identity with 
three K. iwatai isolates (LC066366, AB553294, AY641571) from Platycephalus sp., Lateolabrax 
japonicus, and Pagrus major from Japan, and 99.54% identity with two K. iwatai isolates 
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Figure 5. Electron microscopy of Kudoa. (A,B) SEM of K. iwatai spores. (A) Lateral view of K. iwatai
by scanning electron microscopy. (B) Apical view of K. iwatai by scanning electron microscopy.
Scale bar = 5 µm. (C–F) TEM of K. iwatai. (C) Ultrathin section of spore showing apical projection
(AP), polar capsule (PC), and polar filament (PF). (D) Ultrathin section of spores showing details
of desmosome-like valve junction at sutures. Note the extensive overlap of valves at sutures (black
arrows). (E) Ultrathin section of spore showing four polar capsules (PCs), shell valves (SVs), and
polar filament coils (PFs). (F) Ultrathin section of spore showing a capsulogenic cell (CC) with polar
capsule and a sporoplasmic cell (SPC) with a nucleus (N). Scale bar = 2 µm.

3.3. Phylogenetic Analysis of the SSU and LSU

The sequences of small-subunit rRNA (SSU) and large-subunit rRNA (LSU) were
amplified using primers of Ksp18S-F/Ksp18S-R, Kt28S1-F/Ksp28S-R, and KI-F/KI-R. The
PCR products with a length of 1321 bp (SSU), 1520 bp (LSU), and 574 bp (LSU) were used
for sequencing and sent to GenBank (GenBank accession numbers MW898141, MW898142,
and MW898147), and followed similarity identification by the Basic Local Alignment Search
Tool (BLAST) on the NCBI website (Figure S1, Supplementary File). The LcK-2020 amplified
SSU rDNA sequence (MW898141) showed 99.77% identity with three K. iwatai isolates
(LC066366, AB553294, AY641571) from Platycephalus sp., Lateolabrax japonicus, and Pagrus
major from Japan, and 99.54% identity with two K. iwatai isolates (AY514038, AY514039)
from Sparus aurata and Siganus rivulatus from Israel. The LcK-2020 amplified LSU sequence
(MW89814) showed 99.86% identity with two K. iwatai isolates (AB553303, AB638617) from
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Acanthopagrus schlegelii and Platycephalus sp. from Japan, and 99.75% identity with three
K. iwatai isolates (LC066366, AB553301, AB693041) from Platycephalus sp. and Lateolabrax
japonicus from Japan.

Furthermore, sequences of LcK-2020 showed high similarities to K. lutjanus from
Acanthopagrus latus in China, with 99.31% and 96.41% identity to SSU (LC493818) and
LSU (LC493819), respectively. LcK-2020 also showed high similarities to K. bora from
Osteomugil perusii in China, with 98.77% and 94.39% identity to SSU (LC493813) and LSU
(LC493814), respectively.

Phylogenetic trees were constructed for both SSU rDNA (Figure 6A) and LSU rDNA
(Figure 6B), showing that LcK-2020 Kudoa clustered with K. iwatai from Japan with strong
bootstrap support and a closer relationship with K. iwatai from Japan than K. iwatai from
Israel or Korea. The phylogenetic tree constructed with SSU and LSU exhibited multiple
representative isolates of K. iwatai and other closed species, such as K. lutjanus, K. bora, etc.,
from different host fish and geographically neighboring regions, which could be used to
reveal intraspecific and interspecific genetic variation.

Animals 2022, 12, x FOR PEER REVIEW 8 of 12 
 

99.75% identity with three K. iwatai isolates (LC066366, AB553301, AB693041) from Platy-
cephalus sp. and Lateolabrax japonicus from Japan. 

Furthermore, sequences of LcK-2020 showed high similarities to K. lutjanus from Ac-
anthopagrus latus in China, with 99.31% and 96.41% identity to SSU (LC493818) and LSU 
(LC493819), respectively. LcK-2020 also showed high similarities to K. bora from Osteomu-
gil perusii in China, with 98.77% and 94.39% identity to SSU (LC493813) and LSU 
(LC493814), respectively. 

Phylogenetic trees were constructed for both SSU rDNA (Figure 6A) and LSU rDNA 
(Figure 6B), showing that LcK-2020 Kudoa clustered with K. iwatai from Japan with strong 
bootstrap support and a closer relationship with K. iwatai from Japan than K. iwatai from 
Israel or Korea. The phylogenetic tree constructed with SSU and LSU exhibited multiple 
representative isolates of K. iwatai and other closed species, such as K. lutjanus, K. bora, 
etc., from different host fish and geographically neighboring regions, which could be used 
to reveal intraspecific and interspecific genetic variation. 

 
Figure 6. Phylogenetic trees of Kudoa. (A) Neighbor-joining (NJ) phylogenetic trees based on the 
SSU sequence dataset. (B) Neighbor-joining phylogenetic trees based on the LSU sequence dataset. 
(C) Neighbor-joining phylogenetic trees based on sequences of mitochondria of the cox-1 gene. (D) 
Neighbor-joining phylogenetic trees based on sequences of mitochondria of the rnl gene. The Kudoa 
species name is followed by the isolated host and isolated source and the GenBank accession num-
ber. 

3.4. Phylogenetic Analysis of the Mitochondrial DNA Genes (cox-1 and rnl) 
The Cox-1 gene and the rnl gene of LcK-2020, with lengths of 458 bp and 384 bp, 

respectively, were amplified and sequenced (GenBank accession numbers OK380943 and 
MZ042255). The LcK-2020 cox-1 sequence showed 99.38% and 99.23% identity with K. iwa-
tai from Lateolabrax japonicus (LC494277) and Acanthopagrus latus from Japan (LC009438); 
97.16% identity with K. iwatai from Sparus aurata from Israel (LT671462); and 91.93% iden-
tity with K. lutjanus from Acanthopagrus latus from the South China Sea (LC494281). For 
the other Kudoa species, partial multiple sequence alignment revealed that the current K. 

Figure 6. Phylogenetic trees of Kudoa. (A) Neighbor-joining (NJ) phylogenetic trees based on the
SSU sequence dataset. (B) Neighbor-joining phylogenetic trees based on the LSU sequence dataset.
(C) Neighbor-joining phylogenetic trees based on sequences of mitochondria of the cox-1 gene.
(D) Neighbor-joining phylogenetic trees based on sequences of mitochondria of the rnl gene. The
Kudoa species name is followed by the isolated host and isolated source and the GenBank accession
number.

3.4. Phylogenetic Analysis of the Mitochondrial DNA Genes (cox-1 and rnl)

The Cox-1 gene and the rnl gene of LcK-2020, with lengths of 458 bp and 384 bp,
respectively, were amplified and sequenced (GenBank accession numbers OK380943 and
MZ042255). The LcK-2020 cox-1 sequence showed 99.38% and 99.23% identity with K. iwatai
from Lateolabrax japonicus (LC494277) and Acanthopagrus latus from Japan (LC009438);
97.16% identity with K. iwatai from Sparus aurata from Israel (LT671462); and 91.93%
identity with K. lutjanus from Acanthopagrus latus from the South China Sea (LC494281).
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For the other Kudoa species, partial multiple sequence alignment revealed that the current
K. iwatai in Larimichthys crocea (OK380943) differed from K. iwatai from Sparus aurata from
Israel (LT671462) with respect to three bases and differed from K. lutjanus in Acanthopagrus
latus from China (LC494281) with respect to 13 bases (Figure S2, Supplementary File). The
rnl gene sequence of the Kudoa sample LcK-2020 showed 100% identity with K. iwatai in
Lateolabrax japonicus (LC494282) and Acanthopagrus latus (LC009438) from Japan. However,
the rnl gene sequence showed 97.4% identity to K. iwatai from Sparus aurata from Israel
(LT671462), with a 10-nucleotide variation (375/385).

Interestingly, the phylogenetic tree with the cox-1 gene showed that Kudoa from LcK-
2020 had a lower identity match with K. lutjanus in Acanthopagrus latus from China, with
91.93% similarity, but only 83.07% similarity to K. lutjanus when the rnl gene was used for
sequence alignment (Figure 6C,D).

4. Discussion

The genus of Kudoa Meglitsch, 1947, currently includes more than 100 nominal species
from a wide range of fish and geographical regions [24]. Kudoa iwatai was first described in
Pagrus major and Oplegnathus punctatus from Japan [25] and has been detected in 13 different
fish families spread throughout Japan, Israel, and Korea [20,22,23]. Compared with the
myxosporeans, the most reported parasites with specificity to the host, Kudoa spp. display
low host specificity [26]. It was recorded that Kudoa thyrsites, Kudoa nova, and Kudoa
iwatai were isolated from 38, 20, and 19 hosts, respectively [27,28]. There have been only
four reports of Kudoa infections in farmed fish in China over the past 70 years, mainly in
maricultured fish in Guangdong and Fujian provinces [29–32]. Recently, Li redescribed
the four Kudoa spp., including K. bora from Osteomugil perusii, K. lutjanus, K. petala, and
K. uncinata from three Perciformes fishes. Additionally, three new species were identified
from marine fishes, including K. fujitai n. sp., K. acanthogobia n. sp., and K. guangdongensis n.
sp from Acentrogobius chlorostigmatoides, O. perusii, and Konosirus punctatus [33].

In the current research, large yellow croakers suspiciously infected with Kudoa were
found during regular disease surveillance, and samples (LcK-2020) were used for morpho-
logical characterizations with a DIC microscope and TEM. LSU, SSU, mitochondrial cox-1,
and rnl genes were used for sequencing, followed by phylogenetic analysis, and were iden-
tified as belonging to Kudoa iwatai. No massive mortality was recorded in Kudoa-occurring
regions of diseased large yellow croaker farms. A large number of cysts were found on the
fin bases, gills, brains, and muscles. Numerous cysts were observed in muscles with post-
mortem myoliquefaction, which caused economic losses and reduced prices. The length
and thickness of Kudoa iwatai spores were 8.41–11.26 µm and 7.37–11.05 µm, respectively—
longer and thicker than other described K. iwatai spores. Most spores contained four equal
spore valves from the apical view, each valve containing a polar capsule. Few spores with
five polar capsules could be observed under light microscopy. In the first report on K.
iwatai, most of the vesicles were dispersed in the trunk muscles and associated adipose
tissue [25]. Subsequent research reported that K. iwatai could intrude the gills, kidneys,
ovaries, and even the brains of fish, but no visible cysts were found in the internal organs
of infected rock bream (Oplegnathus fasciatus) from South Korea [20]. Aberrant spores with
five and eight polar capsules were observed from Sparus aurate, Pagrus major, and Chaetodon
paucifaatus with Kudoa infection [23], but no abnormal spores were found in K. iwatai in
Oplegnathus fasciatus from South Korea [20]. This current report of large yellow croaker
infected with Kudoa iwatai in Zhejiang province could be the first report and member of the
family Sciaenidae in China.

The life history of Kudoa is not fully understood; researchers speculate that there
are two different phases: the first or actinospore phase in annelids and the second or
myxosporea phase in fish. White pseudocysts are considered one of the few life cycle
stages of Kudoa [12]. Moreover, polar capsules contain a coiled, projectile, penetrating
structure called a polar filament that is released and used as an anchor to attach to the
host during infection [7]. Some mature spores of Kudoa islandica n. sp. have been found
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to have protruding polar filaments [34]. In the current study, the authors observed white
pseudocysts, and the protruding polar filament was measured as 9.08–12.15 µm in length.
No actinospore-like parasite or annelid-like organisms were observed, possibly because
large yellow croakers are mainly cultured in cages with rapid current regions. No records
or descriptions of protruding polar filaments of K. iwatai have been reported by previous
researchers. Since no obvious lesions or ulcerations were found on the skin of the fish,
it could be assumed that the infection would possibly have been triggered when the gill
epithelium was invaded with the actinospore-phase Kudoa by using the annelid as a vector
with the help of a protruding polar filament.

For further identification, SSU, LSU, mitochondrial cox-1, and rnl genes from isolated
Kudoa were used for phylogenetic analysis. From both SSU and LSU phylogenetic trees,
K. iwatai LcK-2020 could be classified into the same cluster with high similarity and closer
affinity to K. iwatai isolates from different fish hosts reported in China, Japan, and Korea.
When mitochondrial cox-1 and rnl genes were used for phylogenetic analysis, K. iwatai
LcK-2020 could also be classified into the same cluster with a high similarity between closed
isolates. For relative Kudoa species such as K. Lutjanus (cox-1: LC494281/rnl: LC494286),
cox-1 and rnl genes were found to have 91.93% and 83.07% identity, respectively, indicating
that mitochondrial genes could be considered as more useful genes in distinguishing closed
and relative Kudoa species morphologically. The mitochondrial genes could be also used
for analyzing genetic variations geographically and environmentally, revealing genetic
relations for intraspecific and interspecific Kudoa from different hosts [16,35].

Compared to the hundred Kudoa species recognized in wild marine and cultured fish
worldwide [14], the records of Kudoa were relatively few in China. Only four reports of
Kudoa infection were published from 1930 to 2007, possibly because of the rare consumption
of raw fish in China. In 2020, three new species and four species of genus Kudoa, including
Kudoa bora and Kudoa lutjanus, were identified and reported by Li [33] from marine Perci-
formes and Mugiliformes in China, indicating the increasing prevalence of Kudoa infection.
Most Kudoa spp. are generally considered relatively harmless to host fish and humans; few
Kudoa, such as Kudoa septempunctata, were considered to cause foodborne illness, which
was confirmed by oral administration of Kudoa spores to the suckle mouse at a dosage of
1 × 106 spores/g [36]. The food poisoning and toxicity of Kudoa iwatai and other newly
recognized species remain obscure [36,37]. Since large yellow croaker is the most important
economic marine cultured and exported fish in China, it is necessary to establish detection
methods for parasitic poisoning genes and a risk assessment system for better safety of
fish products.

5. Conclusions

The isolated Kudoa sp. from large yellow croakers was differentiated and identified as
K. iwatai based on morphological observations and molecular genetic characterization with
respect to SSU, LSU, and mitochondrial DNA gene nucleotide sequences. This is the first
report of K. iwatai isolated from cage-cultured large yellow croaker (Larimichthys crocea) in
Zhejiang province, along the southeast coast of China.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani12091145/s1, Figure S1: Detection of PCR products on Kudoa.;
Figure S2: Comparison of partial multiple nucleotide sequence of cox-1 gene of K. iwatai from different
origin and K. lutjanus.
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Ningbo University (EAENBU) (No. SYXK20190005) was established in 2019, but the authorities of
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regulation for the use of experimental animals in Zhejiang Province (Zhejiang provincial government
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kind of marine cultured fish. All the fish used in experiments were collected from Marine Culture
Farms in Taizhou Municipality, Zhejiang Province and well aerating bags during transportation. The
fish used for dissection were anesthetized with MS-222 at the dose pf 50 mg/L.
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(GenBank accession numbers OK380943 and MZ042255).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. He, A.; Li, W.; Wang, W.; Ye, K.; Gong, S.; Wang, Z. Analysis of DNA methylation differences in gonads of the large yellow

croaker. Gene 2020, 749, 144–754. [CrossRef] [PubMed]
2. Fu, L.; Wang, C.; Ruan, X.; Li, G.; Zhao, Y.; Wang, Y. Preservation of large yellow croaker (Pseudosciaena crocea) by Coagulin L1208,

a novel bacteriocin produced by Bacillus coagulans L1208. Int. J. Food Microbiol. 2018, 266, 60–68. [CrossRef] [PubMed]
3. Chen, S.; Su, Y.; Hong, W. Aquaculture of the Large Yellow Croaker. Aquac. China 2018, 10, 297–308. [CrossRef]
4. Zhao, J.; Bai, H.; Ke, Q.; Li, B.; Zhou, Z.; Wang, H.; Chen, B.; Pu, F.; Zhou, T.; Xu, P. Genomic selection for parasitic ciliate

Cryptocaryon irritans resistance in large yellow croaker. Aquaculture 2021, 531, 735–786. [CrossRef]
5. Zhang, W.; Wang, J.; Su, Y.; Quan, C.; Zhou, H.; Yang, W. Random amplified polymorphic DNA analysis (RAPD) of Neobenedenia

melleni from cultured marine fishes. Acta Oceanol. Sin. 2002, 24, 135–139. [CrossRef]
6. Brazenor, A.K.; Hutson, K.S. Effects of temperature and salinity on the life cycle of Neobenedenia sp. (Monogenea: Capsalidae)

infecting farmed barramundi (Lates calcarifer). Parasitol. Res. 2015, 114, 1875–1886. [CrossRef]
7. Stilwell, J.; Yanong, R.P.E. Myxosporidiosis (Myxozoan Infections) in Warmwater Fish. EDIS 2017, 1–8. [CrossRef]
8. Santos, W.; Silva, D.T.D.; Santos, P.; Matos, E.R.; Hamoy, I.G. New occurrence of Kudoa orbicularis parasitizing the freshwater

catfish Trachelyopterus galeatus (Siluriformes: Auchenipteridae) in the Brazlian Amazon region. Rev. Bras. Parasitol. Vet. 2019, 28,
416–424. [CrossRef]

9. Shi, H.; Chen, Z.; Ding, H.; Xie, J.; Wang, W.; Wang, G.; He, J.; Xu, W. Preliminary study on the histopathology and detection
methods of a Myxosporea parasite that causes white-gill disease in cultured Larimichthys crocea. J. Fish. Sci. China 2019, 26, 203–213.
[CrossRef]

10. Shin, S.P.; Shirakashi, S.; Hamano, S.; Kato, K.; Lasso, L.T.; Yokoyama, H. Phylogenetic study of the genus Kudoa (Myxozoa:
Multivalvulida) with a description of Kudoa rayformis sp. nov. from the trunk muscle of Pacific sierra Scomberomorus sierra. Mol.
Phylogenet. Evol. 2016, 98, 337–345. [CrossRef]

11. Kasai, A.; Li, Y.C.; Mafie, E.; Sato, H. Morphological and molecular genetic characterization of two Kudoa spp., K. musculoliquefa-
ciens, and K. pleurogrammi n. sp. (Myxosporea: Multivalvulida), causing myoliquefaction of commercial marine fish. Parasitol. Res.
2016, 115, 1883–1892. [CrossRef] [PubMed]

12. Henning, S.S.; Hoffman, L.C.; Manley, M. A review of Kudoa-induced myoliquefaction of marine fish species in South Africa and
other countries. S. Afr. J. Sci. 2013, 109, 1–5. [CrossRef]

13. Whipps, C.M.; Kent, M.L. Phylogeography of the cosmopolitan marine parasite Kudoa thyrsites (Myxozoa: Myxosporea). J.
Eukaryot. Microbiol. 2006, 53, 364–373. [CrossRef] [PubMed]

14. Whipps, C.M.; Grossel, G.; Adlard, R.D.; Yokoyama, H.; Bryant, M.S.; Munday, B.L.; Kent, M.L. Phylogeny of the Multivalvulidae
(Myxozoa: Myxosporea) based on comparative ribosomal DNA sequence analysis. J. Parasitol. 2004, 90, 618–622. [CrossRef]
[PubMed]

15. Dyková, I.; Buron, I.d.; Fiala, I.; Roumillat, W.A. Kudoa inornata sp. n. (Myxosporea: Multivalvulida) from the skeletal muscles of
Cynoscion nebulosus (Teleostei: Sciaenidae). Folia Parasitol. 2009, 56, 91–98. [CrossRef] [PubMed]

16. Neto, J.P.A.; Cardim, J.; Silva, D.T.D.; Hamoy, I.; Matos, E.; Abrunhosa, F. Kudoa ajurutellus n. sp. (Multivalvulida: Kudoidae), a
parasite of the skeletal musculature of the Bressou sea catfish, Aspistor quadriscutis, in northeastern of the State of Para. Zootaxa
2020, 4718, 371–380. [CrossRef] [PubMed]

http://doi.org/10.1016/j.gene.2020.144754
http://www.ncbi.nlm.nih.gov/pubmed/32376450
http://doi.org/10.1016/j.ijfoodmicro.2017.11.012
http://www.ncbi.nlm.nih.gov/pubmed/29179097
http://doi.org/10.1002/9781119120759.ch3_10
http://doi.org/10.1016/j.aquaculture.2020.735786
http://doi.org/10.1007/s11769-002-0026-8
http://doi.org/10.1007/s00436-015-4375-5
http://doi.org/10.32473/edis-fa201-2017
http://doi.org/10.1590/s1984-29612019047
http://doi.org/10.3724/SP.J.1118.2019.18127
http://doi.org/10.1016/j.ympev.2016.02.019
http://doi.org/10.1007/s00436-016-4928-2
http://www.ncbi.nlm.nih.gov/pubmed/26822736
http://doi.org/10.1590/sajs.2013/20120003
http://doi.org/10.1111/j.1550-7408.2006.00114.x
http://www.ncbi.nlm.nih.gov/pubmed/16968454
http://doi.org/10.1645/GE-153R
http://www.ncbi.nlm.nih.gov/pubmed/15270109
http://doi.org/10.14411/fp.2009.014
http://www.ncbi.nlm.nih.gov/pubmed/19606785
http://doi.org/10.11646/zootaxa.4718.3.5
http://www.ncbi.nlm.nih.gov/pubmed/32230029


Animals 2022, 12, 1145 12 of 12

17. Lom, J.; Arthur, J.R. A guideline for the preparation of species descriptions in Myxosporea. J. Fish Dis. 1989, 12, 151–156.
[CrossRef]

18. Abdel-Baki, A.-A.S.; Al-Quraishy, S.; Omar, S.Y.A.; Mansour, L. Ultrastructure and phylogeny of Kudoa barracudai sp. nov.
infecting Sphyraena putnamae in the Red Sea. Parasitol. Res. 2016, 115, 1799–1805. [CrossRef]

19. Giulietti, L.; Karlsbakk, E.; Cipriani, P.; Shayo, S.D.; Storesund, J.E.; Levsen, A. Molecular Characterization of the Myoliquefactive
Fish Parasite Kudoa mirabilis (Cnidaria, Kudoidae) from SE Indian Ocean and Its Phylogenetic Relationship with the Kudoa
thyrsites Species Complex. Microorganisms 2020, 8, 1352. [CrossRef]

20. Jeon, C.H.; Do, J.W.; Nam, U.H.; Kim, W.S.; Kim, J.H. Development of PCR method for detecting Kudoa iwatai (Myxozoa:
Multivalvulida) from rock bream Oplegnathus fasciatus. Parasitol. Res. 2017, 116, 789–796. [CrossRef]

21. Li, Y.C.; Inoue, K.; Zhang, J.Y.; Sato, H. Phylogenetic relationships of three Kudoa spp. with morphologically similar myxospores
(K. iwatai, K. lutjanus, and K. bora), with the redescription of K. uncinata and K. petala and description of a new species (K. fujitai n.
sp.) in fishes in the South China Sea. Parasitol. Res. 2020, 119, 1221–1236. [CrossRef] [PubMed]

22. Matsukane, Y.; Sato, H.; Tanaka, S.; Kamata, Y.; Sugita-Konishi, Y. Kudoa iwatai and two novel Kudoa spp., K. trachuri n. sp. and K.
thunni n. sp. (Myxosporea: Multivalvulida), from daily consumed marine fish in western Japan. Parasitol. Res. 2011, 108, 913–926.
[CrossRef] [PubMed]

23. Diamant, A.; Ucko, M.; Paperna, I.; Colorni, A.; Lipshitz, A. Kudoa iwatai (Myxosporea: Multivalvulida) in Wild and Cultured
Fish in the Rea Sea: Redescription and Molecular Phylogeny. J. Parasitol. 2005, 91, 1175–1189. [CrossRef] [PubMed]

24. Eiras, J.C.; Saraiva, A.l.; Cruz, C. Synopsis of the species of Kudoa Meglitsch, 1947 (Myxozoa: Myxosporea: Multivalvulida). Syst.
Parasitol. 2014, 87, 153–180. [CrossRef] [PubMed]

25. Egusa, S.; Shiomit, T. Two New Species of the Genus Kudoa (Myxosporea: Multivalvulida) from Marine Cultured Fishes in Japan.
Fish Pathol. 1983, 18, 163–171. [CrossRef]

26. Burger, M.A.; Cribb, T.H.; Adlard, R.D. Patterns of relatedness in the Kudoidae with descriptions of Kudoa chaetodoni n. sp. and K.
lethrini n. sp. (Myxosporea: Multivalvulida). Parasitology 2007, 134, 669–681. [CrossRef] [PubMed]

27. Burger, M.A.A.; Adlard, R.D. Low host specificity in the Kudoidae (Myxosporea: Multivalvulida) including seventeen new host
records for Kudoa thalassomi. Folia Parasitol. 2011, 58, 1–16. [CrossRef] [PubMed]

28. Moran, D.W.; Whitaker, D.J.; Kent, M.L. A review of the myxosporean genus Kudoa Meglitsch, 1947, and its impact on the
international aquaculture industry and commercial fisheries. Aquaculture 1999, 172, 163–196. [CrossRef]

29. Fujita, T. On a New Myxosporidia in the Muscle of the Gray-Mullet Chloromyxum bora nov. sp. Zool. Soc. Japan 1930, 42, 45–48.
30. Xie, X.; Chen, Q. A New Genus and Species of Family Tetracapsulidae from Marine Fishes in South China Sea (Myxosporea:

Multivalvulida). Oceanol. Limnol. Sin. 1988, 19, 431–434.
31. Wang, P.C.; Huang, J.P.; Tsai, M.A.; Cheng, S.Y.; Tsai, S.S.; Chen, S.D.; Chen, S.P.; Chiu, S.H.; Liaw, L.L.; Chang, L.T.; et al. Systemic

infection of Kudoa lutjanus n. sp. (Myxozoa: Myxosporea) in red snapper Lutjanus erythropterus from Taiwan. Dis. Aquat. Org.
2005, 67, 115–124. [CrossRef] [PubMed]

32. Zhou, Y. Taxonomic Study and Geographical Distribution of Myxosporean (Prorozoa: Myxozoa) from Some Marine Fishes of
Coasts off China Waters. Ph.D. Thesis, Chongqing Normal University, Chongqing, China, 2007.

33. Li, Y.C.; Inoue, K.; Tanaka, S.; Zhang, J.Y.; Sato, H. Identification of four new Kudoa spp. (Myxozoa: Myxosporea: Multivalvulida)
in commercial fishes collected from South China Sea, Atlantic Ocean, and Bering Sea by integrated taxonomic approach. Parasitol.
Res. 2020, 119, 2113–2128. [CrossRef] [PubMed]

34. Kristmundsson, A.; Freeman, M.A. Negative effects of Kudoa islandica n. sp. (Myxosporea: Kudoidae) on aquaculture and wild
fisheries in Iceland. Int. J. Parasitol. Parasites Wildl. 2014, 3, 135–146. [CrossRef] [PubMed]

35. Hervio, D.M.L.; Khattra, J.; Devlin, R.H.; Kent, M.L.; Sakanari, J.; Yokoyama, H. Taxonomy of Kudoa species (Myxosporea), using
a small-subunit ribosomal DNA sequence. Can. J. Zool. 1997, 75, 2112–2119. [CrossRef]

36. Kawai, T.; Sekizuka, T.; Yahata, Y.; Kuroda, M.; Kumeda, Y.; Iijima, Y.; Kamata, Y.; Sugita-Konishi, Y.; Ohnishi, T. Identification
of Kudoa septempunctata as the Causative Agent of Novel Food Poisoning Outbreaks in Japan by Consumption of Paralichthys
olivaceus in Raw Fish. Clin. Infect. Dis. 2012, 54, 1046–1052. [CrossRef]

37. Ohnishi, T.; Fujiwara, M.; Tomaru, A.; Yoshinari, T.; Sugita-Konishi, Y. Survivability of Kudoa septempunctata in human intestinal
conditions. Parasitol. Res. 2016, 115, 2519–2522. [CrossRef]

http://doi.org/10.1111/j.1365-2761.1989.tb00287.x
http://doi.org/10.1007/s00436-016-4918-4
http://doi.org/10.3390/microorganisms8091352
http://doi.org/10.1007/s00436-016-5354-1
http://doi.org/10.1007/s00436-020-06636-0
http://www.ncbi.nlm.nih.gov/pubmed/32179988
http://doi.org/10.1007/s00436-010-2133-2
http://www.ncbi.nlm.nih.gov/pubmed/21053015
http://doi.org/10.1645/GE-491R.1
http://www.ncbi.nlm.nih.gov/pubmed/16419765
http://doi.org/10.1007/s11230-013-9461-4
http://www.ncbi.nlm.nih.gov/pubmed/24474038
http://doi.org/10.3147/jsfp.18.163
http://doi.org/10.1017/S0031182006001995
http://www.ncbi.nlm.nih.gov/pubmed/17234042
http://doi.org/10.14411/fp.2011.001
http://www.ncbi.nlm.nih.gov/pubmed/21539134
http://doi.org/10.1016/S0044-8486(98)00437-2
http://doi.org/10.3354/dao067115
http://www.ncbi.nlm.nih.gov/pubmed/16385817
http://doi.org/10.1007/s00436-020-06707-2
http://www.ncbi.nlm.nih.gov/pubmed/32476059
http://doi.org/10.1016/j.ijppaw.2014.06.001
http://www.ncbi.nlm.nih.gov/pubmed/25161912
http://doi.org/10.1139/z97-846
http://doi.org/10.1093/cid/cir1040
http://doi.org/10.1007/s00436-016-5036-z

	Introduction 
	Materials and Methods 
	Sample Collection and Procession 
	Morphological and Histological Examination 
	Ultrastructure Observation 
	Molecular and Phylogenetic Analysis 

	Results 
	Morphological and Histopathology Examination 
	Ultrastructure Observation 
	Phylogenetic Analysis of the SSU and LSU 
	Phylogenetic Analysis of the Mitochondrial DNA Genes (cox-1 and rnl) 

	Discussion 
	Conclusions 
	References

