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The East Asian finless porpoise, Neophocaena asiaeorientalis sunameri, ranks
among the most endangered species with rapidly decreasing population in the
Northwest Pacific. Trematode parasites of the genus Nasitrema that inhabit the
air sinuses, inner ear, and the central nervous system of cetaceans frequently
cause equilibrium dysfunction, disorientation, interference with echolocation,
incoordination, and nervous system degeneration. Due to their specific location
and associated pathologies, they have been recognized as one of the causes of
cetacean strandings. Stranding data provides crucial information on the species’
biology, population health, and on the status of entire marine ecosystem.
However, published data on parasite-induced standings that include
information on the causative parasite pathogens are scarce. As part of a wider
survey on the causes of East Asian finless porpoise strandings along the west
coast of Korea, herein, we provide novel morphological and molecular data on
two sympatric species of Nasitrema, namely, Nasitrema spathulatum and
Nasitrema sunameri based on newly collected specimens from a stranded
alive East Asian finless porpoise at the West coast of Korea. Our study adds a
new distribution record for important parasite pathogens in cetaceans and
provides the first molecular data for the parasite species recovered, which
enabled us to re-evaluate the species relationships within the family
Brachycladiidae, a group of important parasite pathogens of marine mammals.
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1 Introduction

The coastal waters of the Korean Peninsula are one of the
richest and most diverse areas for cetaceans in the Northwest
Pacific. With a total of 35 different species, 29 odontocetes and 8
mysticets having been reported (Sohn et al.,, 2012; Kim et al., 2000),
the area holds nearly half of the known cetacean species worldwide
and therefore is of an extremely high natural value in terms of
diversity of marine megafauna. This is largely due to its specific
location and oceanographic characteristics, having great depths and
lack of continental shelf in the east and shallow waters in the west.
Of the 37 cetacean species occurring in the area, the East Asian
finless porpoise, Neophocaena asiaeorinetalis sunameri Pilleri et
Gihr, is the most abundant species with the largest population
occurring in Korean waters. Under the current taxonomic
treatment, the East Asian finless porpoise is one of the two
recognized subspecies of N. asiaeorientalis (Pilleru & Gihr, 1972)
distributed throughout the coastal waters of Yellow and South
China Seas and the southern part of the Japanese archipelago in
the East Sea. In contrast, its congener Ne. a. asiaeorientalis (Pilleri &
Gihr, 1972), widely known as the Yangtze finless porpoise,
exclusively inhabits freshwater habitats in the lower and middle
course of the Yangtze River and its adjacent lakes (Rudolph &
Smeenk, 2009).

The East Asian finless porpoise is highly vulnerable to
anthropogenic threats. The anthropogenic pressure on the coastal
ecosystems throughout its distributional range is immense (Park
et al,, 2015), being surrounded by the most rapidly industrialized
countries with immense population and occurring in the most
exploited seas in the world ocean (Yoo et al., 2019). Despite being
the most abundant cetacean species in Korean waters, the
population of the East Asian finless porpoise is on a decline as a
result of artisanal fisheries, frequent bycatch, and habitat disruption
(Baker et al., 2006; Kim et al,, 2013). Its population has sharply
decreased of approximately 70% for a period of just 7 years (2004
2011; Park et al., 2015). This has prompted a concern about the
status of the species and led to its declaration as endangered (IUCN
Red List of Threatened Species) in 2017 under the criteria A2bcde
+3bcde+4bede that has made the East Asian finless porpoise a
species of high priority for conservation.

Whereas a great deal has been learned about the biology and
ecology of the East Asian finless porpoise, no evaluation of its
parasite fauna has been undertaken so far. Marine mammal
standing data provide vital clues on species’ life histories,
population health, including the incidence of disease and cause of
death, and on the status of the marine ecosystems (Arbelo et al.,
2013; Prado et al., 2016; ten Doeschate et al., 2018; Coombs et al.,
2019). Although standings are caused by multiple triggers including
biological, physical, and social processes (Williams et al., 2011;
Peltier et al., 2013), parasite-induced strandings are frequently
encountered and have been reported worldwide (Dailey and
Walker, 1978; Morimitsu et al., 1986; Morimitsu et al., 1987;
Lewis and Berry, 1988; O’Shea et al., 1991; Morimitsu et al., 1992;
Degollada et al., 2002; Arbelo et al., 2013; Diaz-Delgado et al., 2018).
However, difficulties in obtaining good parasitological material
from accidentally stranded animals frequently refer to their
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quality as determined by the host conditions. Trematodes of the
family Brachycladiidae Odhner, 1905 are known as specific
parasites of marine mammals, occurring in diverse microhabitats
such as the hepatic and pancreatic ducts, the intestine, lungs, and
head sinuses (Gibson, 2005). High pathogenicity has been reported
for those occurring in the tissues and especially for the members of
Nasitrema Ozaki, 1935 that inhabit the air sinuses, respiratory
tract, and the central nervous system of odontocete cetaceans
(Gibson et al., 1998). Due to their specific location and resulted
pathologies, including equilibrium dysfunction, disorientation,
interference with echolocation, incoordination, and nervous
system degeneration, species of Nasitrema have been frequently
associated as causatives of single and mass strandings of
odontocetes (Dailey and Walker, 1978; Morimitsu et al., 1986;
Morimitsu et al., 1987; Lewis and Berry, 1988; O’Shea et al., 1991;
Morimitsu et al., 1992; Degollada et al., 2002; Arbelo et al., 2013;
Diaz-Delgado et al., 2018).

Although the cetacean populations, including those of the East
Asian finless porpoise, have been extensively monitored and studied
in Korean waters (Park et al., 2015; Yim & Lee, 2015; Lee et al., 2018;
Oh etal., 2018; Kim et al., 2019; Jeong et al., 2020) only a handful of
parasitological surveys have been conducted. So far, a single study
has reported a species of Nasitrema, i.e., Nasitrema attenuatum
Neiland, Rice & Holden, 1970, in the common dolphin (Delphinus
d. delphis L. 1758; Lim et al., 2016) from the east coast of Korea. To
date, virtually, no data exist on the parasite fauna of the East Asian
finless porpoise in Korean waters. With the aim of bridging this gap,
herein, we present a case study detailing on the parasite pathogens
of Nasitrema in the East Asian finless porpoise that was initiated
during a major survey on the causes of its strandings along the west
coast of Korea. We report Nasitrema spp. infection in a stranded Ne.
a. sunameri and provide novel morphological and molecular data
for the type species Na. spathulatum and its sympatric congener Na.
sunameri based on the newly collected specimens. Phylogenetic
analyses based on partial mtND3 and 28S rDNA sequences were
carried out and led to re-evaluation of the species relationships
within the family Brachycladiidae, comprising a group of important
parasite pathogens of marine mammals.

2 Materials and methods

A single specimen of Ne. a. sunameri was found stranded alive
within a small pool formed at low tide near Woong Island, Daesan-
eup, off Seosan-city (36.9201N, 126.3730E) on 25 April 2017
(Figure 1). Despite the attempts to be rescued by the local marine
police, the animal died shortly after the transportation to the
veterinary care center at the animal hospital of Seoul Zoo. The
necropsy examination was performed on the following day. The
specimen was a female, 148 cm long. The cranial sinuses and
auditory tubes were reached by removing the auditory ossicles,
and the sinuses were rinsed with running water at high pressure to
expel the parasites. Parasite specimens recovered were rinsed and
preserved in two fixatives for subsequent studies, i.e., in 10% neutral
buffered formalin for morphological examinations and in 70%
ethanol for molecular studies.
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FIGURE 1

East Asian finless porpoise, Neophocaena asiaeorientalis sunameri Pilleri et Gihr (A) found alive on the west coast of Korea in April 2017;

(B) illustrative representation of the head anatomy as schematic sagittal reconstruction showing the nasal structures and microhabitat of Nasitrema
spp. in the air spaces of the upper respiratory tract. Color codes: blue, air spaces of the upper respiratory tract; gray, digestive system; light gray,
cartilages and bones of the skull; yellow, fat bodies (melon and bursae cantantes).

Specimens preserved in 10% neutral buffered formalin were
stained with alum-carmine solution, cleared with carbol-xylene and
xylene, and prepared as permanent mounts in Canada balsam.
Parasites were examined using light microscope BX53, Olympus
Co. (Tokyo, Japan) and drawings were made with the aid of a
drawing tube attached to the microscope. Measurements were taken
from the drawings made and expressed in millimeters unless
otherwise stated.

Genomic DNA was extracted from entire specimens using a
Gentra Puregene Cell and Tissue Kit (Qiagen Co., Hilden,
Germany) according to the manufacturer’s protocol for DNA
purification from fixed tissue. Partial fragments of the mtND3
and LSU (D1-D3 regions) rRNA genes were amplified using
primer combinations: ND3F (5'-GCT TAA TTK KTA AAG CYT
TGR ATT CTT ACT-3’; Fernandez et al., 2000) + ND3-4 (5'-CTA
GTC CCA CTC AAC GTA ACC TT-3'; Fernandez et al., 1998), and
CLF28A (5'-AGT AAC GGC GAG TGA ACA GG-3’) + CLF28B
(5'-GCA CTG GTC CGA AGA CTA TG-3'; Nakagun et al., 2018),
respectively. The amplification reactions were performed in a total
volume of 50 ul comprising 1 (mtND3) or 5 (28S rDNA) ul gDNA,
0.4 mM dNTP, 15 uM of each primer, 0.2 pg/pl of BSA, 2.5 mM
MgCl,, and 0.5 ul of Taq DNA polymerase. Thermocycling
conditions were as follows: 95°C for 5 min, 35 cycles of 95°C for
30 s, 50°C for 30 s (mtND3) or 60°C for 30 s (LSU), 72°C for 50 s,
and a final extension at 72°C for 7 min. PCR products were purified
and sequenced by Sanger cycle sequencing at the Cosmogenetech
Co. (Seoul, Korea) using the same primers as for the
amplification reactions.

Consensus sequences were assembled using Geneious v.
2019.1.3. (Kearse et al,, 2012) and visually inspected. Single gene
alignments were built and aligned together with published
sequences for the Brachycladiidae (see Table 1 for the GenBank
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accession numbers for the taxa included in the analyses) using
MAFFT v7 (Kuraku et al., 2013; Katoh et al., 2019; online
execution). The mtND3 dataset was aligned with reference to the
amino acid translation, using the echinoderm and flatworm
mitochondrial code (Telford et al., 2000). Tormopsolus orientalis
Yamaguti, 1934 was used as an outgroup in both datasets analyzed
(KT180219, and DQ248217, respectively), as informed by previous
phylogenies (Fernandez et al., 1998b; Bray et al, 2005; Fraija-
Fernandez et al., 2015). For the reconstruction of phylogenetic
relationships, the “best-fitting” models of sequence evolution were
selected using jModeltest 2.1.10 (Darriba et al., 2012) under
Bayesian Information Criterion.

Phylogenetic relationships of the individual gene datasets were
assessed under Bayesian inference in MrByaes 3.2.6 (Ronquist et al.,
2012) executed on the CIPRES Science Gateway v.3.3 (Miller et al.,
2011) as two independent runs for 10,000,000 generations and
sampled every 1,000th generation. The “burn-in” was set for the
first one-fourth of the sampled trees. Parameter convergence and
run stationarity were assessed in Tracer v.1.6 (Rambaut et al., 2009).
FigTree v.1.4.4. (Rambaut and Drummond, 2012) was used for
visualization of the final trees.

3 Results

The single-stranded alive East Asian finless porpoise was
infected with 22 specimens of Na. spathulatum Ozaki, 1935 and
eight of Na. sunameri Yamaguti, 1951. All specimens recovered
from the stranded alive animal were mature and in a good condition
for morphological analyses, on which all descriptions,
morphometrics, and molecular analyses are done in the
present study.
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TABLE 1 List of parasite species included in the phylogenetic analyses with details of provenance and GenBank accession

Parasite species

Acanthocolpidae Liihe, 1906

Host species

Locality

GenBank accession nos.

mtND3

LSU
rDNA

10.3389/fmars.2023.1187451

numbers.

Reference

mtND3

LSU rDNA

Seriola dumerili Risso Mediterranean Bartoli et al. Bray et al.
T i ientalis Y ti, 1934 KT180219 DQ248217
ormopsotus orientais Yamagutl (Greater amberjack) Sea Q (2004) (2005)
Brachycladiidae Odhner, 1905
Russia: Whit
Cryptonatica affinis st e
Brachycladiidae gen. sp. 1 WS Gmelin, (The Arctic Sea, MT153594 Kremnev
Y gen. sp- moonsr;a i) Kandalaksha et al. (2020)
Gulf
. . . . Fraija-
Brachycladium atlanticum (Abril, Stenella coeruleoalba Mediterranean 0
. . . KT180217 Fernandez
Balbuena et Raga, 1991) Gibson, 2005 Meyen (Striped dolphin) Sea
et al. (2016)
Brachyclafi'ium ni}:}ponicum (Yamaguti, Grumpus griseus '(G.) Ehime, Bungo Unpublished
1942) Fraija-Fernandez, Aznar, Raga, Cuvier, 1812) (Risso’s LC541906
. . . Channel, Japan data
Gibson et Fernandez, 2014 dolphin, grampus
Brachycladium goliath (van Beneden, Balaenoptera acutorostrata North Sea Bri al Bri ¢l
. . riscoe et al. riscoe et al.
1858) Fraija-Fernandez, Aznar, Raga, L P ) (United KR703278 KR703279
R , Lacépede (Minke whale) i (2016) (2016)
Gibson et Fernandez, 2014 Kingdom)
Nagasaki,
Kogia sima (Owen, 1866 Unpublished | Unpublished
Brachycladium sp. 1-SN-2019 ogia sima (Owen, 1866) ) .\ Sound, | LC541901 LC541902 HIPUBLSAE HIPUBLSHe
(Dwarf sperm whale) data data
Japan
Ph h L United Fraija-
ocoena phocoena L. nite
Campula oblonga Cobbold, 1858 P . . KM258671 Fernandez
(Harbour porpoise) Kingdom
et al. (2015)
North Pacifi
orth Facihie Nakagun and
Phocoena phocoena L. Ocean .
. i LC532151 Kobayashi
(Harbour porpoise) (Hokkaido,
(2020)
Japan)
Ph h L. Fernandez
ocoena pi oc0?na Baltic Sea AF034554 ernandez
(Harbour porpoise) et al. (1998)
Cananeia,
Nasitrema attenuatum Neiland, Rice et Sotalia guianensis van Southern Sao MN264280 Unpublished
Holden, 1970 Bénéden (Guiana dolphin) Paulo state, data
Brazil
Nasitrema delphini Neiland, Rice et Delphinus delphis L Off C. Fralja-
asitrema delphini Neiland, Rice e elphinus delp zs' . anary KT180216 Fernandez
Holden, 1970 (Common dolphin) Islands
et al. (2016)
. . . . . . Southern ;
Nasitrema globicephalae Neiland, Rice Globicephala melas Traill Pacific Ocean AF034557 Fernandez
et Holden, 1970 (Long-finned pilot whale) ) ? et al. (1998)
Chile
Off Fukuoka,
Kogia sima (Owen, 1866 Unpublished | Unpublished
Nasitrema gondo Yamaguti, 1951 ogia sima (Owen ) Genkai Nada, LC541903 LC541905 npublishe npublishe
(Dwarf sperm whale) data data
Japan
R tt @G Fraija-
T n T
Nasitrema sp. eresa a 'e uata tray Spain KM258672 Fernandez
(Pygmy killer whale)
et al. (2015)
Neophocaena asiaeorientalis
. . sunameri Pilleri et Gihr . .
Nasitrema spathulatum Ozaki, 1935 . Yellow Sea MZ269066-7* MZ265264* = This study This study
(East Asian finless
porpoise)
Neoph iaeorientali
Nasitrema sunameri Yamaguti, 1951 cop oc&llen.u afmeor}len P Yellow Sea MZ269068-9, MZ269071* | MZ265266*  This study This study
sunameri Pilleri et Gihr
(Continued)
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TABLE 1 Continued

Parasite species

Host species

(East Asian finless
porpoise)

Locality

GenBank accession nos.

mtND3

LSU
rDNA

10.3389/fmars.2023.1187451

Reference

mtND3

LSU rDNA

Serripes groenlandicus

Russia: White

5 K K
Orthosplanchnus arcticus Odhner, 1905 Mobhr (The Greenland Sea. MT153587 MT153593 remnev remnev
Kandalaksha et al. (2020) et al. (2020)
cockle)
Gulf
Russia: Whit:
Cryptonatica affinis seuassm e Kremney
Orthosplanchnus arcticus Odhner, 1905 Gmelin, (The Arctic > MT153588
moonsnail) Kandalaksha et al. (2020)
Gulf
Orthosplanchnus fraterculus Odhner, ) North Pacific Fernandez
E L. AF034
1905 nhydra lutris L. (Sea otter) Ocean, Alaska 034555 et al. (1998)
North Pacifi
. . Mesoplodon carlhubbsi orth Facie
Oschmarinella macrorchis Demaree, Moore (Hubbs’ beaked Ocean LC326064 LC269095 Nakagun Nakagun
Critchfield et Tinling, 1997 hale) " (Hokkaido, et al. (2018) et al. (2018)
whale
Japan)
. 3 - . , Fraija-
Oschmarinella rochebruni (Poirier, Stenella coeruleoalba Mediterranean Fernandez o
B . . AF034556 KM258673 Fernandez
1886) Gibson et Bray, 1997 Meyen (Striped dolphin) Sea et al. (1998)
et al. (2015)
Synthesium delamurei (Raga et . . . .
Traill M E 1. lish.
Balbuena, 1988) Marigo, Thompson, Globicephala mleas rail editerranean KY612255 MN295480 bert et a Unpublished
. (Long-finned pilot whale) Sea (2017) data
Santos et Ifiguez, 2011
X . . X Sao Francisco
Synthesium neotropicale Ebert, Miilller, Tursiops truncatus do Sul Unpublished | Unpublished
Marigo, Valente, Cremer et da Silva, Montagu (Bottlenose > MN264290 MN295483 P P
2017 dolphin) Northern data data
ophin Santa, Brazil
Delphinus delphis L. South Atlanti Unpublished
elphinus delp zs- : oul antic MN264291 npublishe
(Common dolphin) Ocean data
Synthesium pon.toporme (Raga,'Aznar, Pontoporia blainvillei Cananeia, 4 .
Balbuena et Dailey, 1994) Marigo, - . Southern Sao Marigo et al. Unpublished
X Gervais et d'Orbigny JX644104 MN295487
Vicente, Valente, Measures et Santos, X Paulo state, (2015) data
(Franciscana) .
2008 Brazil
St. Lawrence
Synthesi i (Price, 1932
a“ . estun? seymouri (Price ) Delphinapterus leucas estuary, Unpublished | Unpublished
Marigo, Vicente, Valente, Measures & MN264293 MN295481
Pallas (Beluga whale) Quebec, data data
Santos, 2008
Canada
Cardoso
Synthesium tursionis (Marchi, 1873) St?ta,lza guzam-enszs van ' Island, MN264299 MN295500 Unpublished | Unpublished
Stunkard et Alvey, 1930 Béneden (Guiana dolphin) Southern Sao data data
Paulo, Brazil
Tursiops truncates. Montagu ~ Mediterranean MN264311 Unpublished
(Bottlenose dolphin) Sea data
Sao Francisco
S?tallta guzam-ensts van . do Sul, MN264323 Unpublished
Beénéden (Guiana dolphin) Northern data
Santa, Brazil
Sao Francisco
Tursiops truncates. Montagu | do Sul, MN264333 Unpublished
(Bottlenose dolphin) Northern data
Santa, Brazil
St?tallm gumm-znszs van ‘ Iguape, MN264320 Unpublished
Beénéden (Guiana dolphin) Southern Sao data
(Continued)
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TABLE 1 Continued

10.3389/fmars.2023.1187451

Parasite species Host species Locality GenBank accession nos. Reference
mtND3 o8 mtND3  LSU rDNA
rDNA
Paulo State,
Brazil
Neophocaena asiaeorientalis
sunameri Pilleri et Gihr Inland Sea of b Shiozaki
. MH634349
(East Asian finless Japan et al. (2019)
porpoise)
Neophocaena asiaeorientalis
sunameri Pilleri et Gihr Omura Bay, MH634347° Shiozaki
(East Asian finless East China Sea et al. (2019)
porpoise)
Zalophotrema hepaticum Stunkard et Zalophus californianus North Pacific AY222255 Olson et al.
Alvey, 1929 Lesson (California sea lion) Ocean (2003)

“As Hadwenius tursionis in GenBank.
°As Delphinus capensis in GenBank.
As Synthesium elongatum in GenBank.

3.1 Species description

Family Brachycladiidae Odhner, 1905

Genus Nasitrema Ozaki, 1935

Nasitrema spathulatum Ozaki, 1935

Locality: Woong Island, Daesan-eup, off Seosan-city
(36.9201N, 126.3730E), Korea

Location of infection: cranial sinuses and auditory tubes

Voucher material: eight specimens deposited in Meguro
Parasitological Museum, Japan (MPM Coll. No. 21955) and two
specimens deposited in the Korean National Institute of Biological
Resources (NIBRIV0000895405-406).

Representative DNA sequences: mtND3: MZ269066-7; LSU :
MZ265263-4

Figure 2A

Description (based on nine fully mature specimens).
Morphometrical data are presented in Table 2. Body elongate,
spatulate, slenderer posteriorly, terminates bluntly. Maximum
width at level of ovary. Narrow posterior part filled with intestinal
caeca and dendritic vitellaria. Tegument thick, spinous.

Oral sucker ventro-subterminal, oval. Prepharynx indistinct.
Pharynx muscular, elongate-oval. Esophagus indistinct. Ceca
simple, bifurcates just posterior to pharynx, each cecum extends
anteriorly to level of mid-pharynx and descends posteriorly, end
blindly to posterior extremity. Ventral sucker spherical, slightly
bigger than oral sucker, at about anterior 1/11th-1/16th of
body length.

Testes two, large, tandem, deeply lobed, appearing follicular at
posterior half of expanded body part, overlapping caeca laterally.
Cirrus sac absent. Seminal vesicle saccular, extending dorso-
laterally to ventral sucker. Pars prostatica tubular. Genital atrium
small. Genital pore median, opens anterior to ventral sucker.

Ovary pretesticular, submedian, with irregular lobes. Laurer’s
canal and Mehlis’ gland not observed. Uterus wide, convoluted,
confined to intercecal field, interjects between seminal vesicle and
ovary. Metraterm short, dorsal to pars prostatica. Eggs oval, thick,
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truncated anteriorly with pointed knob at posterior end; operculum
flat; yellow-brown in color; equilateral and transversely triangular.
Vitellarium follicular, follicles numerous in tassel-like groups, in
two lateral fields distributed from posterior body extremity to level
of genital pore. Excretory vesicle tubular, Y-shaped, bifurcates at
level of o6type. Excretory pore terminal, opens at median line.

Remarks

Nasitrema spathulatum, the type species of the genus, was
described from the East Asian finless porpoise (Ne. a. sunameri
Pilleru & Gihr, 1975) from off Awashima island, Japan nearly nine
decades ago (Ozaki, 1935). Since then, only two records detailing on
the parasite morphology have been published (Yamaguti, 1951;
Neiland et al., 1970) so far. All records were originally reported
from the Indo-Pacific finless porpoise [Ne. phocaenoides (G. Cuvier,
1829)]. However, under the most recent taxonomic treatment of the
finless porpoises, only the record of Neiland et al. (1970) from the
Jakarta Bay represents a case from this host species.

Based on the morphological and morphometric observations, the
specimens recovered from off Korea agreed well with the diagnosis of
Na. spathulatum (Ozaki, 1935). The metrical data for most of the
morphological characters of the examined specimens here generally fall
within the ranges given by Ozaki (1935) and Yamaguti (1951).
Unfortunately, the numbers of the Na. spathulatum specimens
observed are not reported in either of the publications, and the
individual variation in the morphology is unclear. In contrast,
metrical data reported by Neiland et al. (1970) from the Indo-Pacific
finless porpoise (Ne. phocaenoides) fall above the ranges for most of the
morphometrical characters. Despite the low number of specimens used
by these authors (n = 3), the specimens from the Bay of Jakarta
(formerly known as the Batavia Bay of the Dutch East Indies) have
twice greater body width to body length ratio than the specimens
recorded from the East Asian finless porpoise (22.8 vs. 11.7-13.1;
Table 2). Although these differences were noted by the authors, the
specimens were assumed to represent atypical forms resulting from the
fixation procedure applied (ie., the specimens appeared somehow
contracted and obviously not relaxed prior to fixation). However,
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FIGURE 2

(A) Nasitrema spathulatum ex Neophocaena asiaeorientalis
sunameri from the Yellow Sea off Korea, ventral view. (B) Nasitrema
sunameri ex Neophocaena asiaeorientalis sunameri from the Yellow
Sea off Korea, ventral view. Scale bar: A, 500 pm.

taking into account the distinct host origin, the specimens of Neiland
et al. (1970) may represent distinct species of Nasitrema. Therefore, a
novel material from the same host species and locality is needed to
resolve the specific status of the material from Jakarta.

Our study provides a new geographical record for Na.
spathulatum, extends its known range of metrical features, and
provides the first molecular data for the type species of the genus.

Nasitrema sunameri Yamaguti, 1951

Locality: Woong Island, Daesan-eup, off Seosan-city
(36.9201N, 126.3730E), Korea

Location of infection: cranial sinuses and auditory tubes

Voucher material: Two specimens deposited in the Meguro
Parasitological Museum, Japan (MPM Coll. No. 21956) and two
specimens deposited in the Korean National Institute of Biological
Resources (NIBRIV0000895399-400).
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Representative DNA sequences: mtND3: MZ269068-9,
MZ269071; LSU : MZ265265-6

Figure 2B

Description (based on two fully mature specimens).
Morphometric data are provided in Table 3. Body slender,
lanceolate, terminates bluntly with slightly notched end.
Maximum width near anterior testis. Tegument densely spinose.

Oral sucker ventral, subterminal, oval. Prepharynx indistinct.
Pharynx large, pyriform. Esophagus very short. Ceca bifurcates just
posterior to pharynx, sinuous, extends anteriorly to pharynx and
turn posteriorly to reach close to posterior extremity. Ventral sucker
spherical, at approximately anterior one-seventh of total
body length.

Testes two, parallel, located close to each other, consisting of
irregular windings. Seminal vesicle sigmoid, extends posteriorly
beyond ventral sucker. Pars prostatica cylindrical, surrounded by
compact mass of gland cells. Genital pore median, just anterior to
ventral sucker.

Opvary slightly dextral, just anterior to testes, forming few blunt
lobes. Laurer’s canal and Mehlis’ gland not observed. Uterus
convoluted, located between ovary and seminal vesicle. Metraterm
short, muscular. Eggs oval or elliptical with knob-like thickening at
posterior pole. Vitellarium follicular, arranged in two lateral fields
extending anteriorly to ventral sucker to posterior body end;
follicular fields comprised dorsal and ventral strings
encompassing the uterus, ovary, and testes. Vitelline reservoir
dorsal to the ovary.

Excretory vesicle tubular, Y-shaped, sinuous, extends at about
level of posterior margin of ovary. Excretory pore terminal.

Remarks

The present material agrees well with the diagnosis of Na.
sunameri (Yamaguti, 1951). The most distinct characters comprise
the preacetabular distribution of vitellaria, and gradually tapered,
not attenuated hindbody. Nasitrema sunameri differs from its
sympatric congener Na. spathulatum mainly in respect to the
shape and size of the body. The differences consist of a lanceolate
body shape (in the case of Na. sunameri) vs. spathulate-shaped body
with slenderer and slightly longer hind body (Na. spathulatum).
The distribution of the vitellaria, in which the anterior extend
surpasses the acetabulum, is a feature characteristic for both
species and clearly distinguishes them from all other eight species
in the genus. Metrical data obtained in the present study fall
somewhat at the upper range or above it when comparing with
the only published previous description of the species by
Yamaguti (1951).

After the original description on Na. sunameri, seven decades
ago, this is the third report of the species and a second study
detailing on its morphology. Our study provides new geographical
record and the first molecular data for this species.

3.2 Phylogenetic analyses

Sequence data for the novel isolates from oft Korea have been
submitted to GenBank under the following accession numbers: for
mtND3, MZ269066-MZ269069, and MZ269071, and for LSU,
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TABLE 2 Comparative morphometric data for Nasitrema spathulatum Ozaki, 1935 from Neophocena spp.

Source This study
Host Ne. a. sunameri Pilleri & Gihr, 1975 Ne. a. sunameri Pilleri & Ne. a. sunameri Pilleri & Ne. phocaenoides
Gihr, 1975" Gihr, 1975' (Cuvier, 1829)
Habitat Cranial sinuses and auditory tubes Nasal cavity Accessory nasal sinuses Nasal cavity
Fixation 10% neutral buffered formalin na na Formalin after relaxation
in water
Locality of origin Woong Island, Daesan-eup, off Seosan- Awashima, Inland Sea, off na Batavia Bay, East Indies
city, Yellow Sea Japan
Character / Range n=38 na na n=3°
Body length 17.2-25.5 19-26 25-28 13.3-15.7 (14.3)
Body width (max) 2.6-3.4 2.3-3.1 3.0-3.2 3.0-3.6 (3.4)
Body width (at the slender hind 0.4-0.9 0.7-1.0 - -
body part)
Oral sucker length 0.47-0.75 0.35-0.5 0.55-0.6 0.58-0.69 (0.62)
Oral sucker width 0.56-0.75 0.6-0.66 0.65-0.7 0.68-0.79 (0.74)
Pharynx length 0.52-0.71 0.46-0.6 0.5-0.55 -
Pharynx width 0.28-0.40 0.37-0.42 0.35-0.41
Ventral sucker length 0.71-0.99 0.85-0.95° 0.92-1.0 0.89-0.95 (0.92)
Ventral sucker width 0.75-0.97 1.05 0.97-1.01 (0.98)
Anterior end to mid-level of 1.9-4.9 1-1.4¢ - -
ventral sucker
Ovary length 0.29-1.17 0.85-0.1 0.55-0.65 -
Ovary width 0.10-0.51 0.25-0.55 0.75-1.05
BW/BL (%) 13.1 12¢ 11.7° 22.8°
Egg length 0.058-0.120 0.07-0.093 0.081-0.099 0.076-0.079 (0.078)
Egg width 0.032-0.065 0.04-0.057 0.040-0.051 0.048-0.051 (0.050)

na, not available.

“Measurements given in mm.

As Neophocaena phocaenoides (Cuvier, 1829).

“Diameter.

dAnterior end to VS.

Estimated from the published drawings.

fAs Neomeris phocaenoides Gray, 1847.

8Possibly atypical specimens of Nasitrema (authors’ statement).

MZ265263-MZ265266. No reference sequences for the two species
examined were available in the GenBank database. Two alignments
were analyzed: (i) the partial mtND3 dataset comprised 331 bp and
included representative sequences for 27 taxa of the family
Brachycladiidae and (ii) a dataset for the partial LSU rDNA gene
comprising 967 bp and included sequence data for 17 representative
taxa of the family. Sequence comparisons were performed on
aligned and trimmed dataset for both markers including all
available sequences for representatives of the genus. Sequence
comparison in the LSU rDNA set revealed a single bp difference
within the two replicates of both species and a difference of 2-3 bp
between the isolates of Na. spathulatum and Na. sunameri. Both
species differed by 3-4 bp from an otherwise unidentified isolate of
Nasitrema from the Pygmy killer whale (Feresa attenuata) in the
Mediterranean. Both intra- and interspecific variations in the two
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datasets analyzed were low. The intraspecific sequence divergence
in the mtND3 set for Na. spathulatum ranged from 0.6% to 1.2%
(2-4 bp), and in the case of Na. sunameri, it was 0.3% (1 bp). The
interspecific divergence ranged from 5.4% to 6.9% (18-23 bp). The
overall interspecific divergence within Nasitrema in the mtND3
gene dataset ranged from 5.7% to 20.8% (19-65 bp).

The tree yielded from the Bayesian analysis of the mtND3 set is
presented in Figure 3A. Species of Nasitrema were resolved as
strongly supported monophyletic group earlier diverging to the
remaining representatives of the Brachycladiidae. The novel
sequences for N. spathulatum and N. sunameri were recovered as
closely related sister species. All remaining taxa of the
Brachycladiidae, representing the genera Brachycladium,
Oschmarinella, and Synthesium clustered in a multi-taxon clade,
although with lack of significant statistical support. Synthesium,
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TABLE 3 Comparative morphometric data for Nasitrema sunameri Yamaguti, 1951 from Neophocaena a. sunameri.

Source This study .
Habitat Cranial sinus and auditory tube Accessory nasal sinus
Fixation 10% neutral buffered formalin Acetic sublimate, fixation done between two slides
Locality of origin Woong Island, Daesan-eup, off Seosan-city, Yellow Sea Inland Sea, off Japan
Character / Range n=2 n==6

Body length 19.1-20 15-20

Body width (max) 38 3.8-4.0

Oral sucker length 0.72-0.74 0.55-0.60

Oral sucker width 0.80-0.87 0.62-0.75

Pharynx length 0.75-0.77 0.47-0.55

Pharynx width 0.43-0.45 0.47-0.55

Ventral sucker (diameter) 1.03-1.15 0.8-1.05

Anterior end to mid-level of ventral sucker 2.50-2.94 -

Testes length 6.0 2.5-3.8

Testes width 34 3.1-3.5

Seminal vesicle length - 0.32-0.45

Pars prostatica - 0.07-0.09

Ovary length 0.33-0.35 0.43-0.61

Ovary width 0.68-0.71 1.05-1.28

BW/BL (%) 19.1-20.0 20.0.-25.3

Egg length 0.095-0.105 0.081-0.090

Egg width 0.040-0.058 0.042-0.060

“Host originally reported as Neomeris phocaenoides Gray, 1847.

Orthosplanchnus, and Oschmarinella were recovered as
paraphyletic with O. articus nested in Synthesium, Campula
oblonga nested within Oschmarinella, and O. fraterculus clustered
as a sister to Oschmarinella rochebruni.

The relationships within the Brachycladiidae estimated by the
Bayesian inference (BI) approach based on the LSU dataset
comprised eight taxa of the family and are presented in
Figure 3B. The monophyly of Nasitrema, the closer sister species
relationships between N. spathulatum and Na. sunameri, and the
paraphyly of Synthesium were further confirmed. However,
Nasitrema was not resolved as the earliest diverging taxon but as
a sister to a clade comprised of species of Synthesium, namely, S.
tursionis, S. neotropicale, and S. pontoporiae. The remaining
brachycladiids clustered in a major multitaxon clade, albeit with
lack of significant support for most of the nodes. Brachycladium was
recovered as paraphyletic with Zalophotrema nested within it.
Synthesium seymori clustered in a strongly supported subclade
with Orthosplanchnus articus, and an otherwise unidentified
brachycladiid from the gastropod Cryptonatica affinis, while
Synthesium delamueri was recovered as a closely related to
Campula oblonga, and Oshmarinela spp., although with low
nodal support.
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4 Discussion

Herein, we provide the first report of Nasitrema infection in a
stranded East Asian finless porpoise, Ne. a. sunameri, in the
Northwest Pacific based on novel molecular data along detailed
morphological descriptions. Given that cetacean bycatch is one of
the main causes of mortality in small odontocetes (Spencer et al.,
2000), our results represent an important contribution to the
stranding epidemiology, especially in respect to the limited
number of studies available. Stranding data are widely
acknowledged as inexpensive to collect and valuable source
indicators of mortality at sea (Jefferson and Curry, 1994; Tregenza
et al., 1997; Evans and Hammond, 2004; Hoyt, 2005).

Parasites inhabiting cetacean cranial sinuses have been
associated as causatives of mass standings worldwide (Parker
et al., 1977; Dailey and Walker, 1978; Cowan et al., 1986;
Morimitsu et al., 1986; Morimitsu et al., 1987; Lewis and Berry,
1988; O’Shea et al., 1991; Morimitsu et al., 1992). Aberrant
migrations from the air sinus-inner ear complex to the subdural
space has been reported in previous studies of single and mass
al., 1986; O’Shea et al.,, 1991).
Trematodes of the genus Nasitrema have been recognized as

cetacean strandings (Cowan et
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FIGURE 3

Bayesian inference analyses of the (A) mtND3 and (B) LSU datasets
constructed under HKY+I and HKY+1+G models of evolution,
respectively. The newly generated sequences are color indicated in
red. Posterior probability values (>0.95) are given on the branches.
The branch length scale bars indicate number of substitutions per
site. Host origin of the used sequences is provided as a silhouette
next to the sequence name.

culprits in various odontocete cetacean strandings causing
neuropathy in the eight cranial nerve (Morimitsu et al., 1986;
Morimitsu et al., 1987; Morimitsu et al., 1992), brain lesions
(O’Shea et al,, 1991; Arbelo et al.,, 2013; Degollada et al., 2002),
and cerebral necrosis (Dailey and Walker, 1978; Lewis and Berry,
1988). Pathologies caused are recognized to be determined by the
intensity of infection ranging from moderate sinusitis to severe
encephalitis (Degollada et al., 2002) that can imply cognitive
disruption and equilibrium dysfunction and thus induce standing
(Dailey and Walker, 1978; Morimitsu et al., 1992; Degollada et al.,
2002). Neuropathy in the central nervous system caused by the
trematodes and released eggs leads to equilibrium dysfunction,
disorientation, interference with echolocation, incoordination, and
2013). Species of
Nasitrema have been reported to occur at high numbers and

nervous system degeneration (Arbelo et al.,

prevalence exclusively in odontocetes of the families Phocoenidae
1998). To date,
confirmed cases have been reported from different marine areas,
the southern Californian Pacific (Cowan et al., 1986), Mexico
(O’Shea et al., 1991), the Caribbean (Phillips & Suepaul, 2017),
the Northeast Atlantic (Degollada et al., 2002), and the Northwest
1986; Morimitsu et al., 1987;
1992). Further studies including pathological

Gray and Delphinidae Gray (Fernandez et al,

Pacific off Japan (Morimitsu et al.,
Morimitsu et al.,
examinations that determine the exact cause of cetacean deaths
are largely needed.

Despite the great diversity of cetaceans in the Northwest Pacific,
scarce data on their helminth fauna exist. To date, a total of 13
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species of helminths have been reported from the East Asian finless
porpoise (Shiozaki and Amano, 2017 and references therein).
Unfortunately, the records on its helminth diversity come from
sporadic studies and restricted geographical areas. Despite being the
most abundant cetacean species in Korean waters, no records on its
helminth fauna existed prior to our study.

Brachycladiid trematodes are specific parasites of marine
mammals (Dailey & Brownell, 1972; Fraija-Fernandez et al., 2016;
Shiozaki & Amano, 2017) that are acquired through the local food
web. Colonization has been recognized as the key driver of
2016). Despite
that, little is known on their life cycles and intermediate host

brachycladiid evolution (Fraija-Fernandez et al.,

associations (Delyamure, 1955; Adams et al., 1998; Gibson et al.,
1998). A recent study matching sequence data from larval and adult
isolates (Kremnev et al., 2020) revealed that gastropods of the family
Naticidae Guilding, 1834 serve as first intermediate hosts, while
bivalves, cephalopods, and fishes served as second intermediate
hosts. This is in line with the feeding ecology of the East Asian
finless porpoises known as an opportunistic feeder preying on
numerous species of fish and cephalopods (Jefferson & Hung,
2004; Shirakihara et al., 2008; Park et al., 2011). Parasite diversity
of cetaceans is positively correlated with the diversity of their hosts’
prey (Aznar et al., 1994). However, the intermediate hosts involved
in the life cycle of Nasitrema spp. are not known yet. Species of
Neophocaena have been reported as the only definitive hosts of the
two species, Na. spathulatum and Na. sunameri, reported herein.
This calls for further studies with more holistic approach on
revealing the parasite fauna in the North Pacific cetaceans and
assessing their impact on systems’ function and energetics.
Integration of host-parasite associations and phylogenetic
information in disease ecology is of prime importance because
closely related species tend to have more similar niches through
2022). Members of
Brachycladiidae have been subject to numerous studies; however,

phylogenetic conservatism (Filion et al,

the taxonomy of the group remains problematic (Fernandez et al.,
1994; Gibson, 2005). Ozaki (1935) erected the subfamily
Nasitrematinae Ozaki, 1935 in the family Fasciolidae Railliet,
1895 and proposed the genus Nasitrema (Ozaki, 1935).
Subsequently, Yamaguti (1958) erected Nasitrematidae based on
the absence of a cirrus pouch and different characteristics of the
eggs, i.e., thick-shelled, truncated at the opercular end, and
triangular in cross-section. Nevertheless, Fernandez et al. (1998)
suggested to revoke the family status of Nasitrematidae based on
molecular genetic analysis and proposed that the type genus
Nasitrema belongs to the family Campulidae Odhner, 1926. In
the most recent revision of the group, the family name was changed
to Brachycladiidae following the principle of coordination (ICZN
Article 36, Gibson, 2005), and the current taxonomic status of the
genus Nasitrema has been retained.

Of the 10 species currently recognized within Nasitrema, six,
namely, Na. spathulatum, Na. gondo Yamaguti, 1951, Na. sunameri,
Nasitrema dalli Yamaguti, 1951, Na. attenuatum, and Nasitrema
lagenorhynchus Kikuchi, Okuyama & Nakajima, 1987, have been
reported from the Pacific (Ozaki, 1935; Yamaguti, 1951; Neiland
et al., 1970; Kikuchi et al., 1987). Of these, only a single species, Na.
attenuatum, found in the common dolphin (Delphinus delphis), has
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been reported in Korean waters so far (Lim et al., 2016). Nasitrema
spathulatum, the type species of the genus, was originally described
by Ozaki (1935) from the nasal cavity of Neophocaena phocenoides
from Awashima, Inland Sea of Japan. Neophocaena phocenoides has
been previously considered as a species with widespread
distribution and three geographic populations that have colonized
freshwater (Yangtze River) and marine environments along the
coast of the Indo-Pacific Ocean (Reeves et al., 2003). Under the
current taxonomic treatment of the Marine Mammal Species, the
Indo-Pacific finless porpoise (Ne. phocenoides) is considered a
distinct species based on characteristic morphological features,
genetic differences, and specific geographical distribution in the
Indian Ocean to the South China Sea, that occurs sympatrically
with Ne. asiaeorientalis only around the Taiwan Strait (Wang et al.,
2010). On the other hand, Ne. asiaeorientalis is recognized to
comprise two subspecies, Ne. a. asiaeorientalis inhabiting
exclusively freshwater habitats (Yangtze River and adjacent water
bodies), and Ne. a. sunameri distributed off the coasts of the Taiwan
Strait, Korean Peninsula, and Japan. A recent study on the
population genomics of the finless porpoises suggested a
reproductive isolation between the two subspecies of Ne.
asiaeorientalis (Zhou et al., 2018).

Given the current taxonomic treatment of the finless porpoises
(Committee on Taxonomy, 2022), the type host of Nasitrema
should be considered the East Asian finless porpoise, Na. a.
sunameri. After the original description, only two reports
including a detailed morphology of the species are known
(Yamaguti, 1951; Neiland et al., 1970). The latter one represents a
case from the Indo-Pacific finless porpoise, which was provided
along the amendment of the generic diagnosis and description of
five additional species of Nasitrema. The sympatric Na. sunameri,
was described by Ozaki (1935) from the same host species and has
been reported only twice after its first report (Kuramochi et al.,
20005 Shiozaki & Amano, 2017). This could partially result from the
difficulties in obtaining good specimens from frequently
decomposed or frozen hosts that reflect the quality of the
respective parasites and especially the helminths making the
interpretation of their morphology difficult (Gibson, 2005).
Additionally, the nasal sinuses are not routinely examined post-
mortem, and this could be another reason for the scarce reports of
Nasitrema spp. It is worth noting that species of Nasitrema have
been reported to infect the respiratory tract and in nasal discharge
of live captive dolphins (Kumar et al., 1975; Forrester et al., 1980;
O’Shea et al., 1991; Ebert and Valente, 2013). However, we
recovered infections with Nasitrema only inside the cranial
sinuses and the inner ears.

Studies focused on brachycladiid phylogenetic relationships
have reported lack of well-resolved interrelationships (Fernandez
et al., 1998a; Fraija-Fernandez et al., 2016; Shiozaki et al., 2019). Our
phylogenetic reconstructions based on both genetic markers were
largely consistent with previous surveys. Worth noting is that
previous studies were based on limited sampling across the
brachycladiids. Under our taxon sampling, Nasitrema was
resolved as a strongly supported monophyletic group in both
individual gene phylogenetic reconstructions. The earliest
diverging position of Nasitrema recovered in the mtND3
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phylogeny is consistent with the current subfamilial status of the
group. However, Synthesium and Oschmarinella were recovered as
paraphyletic in both individual gene phylogenies, while
Orthosplanchnus and Brachycladium were recovered as
paraphyletic in mtND3 and LSU, respectively. The paraphyletic
clustering was supported with high levels of sequence divergence
between the respective congeners. This was not unexpected, as lack
of clear species delimitation based especially on the mtND3
sequence data have been reported in the case of Synthesium in
previous studies (Ebert et al., 2017; Shiozaki et al., 2019). However,
despite the considerably high levels of intraspecific divergence
observed in Synthesium from Ne. a. asiaeorientalis, the lack of a
more conservative marker sequenced, and morphological
differences reported, Shiozaki et al. (2019) have synonymized S.
elongatus with S. tursionis. Given the inferred species relationships
and assessed genetic divergences in the present study, we conclude
that further efforts are needed incorporating thorough
morphological evaluation along robust phylogenetic
reconstructions to achieve taxonomic clarity within the family.

As an opportunistic feeder and top predator, the East Asian
finless porpoise diet includes various species of fish, cephalopods,
and crustaceans (Park et al., 2005; Shirakihara et al., 2008; Lu et al.,
2016). It is a residential species with seasonal movements between
the southern Yellow Sea and the southern coast of Korea in summer
and rarely in winter (Jo et al, 2018). It inhabits shallow coastal
waters with half of the finless porpoises in Korean waters occurring
at a depth of approximately 20 m, and approximately 10 m from the
coast is favored (Jo et al., 2018). Although this species is the highest
incidentally caught cetacean in Korean waters, the mortality rate is
estimated to be approximately 25% (Jo et al., 2018). The most recent
estimates for the East Asian finless porpoise abundance account for
approximately 13,000 individuals (Park et al., 2015). The East Asian
finless porpoise is one of the most vulnerable cetaceans in this
region due to its preferred habitat—shallow coastal areas—where it
is easily affected by anthropogenic factors such as bycatch, ship
collisions, habitat disturbance, and pollution. The species has
recently experienced a sharp decline throughout its range,
including Korean, Japanese, and Chinese waters (Kasuya et al,
2002; Mei et al., 2012; Park et al, 2015). Since the change in its
species status from “vulnerable” to “endangered” in 2017, there has
been great interest for its conservation. Despite the fact that the
Korean government declared it a marine protected species in 2016
and designated necropsies have been increased as part of the
conservation strategy, no reports on the diseases and infection
causatives in the Korean populations are available yet.
Comparative studies on the helminth fauna of different
populations of the East Asian finless porpoise are needed to shed
light on the preferences and availability of the local prey species. In
this respect, our study represents a small but important
contribution towards this aim.

5 Conclusions

This study constitutes an important contribution to the
parasite-induced cetacean strandings in the Northwest Pacific
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with the air sinuses dwelling trematodes of genus Nasitrema, as
culprits. Our study adds to the known diversity of cetacean parasite
pathogens as causatives of death of non-anthropogenic origin. The
results presented herein extend the geographical distribution of
these two species of Nasitrema reported in Korean waters, including
the Yellow Sea, and contribute to the morphological
characterization and genetic data of the two species recovered. It
is an important outcome for community ecology given the
significant role of parasites on the ecosystem health, as parasites
and disease spread are major regulating force with impact on
species interactions and density-dependent population processes.
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