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Abstract: Monogenean capsalids of the genus Neobenedenia are widespread parasites of wild and
farmed marine fish, and represent a potential threat to mariculture due to their pathogenicity
and ability to cause mortality in fish maintained in controlled conditions. The identification of
Neobenedenia species and, consequently, the definition of their host specificity is often problematic
due to their highly conserved morphology; therefore, in order to establish their specific identity,
microscopic observation should be complemented with molecular analysis. The present work aims
at characterizing Neobenedenia specimens infecting the skin of cage reared gilthead seabream Sparus
aurata from Portugal. Parasite samples obtained from caged fish were processed for morphological
analysis, through observation in light and scanning electron microscopy, and for molecular analysis,
through amplification and sequencing of 28S rDNA and cytB, aimed at identifying them to the species
level. Our results showed that the collected parasites belonged to the species Neobenedenia girellae; the
susceptibility of S. aurata towards this pathogenic capsalid monogenean highlighted in the present
work represents an important risk in the farming of this valuable fish species.

Keywords: Capsalidae; Neobenedenia girellae; morphology; genetics; gilthead seabream; Sparus
aurata; aquaculture

1. Introduction

Capsalids are a cosmopolitan family of monopisthocotylean monogeneans parasitizing
the skin, gills, eyes, nasal cavities and fins of farmed and wild marine fish [1]. This
family includes pathogenic species capable of causing epizootics in fish farms [2]; among
these, members of the genus Neobenedenia can be highly pathogenic and are sometimes
lethal to farmed fish, while there is no report of pathology associated with these parasites
in wild hosts. Due to their low host specificity, wide distribution and ability to cause
mortality when present at high intensity, Neobenedenia spp. represent a relevant threat
to mariculture [3].

Neobenedenia spp. have direct life cycles with short generation times [4]: adults
continuously lay filamentous eggs that hatch oncomiracidia, the infectious free swimming
ciliated larval stages. Therefore, even isolated individuals may represent a potential health
threat to fish kept in captivity [5].

During initial infections, the parasite attaches preferentially on the fins and over
the cranial skin region, while in long term infections it occurs mainly over ventral and
dorso-lateral skin regions [6-8]. In the fish host, lesions are produced by the attachment of
the parasite and its active feeding on mucus and epithelial cells, and include skin ulcers,
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particularly over the head region [9] and eye damage [10]. Secondary bacterial infection
may also easily occur in the produced lesions [11]. In farmed fish, the parasite is also
reported to affect fish growth performance [6,12]. Recent studies conducted on the greater
amberjack Seriola dumerili showed a significantly lower condition factor and higher feed
conversion ratio with increasing number of parasites [6] and a significantly reduced growth
of infected individuals compared to uninfected ones [12].

Morphological features important for the correct classification of members of the
genus Neobenedenia include features of the reproductive system (particularly the lack of a
vagina) and of the haptor (path of tendons, sclerite morphology), and shape and form of
the eggs [1]. Accurate identification of Neobenedenia species based on the mere morphology
is challenging [13], but the integration of morphological studies with molecular methods
based on the analysis of nuclear and mitochondrial markers is helping to resolve the
taxonomy of this genus, allowing identification of the species N. girellae (Hargis, 1955)
Yamaguti, 1963 as the primary parasitic monogenean in worldwide aquaculture and to
separate it from the morphologically indistinguishable N. melleni (MacCallum, 1927) Yamaguti,
1963 [14]. In fact, both species exhibit low host specificity, being reported from several
farmed fish species, such as the greater amberjack S. dumerili, the yellowtail amberjack Seriola
quinqueradiata, the tiger puffer Takifugu rubripes, the Japanese flounder Paralichthys olivaceus,
the cobia Rachycentron canadum and the spotted halibut Verasper variegatus [3,10-12,15,16]. In
the farming of some of these species, particularly the greater amberjack, N. girellae causes high
mortality and represent a main production bottleneck [8,17].

The gilthead seabream Sparus aurata Linnaeus, 1758 is one the main farmed fish species
in European aquaculture and is subjected to multiple parasitic infections throughout its
production cycle [18,19]. Colorni [20] reported the presence of N. melleni in S. aurata farmed
in concrete tanks in Eilat, Red Sea; particularly, he described the hyperparasitization of N.
melleni with the dinoflagellate Amyloodinium ocellatum Brown, 1931, however a detailed
description of the parasite morphology and its infection pattern in the fish was not provided
in the report. In a more recent work, specimens of Neobenedenia infecting S. aurata from the
same area were analyzed using different molecular markers and identified as N. girellae [14].
No other data is available in the literature on Neobenedenia spp. infestations in S. aurata.

The present work provides morphological and molecular evidence of the occurrence
of N. girellae in cage-reared gilthead seabream from a Portuguese farm, confirming the
susceptibility of this fish species towards this parasite.

2. Results

Capsalid monogeneans referable to the genus Neobenedenia were recovered from the
skin of 49 parasitized gilthead sea bream from facility A (prevalence of 24.0%) and five
parasitized gilthead sea bream from facility B (prevalence of 20.8%) with a mean intensity
of 4.96 £ 3.85 (Min 1-Max 33) and 1.40 & 0.75 (Min 1-Max 2), respectively. In facility A the
intensity of infection showed a double value in fish weighing >30 g compared to that of fish
<30 g (7.5 vs. 3.7). Again, in facility A the intensity was slightly higher in moribund fish
than in the randomly collected (5.3 vs. 4.25), while in facility B the parasites were found
only in a single cage from moribund fish.

Macroscopical external lesions were either not present in parasitized fish, or difficult
to establish given the concomitant presence of infectious disease such as LCDV in fish less
than 30 g. The parasites were mostly observed on the flanks of the fish, but also on the
operculum and attached to the ocular surface. Morphological characterization was carried
out on a total of 15 specimens, following Whittington and Horton [1].

2.1. Morphological Description

Body elongate oval, total body length including haptor 4207.3 & 1583.4 (3339.1-5464.0),
maximum width 2021.8 + 364.4 (1283.4-2500.4) (Figure 1). A pair of anterior attachment
organs almost circular, 458.2 £ 199.3 (123.6-616.7) long by 391.1 £ 174.6 (78.4-545.1) wide,
unlobed, lacking indentations, aseptate (Figure 2A). Haptor almost circular, 1280.2 £ 194.2
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(747.2-1613.4) long by 1212.8 + 234.9 (616.8-1638.2) wide (Figure 2B; Figure 3A). Marginal
membrane of haptor 64.3 & 12.8 (45.2-90.8) wide (Figure 2C). Accessory sclerites 220.8 £ 43.2
(151.6-345.6) long, strong, distally branched (Figures 2B and 3A,B). Anterior hamuli
302.7 & 77.1 (104.1-435.7) long, relatively stout with sharp, recurved points (Figure 2B,C;
Figure 3A,C). Posterior hamuli 126.1 + 46.1 (83.9-279.8) long, straight, poorly sclerotized
with fine recurved points (Figure 2B,C). Marginal hooklets 15.6 &+ 6.0 (10.0-20.4) long
arranged radially in haptor (Figures 2C and 3A,D). Two pairs of eyes anterior to pharynx.
Pharynx 398.4 & 157.3 (306.1-580.3) long by 485.8 £ 188.3 (384.8-686.1) wide, with six lobes
(Figure 2A,D). Intestinal crura extending posteriorly to end of body proper, terminating
blindly. Testes 314.2 & 110.7 (227.8-517.4) long by 251.4 & 90.4 (177.8-424.0) wide, spherical,
lying at midbody, postovarian, lobulated, fenestrated, penetrated by several dorsoventral
muscle bundles (Figure 2E). Vas deferens ascending sinistral to ovary and vitelline reservoir,
entering penis sac dorsally at level of ootype. Cirrus complex claviform, situated poste-
riorly to pharynx, consisting of muscular cirrus, prostatic reservoir and seminal vesicle,
entire complex enclosed in cirrus pouch (Figure 2D). Ovary 280.7 & 84.8 (207.9-351.4) long
by 334.7 £+ 97.0 (250.0-434.3) wide, medial. Vagina absent. Vitelline reservoir transversely
wide, anterior to ovary (Figure 2E). Ootype lying posteriorly to cirrus pouch. Uterus short,
germiduct joining penis sac toward common genital aperture, which opens sub-terminally
just behind left anterior attachment organ. Vitelline follicles extending from behind anterior
attachment organs to posterior end of body proper. Egg 128.5 + 64.0 (98.5-145.7) wide,
tetrahedral, with recurved appendages and a slender filament 259.5 £ 139.8 (168.3-336.6)
long (Figure 2F).

Figure 1. Neobenedenia girellae adult from Sparus aurata: line drawing. Scale bar = 1000 um.
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Figure 2. Neobenedenia girellae adult from Sparus aurata. (A) anterior end with disc-like anterior attachment organs (aa) and
lobed pharynx (p), scale bar = 100 um; (B) haptor with accessory sclerites (as), anterior hamuli (ah), posterior hamuli (ph)
and marginal membrane (mm), scale bar = 100 um; (C) detail of the marginal membrane and the distal part of anterior and
posterior hamule, scale bar = 50 um; (D) cirrus complex within cirrus pouch (cp) and egg (e), scale bar = 100 pum; (E) central
part of body with testes (t), germarium (g) and vitelline reservoir (vr), scale bar = 100 pum; (F) detail of the egg with coiled
egg filament (ef), scale bar = 50 pm.
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Figure 3. Neobenedenia girellae, SEM micrographs. (A) haptor showing a pair of accessory sclerites (as), a pair of anterior
hamuli (ah) and marginal hooklet (mh), scale bar = 300 pm; (B) detail of accessory sclerites, scale bar = 150 pum; (C) detail of
anterior hamulus, scale bar = 20 um; (D) detail of marginal hooklet, scale bar = 15 pm.

2.2. Molecular Analysis

Seven specimens were successfully amplified and sequenced producing 28S amplicons
of 1500-1557 bp identical to each other. BLAST search gave the highest identity with
Neobenedenia sp. (100% AF382056) and N. girellae (99.8-99.3%) from several fish species
in Australia. The p-distance among N. girellae group were 0%, including Neobenedenia sp.
(EU306877 and MK202450 [21]) from Mexico and Chile respectively, but also N. melleni
(EU707805 from Vietnam), being most probably misidentified and belonging to N. girellae
species. The ML tree showed our specimens forming a well-supported cluster with all N.
girellae from several fish species and different geographical origins (Figure 4).

Concerning the cytB, nine specimens were successfully amplified and sequenced
(704 bp identical to each other). BLAST analysis gave identities ranging from 98.5% to
97.6% with N. girellae present in GenBank. The p-distance among the N. girellae group were
0.015-0.026. The ML tree showed our specimens included in the N. girellae cluster (Figure 5)
named Clade A of Brazenor et al. [14] showing the same topology as in the 285 rDNA ML tree.



Pathogens 2021, 10, 1269

6 of 12

MW690090 N. girellae Sparus aurata, Madeira Island, Portugal
MWG690091 N. girellae S. aurata, Madeira Island, Portugal
- EU306877 Neobenedenia sp. Lutjanus guttatus, Mexico
MW690092 N. girellae S. aurata, Madeira Island, Portugal
MWG690093 N. girellae S. aurata, Madeira Island, Portugal
MWG690094 N. girellae S. aurata, Madeira Island, Portugal
MW690095 N. girellae S. aurata, Madeira Island, Portugal
MWG690096 N. girellae S. aurata, Madeira Island, Portugal
AF382056 Neobenedenia sp.

MT549677 N. girellae Trachinotus blochii, South Korea

— MH843706 N. girellae Verasper variegatus, Japan
MHB843708 N. girellae Lates calcarifer, Australia

MH843697 N. girellae Coriphaena hyppurus, Australia
MK202451 Neobenedenia sp. Seriola rivoliana, Ecuador
EU707805 N. melleni Epinephelus sp., Vietham

MH843690 N. girellae S. rivoliana, Hawaii

r MH843698 N. girellae Sparus aurata, Israel

JN797596 N. melleni Seriola dumerilii, China

MH843702 N. girellae Gnathanodon speciosus, Mexico
MH843701 N. girellae Oligoplites altus, Mexico

— MK202450 Neobenedenia sp. Paralabrax humeralis, Chile

88

99 | MH843696 N. melleni Sphoeroides annulatus, Mexico
AY486150 Neobenedenia sp. S. annulatus, Mexico

— MH843700 N. longiprostata Mycteroperca rosacea, Mexico

72_ MH843692 N. girellae Sebastes rubrivinctus, USA
K[ MHB843704 Neobenedenia sp. Lutjanus argentiventris, Mexico
MH843699 N. pacifica Mugil curema, Mexico
AY486152 Entobdella soleae
KC768341 Benedenia seriolae

0.050

Figure 4. Maximum-Likelihood tree of the 28S rDNA of Neobenedenia girellae showing the relationship with the other species
of the genus. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. The newly
generated sequences are in bold.
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=]

MHB853743 N. girellae Sebastes rubrivinctus, USA
MHB853739 N. girellae Canthigaster bennetti, Australia

MH853742 N. girellae Rachycentron canadum, Panama
96 MG193665 N. girellae Rachycentron canadum, Australia
[|MH853746 N. girellae Lates calcarifer, Australia
MHB853760 N. girellae L. calcarifer, Australia

MH853734 N. girellae L. calcarifer, Australia

MH853732 N. girellae L. calcarifer, Australia

gg | |MH853759 N. girellae L. calcarifer, Australia

MG193669 N. girellae Neocirrhites armatus, Australia

- MH853745 N. girellae Rachycentron canadum, Italy

B4 || MH853733 N. girellae L. calcarifer, Australia

MG193667 N. girellae Epinephelus coioides, Australia
MH853735 N. girellae Nemateleotris decora, Australia
MHB853738 N. girellae Pseudochromis fridmani, Australia
— MHB853749 N. girellae Sparus aurata, Israel

——— MH853741 N. girellae Seriola rivoliana, USA

ok | MH853744 N. girellae Seriola lalandi, Australia
MH853748 N. girellae Coryphaena hippurus, Australia

V9

04 MH853754 N. girellae Trichinotus kennedeyi, Mexico
MH853752 N. girellae Oligoplites altus, Mexico

74

OK135339 N. girellae S. aurata, Madeira Island, Portugal
OK135340 N. girellae S. aurata, Madeira Island, Portugal
OK135341 N. girellae S. aurata, Madeira Island, Portugal
OK135342 N. girellae S. aurata, Madeira Island, Portugal
OK135343 N. girellae S. aurata, Madeira Island, Portugal
OK135344 N. girellae S. aurata, Madeira Island, Portugal
OK135345 N. girellae S. aurata, Madeira Island, Portugal

OK135337 N. girellae S. aurata, Madeira Island, Portugal

MHB853755 Neobenedenia sp. Lutjanus argentiventris, Mexico

MH899151 N. pacifica Mugil curema, Mexico

|
0.050

MH853757 Neobenedenia girellae Verasper variegatus, Japan
MHB853737 N. girellae Pseudocheilinus hexataenia, Australia

MHB853736 N. girellae Arothron caercaeruleopunctatus, Australia

[MH853758 N. girellae Gnathanodon speciosus, South Africa
MHB853756 N. girellae Coryphaena hippurus, South Africa

MH853740 N. girellae Pseudocheilinus hexataenia, Australia

a4 [ MH853753 N. girellae Gnathanodon speciosus, South Africa

OK135338 N. girellae Sparus aurata, Madeira Island, Portugal

MH853747 N. melleni Sphoeroides annulatus, Mexico
MH853751 N. longiprostata Mycteroperca rosacea, Mexico

AP019648 Benedenia seriolae Seriola quinqueradiata, Japan

Figure 5. Maximum-Likelihood tree of the cytB mtDNA of Neobenedenia girellae showing the relationship with the other

species of the genus. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. The

newly generated sequences are in bold.
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3. Discussion

An increasing amount of evidence coupling morphological and genetic data supports
the occurrence of cryptic species within the genus Neobenedenia [13]. In the past, N. girellae
has been synonymized with N. melleni based on morphological and host-specificity data [1].
In fact, a morphological revision of the genus Neobenedenia, with examination of several
specimens of N. girellae, failed to identify characters useful to distinguish the latter from
N. melleni, also due to the fact that specimens of N. girellae from different host species
show variability in body size, shape and in sclerite morphometry [1]. Since then, the
identity of these two species has been debated for several years [22,23] and N. melleni
has long been considered as the monogenean species with widest host-specificity, being
reported from over 100 species of more than 30 families from five orders of captive and wild
fish [2,24]. Recently, based on the analysis of nuclear and mitochondrial markers, Brazenor
and colleagues [14] demonstrated that N. girellae is a separate species to N. melleni, as
confirmed also by our results, and that a large proportion of samples identified in the past
as N. melleni may be erroneous; in the light of these findings, N. girellae is now considered
as the primary monogenean in global fisheries and aquaculture.

In this report we describe the occurrence of N. girellae in cultured gilthead seabream,
confirming the identity of the parasite by morphological and molecular analyses.

Neobenedenia girellae is a widespread pathogen of a variety of cultured teleosts [25]
but, with respect to the gilthead seabream, only one report of infection exists [20]. In this
report, adult Sparus aurata farmed in concrete tanks in Eilat (Red Sea) were experiencing a
co-infection with the dinoflagellate Amyloodinium ocellatum and N. melleni, the first parasite
being much more abundant and hyperparasitizing the latter; according to the author, these
two parasite species were frequently encountered in S. aurata farmed in these conditions in
Eilat, particularly during summer. Nevertheless, the species identification of the reported
Neobenedenia was dubious due to the impossibility of distinguishing N. melleni from N.
girellae based on morphological analysis; more recently, Neobenedenia specimens from
gilthead seabream from the same area (Eilat) were identified as N. girellae with molecular
methods [14].

Our work reports for the first time the occurrence of N. girellae in cage-reared S. aurata
from North-eastern Atlantic; in these farming conditions the parasite occurred throughout
the year, including fall /winter.

The morphometric data of N. girellae analyzed in the present study are in accordance
with the previous descriptions of this parasite infecting other fish species [1,26]; however,
no morphometric data of specimens from S. aurata were available in the literature for
comparison. Brazenor et al. [27] highlighted considerable morphological variation, par-
ticularly in anterior and posterior attachment organs, between genetically indistinct N.
girellae infecting different fish species; therefore, data provided in the present work may be
useful for future comparative studies. Overall, average measurements of our specimens
are slightly smaller than those provided in the original description [26], nevertheless, they
fall within the range provided in other morphometric works on N. girellae in which the
parasite identity has been confirmed by molecular analyses [21,28],

Several fish species from different families are susceptible to N. girellae infection:
among the species farmed in European waters, the greater amberjack Seriola dumerili is
reported to be particularly susceptible [17], although no outbreaks have been recorded so
far in the Mediterranean Sea and in the Northeastern Atlantic.

Therefore, particular attention should be directed towards the control of imported
juveniles from notoriously positive areas (see Whittington [29] and references therein), and
to the movement of fish between the Northeastern Atlantic and the adjacent Mediterranean
Sea which, to date, has been unaffected; moreover, possible outbreaks could be favoured
by high water temperatures of the Mediterranean areas during spring and summer.

Recent evidence highlighted that N. girellae undergoes faster life cycle and produces a
greater number of eggs with increasing water temperature (30 °C as compared to 20 °C and
25 °C), causing a more severe infection on S. dumerili, suggesting the need to apply more
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frequent measures for controlling the parasites at higher water temperatures [25]. Other
susceptible species of commercial interest include the cobia R. canadum, the yellowtail S.
quinqueradiata, the Japanese flounder P. olivaceus and spotted halibut V. variegatus [10,11,15].
Concerning Sparids, N. girellae was reported from the body surface of the red seabream
Pagrus major cultured in Japan [15], although the infection in this fish host is usually
reported as not severe [30]. In susceptible species, N. girellae can represent an important
agent of mortality [10,12]. During the episodes herein described, the pathological effects of
N. girellae on the host were not investigated and it was not possible to relate the observed
clinical signs, including mortality, to the parasitic infestation due to the concurrent infection
with Lymphocystis virus. Nevertheless, our results highlight the possible importance of N.
girellae as an emerging parasitic infection and a potential threat to S. aurata farms and, in
general, to European mariculture.

Similarly, to infections due to another pathogenic ectoparasite of cultured gilthead
seabream, the Microcotylid Sparicotyle chrysophrii (Van Beneden & Hesse, 1863) Mamaev,
1984, culture nets represent a good substrate for the adhesion of Neobenedenia eggs which
have a long filamentous appendage [10,31]; this feature could favour the adaptation of the
parasite to the sea cage farming system widely adopted throughout the Mediterranean Sea
for the culture of S. aurata.

Concerning the possible origin of the parasite in the investigated farm, our findings
suggest a possible risk of parasite transfer between different fish species: in one of the two
sites sampled for the present study, severe infections with capsalids had been reported
in cultured S. dumerili two years before, although the identity of parasites involved in
the previous outbreak had not been confirmed. Furthermore, wild S. dumerili have been
observed in the proximity of the floating cages under investigation, however parasitological
data from wild Seriola and other fish species are currently not available.

As our findings suggest, it is of critical importance to strengthen controls on imported
batches of susceptible fish species and to study the evolution of this parasitic infection
in order to assess the possible threat to Mediterranean aquaculture and to monitor the
presence of N. girellae in different species of wild fish occurring around the floating cages
in order to assess the risk of parasite transfer to farmed S. aurata and vice-versa.

4. Materials and Methods

Recurrent episodes of skin parasitic infections due to Capsalid monogeneans were
recorded in gilthead seabream during routine veterinary checks throughout the year 2019
from two different sites of a fish farm off Madeira Island (NE Atlantic) approximately 40 km
apart from each other. The parasitological findings are not from a targeted epidemiological
survey but represent observations carried out during field diagnostic activities. Therefore,
the quantitative parasitological data here reported refer to the whole sampling carried out
in the two farm facilities (A and B); in particular in February (water temperature 18 °C),
August (24-25 °C), October (23 °C) and December (20 °C) 204 gilthead seabream from
facility A (from 8 to 304 g; 135 fish <30 g and 69 fish >30 g) and in August 24 gilthead
seabream from facility B (around 100 g).

Fifteen parasites were collected, fixed in 70% ethanol and then forwarded to the
fish pathology lab (DIMEVET) for identification. All the specimens were subjected to
microscopic observation following clarification in Amman'’s lactophenol in order to study
their taxonomic features. Before clearing the parasites, a section of the body without
diagnostic characters was excised with a sterile scalpel and stored at —20 °C for further
molecular analysis.

Measurements were taken with the imaging software NIS-Elements (Nikon, Campi
Bisenzio (FI), Italy), and are given in micrometers (um; mean £ Standard Deviation
followed by the range in parentheses). All the specimens are stored in our private parasito-
logical collection and are available for examination.

For Scanning Electron Microscopy, fixed specimens were dehydrated in a graded
ethanol series, critical point dried and sputter coated with gold-palladium, and observed
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using a Phenom XL G2 Desktop SEM (Thermo Fisher Scientific, Eindhoven, The Nether-
lands) operating at 5 kV.

For molecular analysis, genomic DNA was extracted from nine worms using PureLink®
Genomic DNA Kit (Life Technologies, Carlsbad, CA, USA) following the manufacturer’s
instructions. The amplification of the 285 rDNA region was performed with primers U178_f
(5'-GCACCCGCTGAAYTTAAG-3') and L1642_r (5'-CCAGCGCCATCCATTTTCA-3') [32].
The thermal cycler program (Tpersonal, Biometra, Gottingen, Germany) was 40 cycles of
30sat94 °C,30sat52 °C and 2 min at 72 °C, preceded by a denaturation step at 94 °C for
2 min and followed by an extended elongation step at 72 °C for 10 min. The PCR products
were electrophoresed on 1% agarose gel stained with SYBR® Safe DNA Gel Stain (Invitro-
gen, Thermo Fisher Scientific, Carlsbad, CA, USA) in 0.5X TBE. Amplicons were purified
by Nucleo-Spin Gel and PCR Cleanup (Mackerey-Nagel, Diiren, Germany). Samples were
sequenced with the internal primers 900F (5'-CCGTCTTGAAACACGGACCAAG-3') and
EDC2 (5-CCTTGGTCCGTGTTTCAAGACGGG-3') [32]. The cytB mtDNA was amplified
using the primers and protocol reported by Brazenor et al. [14].

All samples were sequenced with an ABI 3730 DNA analyzer (StarSEQ, Mainz, Ger-
many). The DNA trace files were assembled with ContigExpress (VectorNTI Advance 11
software, Invitrogen, Carlsbad, CA, USA) and the consensus sequences were compared
with previously published data by using BLAST tools (https://blast.ncbi.nlm.nih.gov/
Blast.cgi assessed on 9 September 2021). Our sequences were multiple aligned with the
ones retrieved from GenBank, using BioEdit 7.2.5 [33]. Pairwise distance and maximum
likelihood (ML) tree (HKY+G for 285 rDNA and GTR+G+I for Cytb, bootstrap of 1000
replicates for both) were obtained by MEGA version X [34]. The sequences generated in
this study were deposited in GenBank under the accession numbers MW690090-96 (285
rDNA) and OK135337-45 (cytB mtDNA).

Author Contributions: Conceptualization, M.L.F. and N.M.R.M.; methodology, P.T., M.C., A.G;
investigation, P.T., NN\M.R.M., C.G.; resources, M.L.F,; data curation, P.T., M.C.; writing—original
draft preparation, P.T., M.C.; writing—review and editing, PT., M.C.,, NN\M.R.M,, C.G., A.G.,, M.LE;
supervision, M.L.E. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

References

1.  Whittington, I.D.; Horton, M. A. A revision of Neobenedenia Yamaguti, 1963 (Monogenea: Capsalidae) including a redescription of
N. melleni (MacCallum, 1927) Yamaguti, 1963. |. Nat. Hist. 1996, 30, 1113-1156. [CrossRef]

2. Whittington, I.D. The Capsalidae (Monogenea: Monopisthocotylea): A review of diversity, classification and phylogeny with a
note about species complexes. Folia Parasitol. 2004, 51, 109-122. [CrossRef]

3. Ogawa, K.; Bondad-Reantaso, M.G.; Fukudome, M.; Wakabayashi, H. Neobenedenia girellae (Hargis, 1955) Yamaguti, 1963
(Monogenea: Capsalidae) from cultured marine fishes of Japan. J. Parasitol. 1995, 81, 223-227. [CrossRef]

4. 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] [PubMed]

5. Hoai, T.D.; Hutson, K.S. Reproductive Strategies of the Insidious Fish Ectoparasite, Neobenedenia sp. (Capsalidae: Monogenea).
PLoS ONE 2014, 10, e0117881. [CrossRef]

6. Hirayama, T.; Kawano, F,; Hirazawa, N. Effect of Neobenedenia girellae (Monogenea) infection on host amberjack Seriola dumerili
(Carangidae). Aquaculture 2009, 288, 159-165. [CrossRef]

7. Hirazawa, N.; Hagiwara, H.; Takano, R.; Noguchi, M.; Narita, M. Assessment of acquired protection levels against the parasite

Neobenedenia girellne (Monogenea) between body surface sites including fins of amberjack Seriola dumerili (Carangidae) and the
skin in response to the parasite infection. Aquaculture 2011, 310, 252-258. [CrossRef]


https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://doi.org/10.1080/00222939600770611
http://doi.org/10.14411/fp.2004.016
http://doi.org/10.2307/3283923
http://doi.org/10.1007/s00436-015-4375-5
http://www.ncbi.nlm.nih.gov/pubmed/25855346
http://doi.org/10.1371/journal.pone.0108801
http://doi.org/10.1016/j.aquaculture.2008.11.038
http://doi.org/10.1016/j.aquaculture.2010.10.029

Pathogens 2021, 10, 1269 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Fernandez-Montero, A.; Montero, D.; Izquierdo, M.S.; Acosta, F.; Caballero, M.].; Torrecillas, S. Skin infection of greater amberjack
(Seriola dumerili) by monogenean ectoparasite Neobenedenia girellae: A morphological and histopathological descriptive study.
Aquac. Rep. 2020, 18, 100505. [CrossRef]

Lopez, C.; Rajan, PR,; Lin, ].Y.; Kuo, T.Y.; Yang, H.L. Disease outbreak in sea farmed Cobia (Rachycentron canadum) associated
with Vibrio spp., Photobacterium damselae ssp piscicida, monogenean and myxosporean parasites. Bull. Eur. Assoc. Fish Pathol. 2002,
22,206-211.

Ogawa, K.; Miyamoto, J.; Wang, H.C.; Lo, C.E; Kou, G.H. Neobenedenia girellze (Monogenea) infection of cultured cobia
Rachycentron canadum in Taiwan. Fish Pathol. 2006, 41, 51-56. [CrossRef]

Hirazawa, N.; Mitsuboshi, T.; Hirata, T.; Shirasu, K. Susceptibility of spotted halibut Verasper variegatus (Pleuronectidae) to
infection by the monogenean Neobenedenia girellne (Capsalidae) and oral therapy trials using praziquantel. Aquaculture 2004,
238, 83-95. [CrossRef]

Hirazawa, N.; Ishizuka, R.; Hagiwara, H. The effects of Neobenedenia girellae (Monogenea) infection on host amberjack Seriola
dumerili (Carangidae): Hematological and histopathological analyses. Aquaculture 2016, 461, 32-39. [CrossRef]

Whittington, 1.D.; Deveney, M.R.; Morgan, J.A.T.; Chisholm, L.A.; Adlard, R.D. A preliminary phylogenetic analysis of the
Capsalidae (Platyhelminthes: Monogenea: Monopisthocotylea) inferred from large subunit rDNA sequences. Parasitology 2004,
128,511-519. [CrossRef] [PubMed]

Brazenor, A.K,; Bertozzi, T.; Miller, T.L.; Whittington, I.D.; Hutson, K.S. DNA profiling reveals Neobenedenia girellae as the primary
parasitic monogenean in global fisheries and aquaculture. Mol. Phylogenet. Evol. 2018, 129, 130-137. [CrossRef]

Ogawa, K.; Yokoyama, H. Parasitic diseases of cultured marine fish in Japan. Fish Pathol. 1998, 33, 303-309. [CrossRef]

Ohno, Y.; Kawano, F.; Hirazawa, N. Susceptibility by amberjack (Seriola dumerili), yellowtail (S. quinqueradiata) and Japanese
flounder (Paralichthys olivaceus) to Neobenedenia girellae (Monogenea) infection and their acquired protection. Aquaculture 2008,
274, 30-35. [CrossRef]

Rigos, G.; Katharios, P.; Kogiannou, D.; Cascarano, C.M. Infectious diseases and treatment solutions of farmed greater amberjack
Seriola dumerili with particular emphasis in Mediterranean region. Rev. Aquac. 2021, 13, 301-323. [CrossRef]

Alvarez-Pellitero, P; Sitja-Bobadilla, A.; Franco-Sierra, A.; Palenzuela, O. Protozoan parasites of gilthead sea bream, Sparus
aurata L., from different culture systems in Spain. J. Fish Dis. 1995, 18, 105-115. [CrossRef]

Sitja-Bobadilla, A.; Redondo, M.].; Alvarez-Pellitero, P. Occurrence of Sparicotyle chrysophrii (Monogenea: Polyopisthocotylea) in
gilthead sea bream (Sparus aurata L.) from different mariculture systems in Spain. Aquac. Res. 2010, 41, 939-944. [CrossRef]
Colorni, A. Hyperparasitism of Amyloodinium ocellatum (Dinoflagellida: Oodinidae) on Neobenedenia melleni (Monogenea: Capsali-
dae). Dis. Aquat. Org. 1994, 19, 157-159. [CrossRef]

Sepulveda, F; Gonzalez, M. DNA barcoding evidence for the first recorded transmission of Neobenedenia sp. from wild fish
species to Seriola lalandi cultured in an open recirculating system on the Coast of Northern Chile. Aquaculture 2019, 501, 239-246.
[CrossRef]

Wang, J.; Zhang, W.; Su, Y.; Ding, S. Genetic relationship between Neobenedenia girellae and N. melleni inferred from 28S rDNA
sequences. Acta Oceanol. Sin. 2004, 23, 709-716.

Perkins, E.M.; Donnellan, S.C.; Bertozzi, T.; Chisholm, L.A.; Whittington, I.D. Looks can deceive: Molecular phylogeny of a family
of flatworm ectoparasites (Monogenea: Capsalidae) does not reflect current morphological classification. Mol. Phylogenet. Evol.
2009, 52, 705-714. [CrossRef] [PubMed]

Deveney, M.R.; Chisholm, L.A.; Whittington, 1.D. First published record of the pathogenic monogenean parasite Neobenedenia
melleni (Capsalidae) from Australia. Dis. Aquat. Org. 2001, 46, 79-82. [CrossRef] [PubMed]

Hirazawa, N.; Takano, R.; Hagiwara, H.; Noguchi, M.; Narita, M. The influence of different water temperatures on Neobenedenia
girellae (Monogenea) infection, parasite growth, egg production and emerging second generation on amberjack Seriola dumerili
(Carangidae) and the histopathological effect of this parasite on fish skin. Aquaculture 2010, 299, 2-7. [CrossRef]

Hargis, W.]J., Jr. Monogenetic trematodes of Gulf of Mexico fishes. Part V. The superfamily Capsaloidea. Trans. Am. Microsc. Soc.
1955, 74, 203-225. [CrossRef]

Brazenor, A K.; Saunders, R.J.; Miller, T.L.; Hutson, K.S. Morphological variation in the cosmopolitan fish parasite Neobendenia
girellae (Capsalidae: Monogenea). Int. J. Parasitol. 2018, 48, 125-134. [CrossRef]

Nam, U.H.; Seo, H.J.; Hwang, I.; Kim, J.H. Neobenedenia girellae infection of aquarium-raised snubnose pompano (Trachinotus
blochii) in Korea. J. Fish Pathol. 2020, 33, 15-21. [CrossRef]

Whittington, I.D. Benedenia seriolae and Neobenedenia species. In Fish Parasites: Pathobiology and Protection; Woo, P.T.K., Buchmann,
K., Eds.; CABO Publishing: Oxford, UK, 2012; pp. 225-244.

Yamamoto, S.; Fukushima, A.; Ishimaru, K.; Shirakashi, S. Shading of net cage is an effective control measure against skin fluke
Neobenedenia girellae infection in chub mackerel Scomber japonicus. Fish. Sci. 2014, 80, 1021-1026. [CrossRef]

Shirakashi, S.; Hirano, C. Accumulation and distribution of skin fluke Neobenedenia girellae eggs on a culture cage. Aquaculture
2015, 443, 1-4. [CrossRef]

Lockyer, A.E.; Olson, P.D,; Littlewood, D.T.J. Utility of complete large and small subunit rRNA genes in resolving the phylogeny
of the Neodermata (Platyhelminthes): Implications and a review of the cercomer theory. Biol. J. Linn. Soc. 2003, 78, 155-171.
[CrossRef]


http://doi.org/10.1016/j.aqrep.2020.100505
http://doi.org/10.3147/jsfp.41.51
http://doi.org/10.1016/j.aquaculture.2004.05.015
http://doi.org/10.1016/j.aquaculture.2016.04.007
http://doi.org/10.1017/S0031182004004901
http://www.ncbi.nlm.nih.gov/pubmed/15180319
http://doi.org/10.1016/j.ympev.2018.05.012
http://doi.org/10.3147/jsfp.33.303
http://doi.org/10.1016/j.aquaculture.2007.11.013
http://doi.org/10.1111/raq.12476
http://doi.org/10.1111/j.1365-2761.1995.tb00268.x
http://doi.org/10.1111/j.1365-2109.2009.02369.x
http://doi.org/10.3354/dao019157
http://doi.org/10.1016/j.aquaculture.2018.11.037
http://doi.org/10.1016/j.ympev.2009.05.008
http://www.ncbi.nlm.nih.gov/pubmed/19457457
http://doi.org/10.3354/dao046079
http://www.ncbi.nlm.nih.gov/pubmed/11592706
http://doi.org/10.1016/j.aquaculture.2009.11.025
http://doi.org/10.2307/3224093
http://doi.org/10.1016/j.ijpara.2017.07.009
http://doi.org/10.7847/jfp.2020.33.1.015
http://doi.org/10.1007/s12562-014-0781-3
http://doi.org/10.1016/j.aquaculture.2015.02.036
http://doi.org/10.1046/j.1095-8312.2003.00141.x

Pathogens 2021, 10, 1269 12 of 12

33. Hall, T.A. BioEdit: A User-Friendly Biological Sequence Alignment Editor and Analysis Program for Windows 95/98/NT; Information
Retrieval Ltd.: London, UK, 1999; Volume 41, pp. 5-98.

34. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular Evolutionary Genetics Analysis across computing
platforms. Mol. Biol. Evol. 2018, 35, 547-1549. [CrossRef]


http://doi.org/10.1093/molbev/msy096

	Introduction 
	Results 
	Morphological Description 
	Molecular Analysis 

	Discussion 
	Materials and Methods 
	References

