N

N

Diplectanids from Mycteroperca spp. (Epinephelidae) in
the Mediterranean Sea: Redescriptions of six species
from material collected off Tunisia and Libya, proposal
for the ’'Pseudorhabdosynochus riouxi group’, and a
taxonomic key

Amira Chaabane, Lassad Neifar, Jean-Lou Justine

» To cite this version:

Amira Chaabane, Lassad Neifar, Jean-Lou Justine. Diplectanids from Mycteroperca spp. (Epinepheli-
dae) in the Mediterranean Sea: Redescriptions of six species from material collected off Tunisia and
Libya, proposal for the "Pseudorhabdosynochus riouxi group’, and a taxonomic key. PLoS ONE, 2017,
12 (2), pp.e0171392. 10.1371/journal.pone.0171392 . hal-02557729

HAL Id: hal-02557729
https://hal.science/hal-02557729
Submitted on 28 Apr 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche frangais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-02557729
https://hal.archives-ouvertes.fr

@° PLOS | ONE

Check for
updates

G OPEN ACCESS

Citation: Chaabane A, Neifar L, Justine J-L (2017)
Diplectanids from Mycteroperca spp.
(Epinephelidae) in the Mediterranean Sea:
Redescriptions of six species from material
collected off Tunisia and Libya, proposal for the
'Pseudorhabdosynochus riouxi group’, and a
taxonomic key. PLoS ONE 12(2): e0171392.
doi:10.1371/journal.pone.0171392

Editor: Gordon Langsley, Institut national de la
santé et de la recherche médicale - Institut Cochin,
FRANCE

Received: October 17,2016
Accepted: January 19, 2017
Published: February 2, 2017

Copyright: © 2017 Chaabane et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the paper.

Funding: This work was supported by Ministére
des Affaires Etrangeres, France: grant
BIOPARMED-ENVIMED, http://www.mistrals-
home.org/spip.php?rubrique82; and Muséum
National d’Histoire Naturelle, France: Grant
PARSUDMED, [https://www.mnhn.fr/fr]. The

Diplectanids from Mycteroperca spp.
(Epinephelidae) in the Mediterranean Sea:
Redescriptions of six species from material
collected off Tunisia and Libya, proposal for
the 'Pseudorhabdosynochus riouxi group’, and a
taxonomic key

Amira Chaabane'*, Lassad Neifar', Jean-Lou Justine?

1 Laboratoire de Biodiversité et Ecosystémes Aguatiques, Faculté des Sciences de Sfax, Université de Sfax,
Sfax, Tunisie, 2 ISYEB, Institut Systématique, Evolution, Biodiversité, UMR7205 (CNRS, EPHE, MNHN,
UPMC), Muséum National d’Histoire Naturelle, Sorbonne Universités, Paris, France

* amirachaabene @ hotmail.fr

Abstract

Diplectanid monogeneans are gill parasites that can infect fish in huge numbers and thus
become harmful, especially in maricultured fish. It is therefore useful to have taxonomic
tools, such as keys, to identify species. The following diplectanid species from groupers of
the Mediterranean Sea were studied: five species of Pseudorhabdosynochus Yamaguti,
1958, including P. riouxi (Oliver, 1986) Kritsky & Beverley-Burton, 1986 from the dusky grou-
per Mycteroperca marginata, P. enitsuji Neifar & Euzet, 2007, P. bouaini Neifar & Euzet,
2007, P. dolicocolpos Neifar & Euzet, 2007 and P. sinediscus Neifar & Euzet, 2007 from the
goldblotch grouper M. costae, and Echinoplectanum echinophallus (Euzet & Oliver, 1965)
Justine & Euzet, 2006 from the dusky grouper. New material was obtained from fish col-
lected from off Tunisia and Libya and compared to the type-material and voucher specimens
in museum collections. ldentifications of fish were confirmed by barcoding of cytochrome ¢
oxidase subunit | (COI) sequences. The sclerotized vagina was considered the most impor-
tant structure for systematics. The three species P. riouxi, P. bouaini, and P. enitsuji share a
common general structure of the sclerotized vagina with a conspicuous spherical secondary
chamber. We thus propose the ‘Pseudorhabdosynochus riouxi group’ to accommodate
them. Pseudorhabdosynochus dolicocolpos has an elongate vaginal structure that is
completely different from all its congeneric species reported from the Mediterranean Sea,
and Pseudorhabdosynochus sinediscus has a sclerotized vagina in which the secondary
chamber is not visible, and a haptor without squamodiscs. A taxonomic key to diplectanid
species on Mycteroperca spp. in the Mediterranean Sea is proposed; it includes ten species
of Pseudorhabdosynochus and one species of Echinoplectanum.
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Introduction

Diplectanid monogeneans are ectoparasites on the gills of fish, generally smaller than 1 mm,
but often present in high numbers, even on wild fish. Some diplectanid species can pullulate
on fish in confinement and thus become a major health problem for fish in aquaculture [1-5].
On groupers especially, several diplectanid species have been reported as a concern for mari-
culture [6-11]. It is therefore important to provide taxonomic identification keys to parasite
species, which are currently lacking for diplectanids from groupers in the Mediterranean Sea.

Diplectanids from groupers are currently classified into four genera [12]: mostly Pseudor-
habdosynochus Yamaguti, 1958, with about eighty described species and, with a much smaller
number of species, Laticola Yang et al., 2006 [13-15], Echinoplectanum Justine & Euzet, 2006
[16] and Diplectanum Diesing, 1858 [14, 17-20]. Of these four genera, only Pseudorhabdosyno-
chus and Echinoplectanum are currently reported in groupers in the Mediterranean Sea.

Species of Pseudorhabdosynochus Yamaguti, 1958 occur in the tropical and subtropical
regions [12, 21-26]. The highest levels of diversity have been recorded especially in shallow-
water coral-reef fish [12, 14], while deep-sea groupers show lower parasite diversity [15, 21, 25,
27-29]. The comparative morphology of the sclerotized vaginal parts has proven useful for
identifying species within Pseudorhabdosynochus, although other sclerotized parts, such as the
male copulatory organ, the squamodiscs and the haptoral parts, are also important characters.

This study was undertaken to further examine the sclerotized vaginae of some species of
Pseudorhabdosynochus previously described from two grouper hosts, the dusky grouper Myc-
teroperca marginata (Lowe) and the goldblotch grouper M. costae (Steindachner), in the Medi-
terranean Sea. These are P. riouxi (Oliver, 1986) Kritsky & Beverley-Burton, 1986 from M.
marginata, and P. enitsuji Neifar & Euzet, 2007, P. bouaini Neifar & Euzet, 2007, P. dolicocolpos
Neifar & Euzet, 2007, and P. sinediscus Neifar & Euzet, 2007 from M. costae. With the excep-
tion of P. riouxi, none of these species has been reported since their description [24, 30].

On the basis of type-material and specimens newly collected from off Tunisia and Libya
(North Africa), we found that P. riouxi, P. bouaini, and P. enitsuji are morphologically close.
The three species exhibit a sclerotized vagina with a conspicuous spherical secondary chamber.
Hence, the ‘P. riouxi group’ is proposed here to accommodate them. In contrast, P. dolicocolpos
and P. sinediscus are separated from all Mediterranean congeners by their unique vaginal struc-
ture. A key for diplectanid species of Mycteroperca spp. in the Mediterranean Sea is provided.

For fish identifications by barcoding, the Cytochrome ¢ Oxidase subunit I (COI) sequences
from our sampled specimens were compared with other COI sequences from different geo-
graphical regions published in GenBank; sequences and detailed comparisons were previously
published [22, 31, 32].

Materials and methods
Fish sampling and identification

Fish were purchased at the fish markets in Sfax, Tunisia and Tripoli, Libya. These were previ-
ously caught by fishermen in the nearby coastal waters of the Mediterranean Sea. In all cases,
the fish were dead when available for parasitological studies. Fish were identified morphologi-
cally according to keys [33, 34], and these identifications were challenged by the COI
sequences of individual fish (Table 1). Fish nomenclature follows [35] and [36].

Monogenean morphology

Diplectanids collected from fish gills were prepared by three methods: a) mounted in ammo-
nium picrate-glycerine [37] (designated as ‘p’); b) mounted in Berlese’s fluid [38] (designated
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Table 1. Fish examined and monogeneans collected.

Mycteroperca host Locality |Date Fish COlI, Reference for fish identification by Diplectanid monogeneans
species GenBank col collected
M. marginata Tunisia | 25/09/ KX255749 [22] * P. beverleyburtonae
2014 * P. riouxi
¢ E. echinophallus
M. marginata Tunisia | 25/07/ KU739518 [31] ¢ P. beverleyburtonae
2015 * P. riouxi
* E. echinophallus
M. marginata Tunisia | 22/10/ KU739521 [31] ¢ P. beverleyburtonae
2015 * P. riouxi
e E. echinophallus
M. costae Tunisia | 13/06/ KX255750 [22] * P. sosia
2014 * P. bouaini

* P. enitsuji
* P. dolicocolpos
¢ P. sinediscus
M. costae Tunisia | 13/06/ KX255751 [22] * P. sosia
2014 * P. bouaini
* P. enitsuji
* P. dolicocolpos
M. costae Tunisia | 15/04/ KT805240 [32] * P. sosia
2014 * P. bouaini
* P. enitsuji
¢ P. dolicocolpos
* P. sinediscus
M. costae Tunisia | 17/09/ KX255747 [22] * P. sosia
2015 * P. bouaini
* P. enitsuji
¢ P. dolicocolpos
* P. sinediscus
M. costae Libya 2013 - * P. sosia
* P. bouaini
* P. enitsuji
¢ P. dolicocolpos

doi:10.1371/journal.pone.0171392.t001

as ‘b’); and c) dehydrated in an ethanol series, stained with carmine and permanently mounted
in Canada balsam (designated as ‘c’) [39]. Specimens were drawn using an Olympus BH2
microscope equipped with drawing apparatus and DIC optics. The terminology for the sclero-
tized parts, i.e. the male quadriloculate organ and the vagina follows Justine (2007) [14]. Mea-
surements, in micrometers, were taken with the help of a custom-made transparent rule and
are expressed as the mean followed in parentheses by the range, the standard deviation when
n>30, and (n) the number of observations; measurements were taken as in Fig 1. The mea-
surements of the right-hand haptoral hard-parts and left-hand equivalents were pooled. The
measurements of the holotype are separated and indicated by ‘h’. Drawings were scanned and
redrawn on a computer using Adobe Illustrator. The museum abbreviation used is as follows:
MNHN, Muséum National d’Histoire Naturelle, Paris; NHMUK, Natural History Museum,
London.
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Results and discussion

Pseudorhabdosynochus riouxi (Oliver, 1986) Kritsky & Beverley-Burton,
1986

Synonym: Cycloplectanum riouxi Oliver, 1986.

Type-host: dusky grouper, Mycteroperca marginata (Lowe) (Perciformes, Epinephelidae);
synonyms: Epinephelus guaza (Linnaeus), E. marginatus (Lowe).

Molecular identification of fish via DNA barcoding: The COI sequences from three speci-
mens from off Tunisia (Table 1) were already identified and published as M. marginata:
KX255749 [22], KU739519, and KU739521 [31].

Site of infection: Gill lamellae.

Type locality: Off Cap Béar (Mediterranean Sea), France.

Other localities: Mediterranean Sea [30, 40, 41]; North Atlantic Ocean [30, 42, 43] (but see
text); off Sfax, Tunisia (present paper).

Material examined: Holotype MNHN 26TF-Tj 144; paratype MNHN 27TF-Tj 145; voucher
specimens collected by Oliver MNHN HEL68 OLI8-67 to 8-70, voucher specimens newly col-
lected from Tunisia MNHN HEL560, MNHN HEL590.

Prevalence: In our newly collected specimens from Tunisia, 3/3.

Redescription (Figs 2 and 3; Table 2). Measurements based on 11 specimens in Berlese
and carmine; holotype in carmine. Body length h 304, c 564 (304-864, n = 4), including hap-
tor; maximum width h 128, ¢ 304 (128-448, n = 4) at level of ovary. Tegument smooth. Ante-
rior region with 3 pairs of head organs and 2 pairs of dorsal eye-spots, distance between outer
margins of anterior eye-spots h 53, b 40 (28-53, n = 4), ¢ 50 (40-62, n = 5), of posterior eye-
spots h 62, b 43 (34-62, n = 4), ¢ 52 (43-62, n = 5). Pharynx median, subspherical, length h 65,
¢ 59 (40-75, n = 5), width h 55, ¢ 59 (46-75, n = 6). Haptor bearing two similar squamodiscs,
two pairs of lateral anchors, one ventral bar and two lateral (dorsal) bars (Fig 3) and 14 hook-
lets, width h 96, ¢ 155 (96-224, n = 3). Squamodiscs with 14-17 concentric rows of rodlets; 2
or 3 innermost rows closed (Fig 3A and 3B). Squamodiscs length h 100 (94-106, n = 2), c 106
(100-112, n = 2), width h 97 (94-100, n = 2), ¢ 119 (n = 2). Ventral anchors with distinct han-
dle and guard, outer length b 59 (57-60, n = 6), ¢ 55 (54-55, n = 2), inner length b 48 (45-52,
n =6), c 45 (40-49, n = 2) (Fig 3C). Dorsal anchors with indistinct guard, outer length h 43, b
43 (41-44,n =5), ¢ 42 (39-43, n = 4), inner length h 25, b 22 (20-25, n = 5), ¢ 25 (24-25,

n = 4) (Fig 3D). Lateral (dorsal) bar, with flattened medial end, length h 75, b 100 (96-103,

n = 6), ¢ 73 (70-75, n = 8), maximum width h 25, b 37 (31-43, n = 6), ¢ 24 (15-30, n = 8) (Fig
3F). Ventral bar, length h 125, b 154 (153-155, n = 3), ¢ 121 (118-125,n = 3), width h 12, b 26
(22-30,n =3), c 16 (12-18, n = 4) (Fig 3E). Male copulatory organ a quadriloculate organ, first
(anterior) chamber as sclerotized as the three others; fourth chamber forming short cone, pro-
longed by thin sclerotized tube, inner length h 94, b 105 (100-112, n = 4), ¢ 91 (87-96, n = 4);
cone length h 18,b 19 (18-19, n = 2), ¢ 18 (n = 3); tube length h 65, b 61 (50-72,n = 2), ¢ 55
(32-68, n = 3); tube diameter h 5,b 5 (4-6, n = 2), ¢ 5 (n = 3). Filament sometimes observed
(Fig 2I).

Sclerotized vagina comprises trumpet, primary canal, primary chamber, secondary canal
and secondary chamber. Trumpet funnel-shaped, sometimes with "ring-like" distal limit, fol-
lowed by long primary canal looped in its proximal or medium portion, with thick wall. Pri-
mary chamber, elongate with wide lumen, much smaller than secondary chamber that is
robust and spherical. Primary and secondary chambers surrounded by very thick and rigid
wall. Secondary canal linking the two chambers not always visible (Fig 2A-2H). Total length of
the sclerotized vagina h 45, b 52 (47-55, n = 5), ¢ 43 (37-53, n = 6). External diameter of sec-
ondary chamber h 26, b 27 (23-34, n = 4), ¢ 23 (17-26, n = 6).
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Fig 2. Pseudorhabdosynochus riouxifrom Mycteroperca marginata, quadriloculate organ and various
morphologies of vagina. A-D, general structures of vaginae from different specimens, drawn with all parts in a
single drawing. A, C, newly collected specimens from Tunisia, MNHN HEL560, MNHN HEL590; B, holotype
MNHN 26TF -Tj144 (see also H); D, voucher MNHN HEL68 OLI8-70. E-H, vaginae from different specimens,
drawn as two focus planes to show various parts (upper row: canals; lower row: chambers). E, voucher MNHN

PLOS ONE | DOI:10.1371/journal.pone.0171392 February 2, 2017 6/31



o @
@ ‘ PLOS | ONE The ‘Pseudorhabdosynochus riouxi group’ (Monogenea, Diplectanidae)

HEL68 OLI8-68; F, voucher MNHN HEL68 OLI8-69; G, paratype MNHN 27TF-Tj145; H, holotype MNHN 26TF
-Tj144. |, quadriloculate male organ, newly collected specimen from Tunisia, MNHN HEL590. A, C, |, Berlese; B,

D-H, carmine.
doi:10.1371/journal.pone.0171392.g002

Comments. Pseudorhabdosynochus riouxi was originally described by Oliver (1986) as
Cycloplectanum riouxi from Mycteroperca marginata in the Mediterranean Sea off France [30].
It was then transferred to Pseudorhabdosynochus by Kritsky & Beverley-Burton (1986) [44].

Although all slides were prepared by the same method, “mounted in carmine” (i.e. mounted
in Canada balsam after carmine staining), Oliver (1986) mentioned that the specimens of P.
riouxi found in the Mediterranean Sea differed greatly in the measurements from those of the
Atlantic Ocean. Yang et al. (2005) subsequently provided a new illustration of P. riouxi on the
basis of eight paratypes (1982.12.14.1-3) deposited in the NHMUK collections by Guy Oliver;
these paratypes were collected from the same host, M. marginata, in the Atlantic Ocean but in
a different location, off Ireland’s coast [30, 45].

A-F, 50 um

Fig 3. Pseudorhabdosynochus riouxifrom Mycteroperca marginata, squamodiscs and haptoral parts. A, B, squamodiscs (A, dorsal; B, ventral);
C-F, haptoral parts (C, ventral anchor; D, dorsal anchor; E, ventral bar; F, lateral bar). A, B, voucher MNHN HEL68 OLI8-70, France. C-F, MNHN HEL590,

Tunisia. A-B, carmine; C-F, Berlese.

doi:10.1371/journal.pone.0171392.g003
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Table 2. Pseudorhabdosynochus riouxi, measurements. Means of measurements of sclerotised vaginae, the most important character for systematics,

are indicated in bold.

Source

Registration
number

Locality

Methods

n

Body Length
Body Width
Haptor Width
Pharynx Length
Pharynx Width

Penis Internal
Length

Penis Cone Length
Penis Tube Length

Penis Tube
Diameter

Penis Filament
Length

Sclerotized Vagina
Total Length

Secondary
Chamber External
Diameter

Squamodisc
Length

Squamodisc Width

Squamodisc,
Number of Rows

Squamodisc,
Number of Closed
Rows

Ventral Anchor
Outer Length

Ventral Anchor
Inner Length

Dorsal Anchor
Outer Length

Dorsal Anchor
Inner Length

Ventral Bar Length
Ventral Bar Width
Lateral Bar Length
Lateral Bar Width

* We consider only the measurements given for specimens from the Mediterranean Sea (Cap Béar)

Oliver (1968)

Off Cap Béar, France
(Mediterranean Sea); off
Skelligs, Ireland (Atlantic
Ocean) *

700-800*
350-440*
220-270
47-63
41-63
178-191**

104-106*
11-17%

47-62

42-54

117-153*

68-103

Holotype

MNHN 26 TF-Tj 144

Off Cap Béar, France
(Mediterranean Sea)

Carmine
304

128

96

65

55

94

18
65
5

45

26

100 (94-106, n = 2)

97 (94-100, n = 2)
14-15(n=2)

2-3

43 (n=2)
25(n=2)

125

12

75(n=2)

25 (24-25, n = 2)

Paratype

MNHN 27 TF-Tj 145

Off Cap Béar, France
(Mediterranean Sea)

Carmine

53
58
87

32

44

26

** “pulbe sclérifié du cirre”, probably refers to penis internal length + cone + tube

doi:10.1371/journal.pone.0171392.t002

Vouchers collected by
Oliver

MNHN HEL68 OLI 8-67 to

8-70

Off Cap Béar, France; off
Banyuls-sur-Mer, France
(Mediterranean Sea)

Carmine

4

651 (448-864,n = 3)
363 (240—448,n = 3)
184 (144-224,n=2)
58 (40-75,n = 3)

60 (46-75,n=4)

92 (87-97,n=2)

18 (n=2)

42 (37-53,n = 4)

22 (17-26,n=4)

106 (100-112, n = 2)

119 (119-119, n = 2)
16-17

55 (54-55, n = 2)
45 (40-49, n = 2)
41 (39-43,n=2)
25 (24-25, n = 2)

119 (118-120, n = 2)
17 (14-18,n = 3)
72 (7075, n = 6)
24 (15-30, n = 6)

Vouchers, newly
collected
specimens

MNHN HEL560,
HEL590

Off Sfax, Tunisia
(Mediterranean Sea)

Berlese
5

105 (100-112, n = 4)

18 (18-19,n=2)
61 (50-72, n=2)
5(4-6,n=2)

52 (47-55, n = 5)

27 (23-34,n=4)

59 (57-60, n = 6)
48 (45-52, n = 6)
43 (41-44, n = 5)
22 (20-25, n = 5)

154 (153-155, n = 3)
26 (22-30, n = 3)
100 (96-103, n = 6)
37(31-43,n =6)
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8/31



@° PLOS | ONE

The ‘Pseudorhabdosynochus riouxi group’ (Monogenea, Diplectanidae)

After examination of the holotype, paratype, and additional voucher specimens deposited
in the MNHN collections by Guy Oliver after his retirement, we consider that our newly col-
lected specimens from the same host and from the same region (i.e. the Mediterranean Sea)
are conspecific with P. riouxi (Table 2, Figs 2 and 3). However, they are different from Yang
et al’s drawing by the proportions of vaginal parts and by the total number of concentric rows
of rodlets in the squamodiscs (14-17 in the Mediterranean Sea vs. 23-24 in the Atlantic
Ocean, as indicated by Oliver, 1986).

It is likely that the species of Pseudorhabdosynochus on M. marginata in the northeastern
Atlantic is different from P. riouxi, and its status would require additional study and collection
of new specimens from the same locality. It would also be interesting to know whether the
specimens collected off the Canary Islands, mentioned but not described [43], are closer to the
Mediterranean species or to the North Atlantic species; the Canary Islands are in the Atlantic
but south of the Mediterranean Sea. However, the status of P. riouxi itself, based on its holo-
type, which is from the Mediterranean Sea, is unchanged, and specimens from the Mediterra-
nean Sea with the same vaginal structure can safely be attributed to P. riouxi.

Differential diagnosis. Pseudorhabdosynochus riouxi most closely resembles P. bouaini
Neifar & Euzet, 2007 and P. enitsuji Neifar & Euzet, 2007 from the goldblotch grouper Mycter-
operca costae in the general morphology of the sclerotized vagina. In the three congeners, the
sclerotized vagina has a conspicuous spherical secondary chamber. Pseudorhabdosynochus
riouxi is readily distinguished from P. bouaini by the length of its primary canal (very long in
P. riouxivs. very short in P. bouaini), and by the shape of its primary chamber (more elongate
in P. riouxi). It differs from P. enitsuji by the size of the vagina (carmine: 37-53 in P. riouxi vs.
27-34 in P. enitsuji), by the shape of the primary canal (looped in P. riouxi vs. roughly straight
or curved) and its length (longer in P. riouxi), and by the external diameter of the secondary
chamber (carmine: 17-26 in P. riouxi vs. 15-18).

A series of species from off the American Atlantic coast show vaginal morphologies that are
similar to P. riouxi, but none is identical. The comparison with these species is given below in
the paragraph concerning the’ P. riouxi group’.

Pseudorhabdosynochus bouaini Neifar & Euzet, 2007

Type-host: Goldblotch grouper, Mycteroperca costae (Steindachner) (Perciformes, Epinepheli-
dae); synonyms: Epinephelus alexandrinus (Valenciennes), E. costae.

Molecular identification of fish via DNA barcoding: The COI sequences from four speci-
mens from Tunisia were already published and identified as M. costae (Table 1).

Site of infection: Gill lamellae.

Type-locality: Off Sfax, Tunisia [24], (off Zarzis, Tunisia on the label).

Other localities: Off Zarzis (Tunisia) [24]; off Dakar (Senegal) [24]; off Tripoli (fish market),
Libya (present study).

Material examined: Holotype MNHN HEL1-Th74; paratypes MNHN HEL2-Th75, MNHN
HEL3-Th76; voucher specimens collected by Neifar & Euzet MNHN 36HG; voucher speci-
mens newly collected from Tunisia MNHN HEL562; voucher specimens newly collected from
Libya MNHN HEL592.

Prevalence: In our specimens from Tunisia, 4/4 (100%); from Libya, 1/1 (100%).

Redescription (Figs 4 and 5; Table 3). Measurements based on 22 specimens in Berlese
and picrate; holotype in picrate. Body length h 560, b 1178 (800-1,440, n = 8), p 956 (560-
1,344, n = 8) including haptor; maximum width h 304, b 295 (160-480, n = 12), p 256 (192-
320, n =9) at level of ovary. Tegument smooth. Anterior region with 3 pairs of head organs
and 2 pairs of dorsal eye-spots, distance between outer margins of anterior eye-spots b 41 (22—
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Fig 4. Pseudorhabdosynochus bouainifrom Mycteroperca costae, quadriloculate organ and various morphologies of vagina. A, quadriloculate
organ. B-l, vaginae. All, MNHN HEL562, Tunisia, Berlese.

doi:10.1371/journal.pone.0171392.g004

58, n=12), p 39 (31-47, n = 6), of posterior eye-spots b 37 (22-50, n = 12), p 35 (25-44,n = 7).
Pharynx median, subspherical, length h 47, p 53 (47-65, n = 9), width h 44, p 49 (40-55,

n = 9). Haptor bearing two similar squamodiscs, two pairs of lateral anchors, one ventral bar
and two lateral (dorsal) bars (Fig 5) and 14 hooklets, width h 176, b 218 (176-304, n = 10), p
181 (160-208, n = 7). Squamodiscs with 14-16 concentric rows of rodlets; 1 or 2 innermost
rows closed (Fig 5A and 5B). Rodlets sometimes with visible spurs (‘éperons’). Squamodiscs
length b 98 (80-120, n = 10), p 65 (60-70, n = 2), width b 102 (85-115, n = 10). Ventral
anchors with distinct handle and guard, outer length b 52 (48-54, n = 17), p 48 (42-54,n = 8),
inner length b 44 (40-47, n = 19), p 45 (43-47, n = 9) (Fig 5C). Dorsal anchors with indistinct
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C-F, 50 ym

wr oG ‘g-v

Fig 5. Pseudorhabdosynochus bouainifrom Mycteroperca costae, squamodiscs and haptoral parts. A, B, squamodiscs (A, ventral; B, dorsal).
C-F, haptoral parts (C, ventral anchor; D, dorsal anchor; E, ventral bar; F, lateral bar). All, MNHN HEL562, Tunisia, Berlese.

doi:10.1371/journal.pone.0171392.g005

guard, outer length h 42, b 43 (35-47, n = 21), p 43 (42-44, n = 4), inner length h 25, b 25 (15-
32,n=21),p 26 (25-28, n = 4) (Fig 5D). Lateral (dorsal) bar, with flattened medial end, length
h 60, b 80 (60-95, n = 23), p 60 (58-62, n = 14), maximum width h 11, b 25 (15-35, n = 23), p
19 (9-26, n = 14) (Fig 5F). Ventral bar, length h 75, b 108 (82-130,n=9), p 79 (75-85,n = 7),
width h 15,b 19 (12-22,n=9), p 15 (14-16, n = 7) (Fig 5E). Male copulatory organ a quadrilo-
culate organ (Fig 4A), first (anterior) chamber as sclerotized as the three others; fourth cham-
ber forming short cone, prolonged by thin sclerotized tube, inner length b 130 (112-150,

n =38), p 112 (100-125, n = 8); cone length b 16 (10-20, n = 9), p 18 (15-20, n = 5); tube length
b 47 (41-60, n = 10), p 40 (38-40, n = 5); tube diameter b 6 (5-6, n = 10), p 5 (4-6,n = 5); end
of tube prolonged by thin unsclerotised filament, length p 4 (4-5, n = 3).

Sclerotized vagina comprises anterior trumpet followed by primary canal; primary canal
heavily sclerotized, very short, roughly straight, its lumen wide; connection between primary
canal and primary chamber anterior; primary chamber very similar in wall thickness to pri-
mary canal, heavily sclerotized, ovate with wide lumen; secondary canal inserted at anterior
limit of secondary chamber, well visible, its lumen thin; secondary chamber robust, spherical,
much larger than primary chamber (Fig 4B-4I). Total length of sclerotized vagina h 40, b 47

PLOS ONE | DOI:10.1371/journal.pone.0171392 February 2, 2017
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Table 3. Pseudorhabdosynochus bouaini, measurements. Means of measurements of sclerotised vaginae, the most important character for systemat-
ics, are indicated in bold.

Source

Registration
number

Locality

Methods

n
Body Length

Body Width
Haptor Width
Pharynx Length
Pharynx Width

Penis Internal
Length

Penis Cone Length
Penis Tube Length

Penis Tube
Diameter

Penis Filament
Length

Sclerotized Vagina
Total Length

Secondary
Chamber External
Diameter

Squamodisc Length

Squamodisc Width

Squamodisc,
Number of Rows
Squamodisc,
Number of Closed
Rows

Ventral Anchor
Outer Length

Ventral Anchor
Inner Length

Dorsal Anchor
Outer Length

Dorsal Anchor Inner

Length

Ventral Bar Length
Ventral Bar Width
Lateral Bar Length
Lateral Bar Width

Neifar & Euzet, 2007

Off Sfax, off Zarzis, Tunisia
(Mediterranean Sea); off Dakar,
Senegal (Atlantic Ocean)

Picrate, Berlese, carmine,
hemalum-eosin

16
1,470 (1,150-1,800, n = 11)

390 (300-500, n = 11)

92 (80-120, n = 13)
75 (65-95, n = 13)
174 (150190, n = 21)

20 (15-25, n = 21)
55 (50-65, n = 21)

62 (55-75, n = 16)
35 (30—40, n = 16)
101 (90-110, n = 8)

109 (100-120, n = 8)
15 (14-16,n=9)

1-2

65 (62-70, n = 16)
58 (46-62, n = 16)

112 (95-130, n = 16)
15 (10-20, n = 16)
80 (75-90, n = 16)
14 (12-15,n = 16)

doi:10.1371/journal.pone.0171392.t003

Holotype
MNHN HEL1-Th74

Off Zarzis, Tunisia

(Mediterranean Sea)

Picrate

560

304
176
47
44

40

28

42 (n=1)
25 (n=1)

75
15

60 (59-61, n = 2)
11(9-13,n=2)

Paratypes

MNHN HEL2-Th75,

HEL3-Th76
Off Sfax, Tunisia

(Mediterranean Sea)

Picrate

4

1,109 (960-1,344,
n=3)

240 (192-320, n = 4)
171 (160-176, n = 3)
52 (50-56.25, n = 4)

51 (50-55, n = 4)

112 (109-115, n = 4)

18 (15-20, n = 3)
39 (38-40,n=23)
5(4-5,n=3)

5(4-5,n=2)
39 (38-40, n = 4)

25 (24-25, n = 4)

47 (45-49, n = 4)

44 (43-46,n = 4)

83 (80-85, n = 3)
14 (14-15,n = 3)

Vouchers collected by Vouchers, newly

Neifar & Euzet
MNHN 36HG

Off Sfax, off Zarzis,
Tunisia (Mediterranean

Sea)
Picrate

4

940 (624-1,088, n = 4)

260 (208-320, n = 4)
192 (176-208, n = 3)

55 (5065, n = 4)
48 (41-53, n = 4)

113 (100-125, n = 4)

18 (15-20, n = 2)
40 (n=2)
6 (5-6,n=2)

40 (37-43,n=4)
28 (25-33, n = 4)
70(n=1)

78 (n=1)
14(n=1)

1-2

50 (42-54, n = 4)
45 (43-47, n = 5)
44 (43-44,n = 2)
27 (25-28, n = 2)
77 (77-78,n = 3)
15 (14-16,n =3)
60 (58-62, n = 6)
22 (20-26, n = 6)

collected specimens
MNHN HEL562

Off Sfax, Tunisia
(Mediterranean Sea)

Berlese

12

1,178 (800-1,440,
n=238)

298 (160-480, n = 11)
218 (176-304, n = 10)

129 (112-150, n = 7)

16 (10-20, n = 8)
48 (43-60, n = 9)
10 (5-46,n=9)

14 (10-20, n = 5)
48 (40-53,n = 12)
28 (25-30,n=12)
98 (80-120, n = 10)

102 (85-115, n = 10)
14 (12-16, n = 6)

1-2

52 (48-54, n = 15)
44 (40-47,n=17)
43 (35-47,n=19)
25(15-32, n=19)

111 (96-130, n = 8)
20 (16-22, n = 8)
82 (70-95, n = 21)
25 (15-35, n = 21)
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(40-53, n = 13), p 40 (37-43, n = 9). External diameter of secondary chamber h 28, b 27 (25—
30,n = 13), p 26 (24-33,n = 9).

Comments. The type-locality of Pseudorhabdosynochus bouaini (off Sfax, Tunisia)
reported by Neifar & Euzet in the original description is different from that indicated on the
label of the type-slide (off Zarzis, Tunisia). Under Recommendation 76A.2 of the International
Code of Zoological Nomenclature [46], the type-locality of P. bouaini should be corrected
from “off Sfax” to “off Zarzis”.

In the slides containing the paratypes MNHN HEL2-Th75 and MNHN voucher specimens
labelled as P. bouaini, additional specimens of P. enitsuji were found. The two species co-occur
on the gills of M. costae in the Mediterranean Sea and eastern Atlantic Ocean.

Differential diagnosis. Just like P. bouaini, P. enitsuji and P. riouxi possess a sclerotized
vagina with a conspicuous spherical secondary chamber. Among species from the Mediterra-
nean Sea, Pseudorhabdosynochus bouaini is closest morphologically to P. enitsuji. The two spe-
cies can be differentiated by the size of the vagina, i.e. larger vagina in P. bouaini (picrate: 40
vs. 33; Berlese: 48 vs. 39), the length of the primary canal (shorter in P. bouaini), and the exter-
nal diameter of the secondary chamber (picrate: 28 in P. bouaini vs. 19; Berlese: 28 in P.
bouaini vs. 23). Pseudorhabdosynochus bouaini is readily distinguished from P. riouxi by its
very short primary canal (vs. very long and looped in P. riouxi) and by its very small primary
chamber.

A series of species from off the American Atlantic coast show vaginal morphologies that are
similar to P. bouaini, but none is identical. The comparison with these species is given below
in the paragraph concerning the ‘P. riouxi group’.

Pseudorhabdosynochus enitsuji Neifar & Euzet, 2007

Type-host: The goldblotch grouper, Mycteroperca costae (Steindachner) (Perciformes, Epine-
phelidae); synonyms: Epinephelus alexandrinus (Valenciennes), E. costae.

Molecular identification of fish via DNA barcoding: The COI sequences from four speci-
mens from Tunisia were already published and identified as M. costae (Table 1).

Site of infection: Gill lamellae.

Type-locality: Off Sfax, Tunisia [24].

Other localities: Off Zarzis (Tunisia) [24]; off Dakar (Senegal) [24]; off Tripoli (fish market),
Libya (present study).

Material examined: Holotype MNHN HEL7-Th80 (3 specimens on 1 slide, see below);
paratypes MNHN HEL8 Th81, MNHN HEL9 Th82; voucher specimens collected by Justine,
MNHN 36HG; voucher specimens collected by Neifar & Euzet MNHN 36HG; voucher speci-
mens newly collected from Tunisia MNHN HEL562; voucher specimens newly collected from
Libya MNHN HEL592.

Designation of a neotype MNHN HEL7-Th80: See below.

Prevalence: In our specimens from Tunisia, 4/4 (100%); from Libya, 1/1 (100%).

Redescription (Figs 6-8; Table 4). Measurements based on 40 specimens in Berlese,
picrate and carmine (including the neotype in carmine). Body length 608, b 1,120 (784-1,424,
n = 8), p 1,083 (896-1,312, n = 3), c 603 (304-1,280, n = 25), including haptor; maximum
width 256, b 525 (368-800, n = 6), p 336 (320-352, n = 3), ¢ 292 (192-336, n = 25) at level of
ovary. Tegument smooth. Anterior region with 3 pairs of head organs and 2 pairs of dorsal
eye-spots, distance between outer margins of anterior eye-spots b 69 (37-100, n = 6), p 48 (37-
53,n = 3), ¢ 39 (33-46, n = 14), of posterior eye-spots b 62 (48-100, n = 7), p 50 (40-56, n = 3),
¢ 40 (34-44, n = 14). Pharynx median, subspherical, length 50, b 83 (62-100, n = 3), p 66 (62—
69,n = 3), ¢ 52 (31-75, n = 23), width 40, b 61 (37-82, n = 3), p 57 (50-61, n = 3), c 48 (30-58,
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Fig 6. Pseudorhabdosynochus enitsujifrom Mycteroperca costae, quadriloculate organ and various morphologies of vagina. A, quadriloculate
organ; B-J, vaginae. A, B-D, G-J, Tunisia, MNHN HEL562; E-F, Tunisia, MNHN 36HG (deposited by Neifar & Euzet). A-D, G-J, Berlese; E-F, picrate.

doi:10.1371/journal.pone.0171392.g006

n = 23). Haptor bearing two similar squamodiscs, two pairs of lateral anchors, one ventral bar
and two lateral (dorsal) bars (Fig 7) and 14 hooklets, width b 256 (n = 3), p 208 (176-240,

n = 3), ¢ 181 (144-240, n = 13). Squamodiscs with 14-17 concentric rows of rodlets; 1-3 inner-
most rows closed (Fig 7A and 7B). Squamodiscs length 61 (n = 1), b 95 (72-157, n = 12), p 80
(76-83, 1 = 4), ¢ 62 (46-75, n = 26), width 67 (n = 1), b 109 (90-144, n = 12), p 89 (83-94,

n = 4), ¢ 72 (45-89, n = 26). Ventral anchors with distinct handle and guard, outer length b 51
(37-57,n=17), p 49 (46-52,n = 4), ¢ 45 (34-52, n = 13), inner length b 39 (31-44,n=17), p
40 (38-41,n=4), ¢ 37 (30-43, n = 16) (Fig 7C). Dorsal anchors with indistinct guard, outer
length b 39 (37-41, n = 19), p 37 (36-38, n = 4), ¢ 35 (28-38, n = 26), inner length b 23 (20-25,
n=19), p 24 (22-25,n =4), ¢ 21 (16-25, n = 25) (Fig 7D). Lateral (dorsal) bar, with flattened
medial end, length 55 (n = 2), b 85 (75-97, n = 22), p 64 (62-65, n = 6), ¢ 54+2 (49-58, n = 48),
maximum width 15 (14-15, n = 2), b 28 (10-39, n = 22), p 21 (18-24, n = 6), ¢ 17+3.9 (8-24,

n = 45) (Fig 7E). Ventral bar, length 108, b 151 (132-183,n =11), p 111 (105-118, n = 3), ¢ 95
(85-108, n = 23), width 14, b 21 (14-25,n = 10), p 15 (12-17, n = 3), ¢ 13 (8-16, n = 22) (Fig
7F). Male copulatory organ a quadriloculate organ (Fig 6A), first (anterior) chamber as
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F

Fig 7. Pseudorhabdosynochus enitsujifrom Mycteroperca costae, squamodiscs and haptoral parts. A, B, squamodiscs (A, ventral; B, dorsal).
C-F, haptoral parts (C, ventral anchor; D, dorsal anchor; E, lateral bar; F, ventral bar). All, MNHN HEL562, Tunisia, Berlese.

doi:10.1371/journal.pone.0171392.g007
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Fig 8. The three specimens found in the type-slide of Pseudorhabdosynochus enitsuji. A, B, C, left, habitus, right, sclerotized vagina. All, carmine.
Specimen B is designated here as the neotype of the species.

doi:10.1371/journal.pone.0171392.g008
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sclerotized as the three others; fourth chamber forming short cone, prolonged by thin sclero-
tized tube, inner length 45, b 114 (95-137, n = 4), ¢ 77 (45-137, n = 21); cone length 8, b 20
(n=2),p 14 (12-16,n = 3), ¢ 11 (7-18, n = 18); tube length 40, b 47 (40-63, n = 5), p 43 (41-
45,1 = 3), ¢ 40 (35-45, n = 19); tube diameter 3,b 5 (n=5), p 5(3-5,n=3), ¢4 (3-5, n = 23);
end of tube prolonged by thin unsclerotised filament, length 6, ¢ 20 (6-41, n = 4).

Sclerotized vagina comprises trumpet funnel-shaped, primary canal heavily sclerotized,
roughly straight; followed by curved primary chamber; secondary canal opening into distal
limit of secondary chamber, secondary chamber robust and spherical, with thick wall, much
larger than primary chamber (Figs 6B-6], 8). Total length of sclerotized vagina 25, b 39 (35-
45,n=11), p 33 (30-36, n = 3), ¢ 31 (25-35, n = 26). External diameter of secondary chamber
17,b23(21-25,n=11),p 19 (17-21, n = 3), ¢ 18 (15-20, n = 26).

Nomenclatural comments. The type-slide of Pseudorhabdosynochus enitsuji deposited by
Neifar & Euzet in the MNHN collections contains more than one specimen of P. enitsuji (3
specimens) among which the holotype was not distinctly marked. Neifar & Euzet (2007) pro-
vided a composite drawing of this species but the holotype was not represented. We consider
that this is a case, although atypical, in which the holotype is “lost or destroyed” since it is
impossible to recognize it among several specimens. According to Article 75.3 of the Code
[46], the specimen labelled B in our Fig 8 is designated here as the neotype of P. enitsuji.

Differential diagnosis. Pseudorhabdosynochus enitsuji is close to P. bouaini and P. riouxi
in terms of general structure of sclerotized parts, i.e. male copulatory organ, squamodiscs, hap-
toral parts and mainly the sclerotized vagina. This species is distinguished from its two conge-
ners by having the smaller size of vagina and secondary chamber (more details above in P.
riouxi and P. bouaini).

A series of species from the American Atlantic coast show vaginal morphologies that are
similar to P. enitsuji, but none is identical. The comparison with these species is given below in
the paragraph concerning the’ P. riouxi group’.

Proposal for the ‘Pseudorhabdosynochus riouxi group’ on Mycteroperca
Spp.

Among the Mediterranean species of Pseudorhabdosynochus infesting the gills of members of
Mycteroperca, only P. riouxi, P. bouaini, and P. enitsuji share the common characteristic of a
sclerotized vagina with a conspicuous and heavily sclerotized spherical secondary chamber
(Fig 9). In order to facilitate their distinction within Pseudorhabdosynochus, which currently
includes more than 80 valid species described on groupers throughout the world, the ‘P. riouxi
group’ is proposed here to accommodate them.

Species of the ‘P. riouxi group’ are well differentiated from their congeners in the Mediter-
ranean Sea, but the fact that several species of Pseudorhabdosynochus may occur on both sides
of the Atlantic [21, 25] requires a comparison with species from the western side of the
Atlantic.

Six species, found on Mycteroperca spp. off the American Atlantic coast, share a single
heavily sclerotized spherical chamber with the ‘P. riouxi group’: P. capurroi Vidal-Martinez &
Mendoza-Franco, 1998 (from M. bonaci), P. contubernalis Kritsky, Bakenhaster & Adams,
2015 (from M. phenax), P. hyphessometochus Kritsky, Bakenhaster & Adams, 2015 (from M.
interstitialis), P. kritskyi Dyer, Williams & Bunkley-Williams, 1995 (from M. microlepis), P.
mycteropercae Kritsky, Bakenhaster & Adams, 2015 (from M. tigris) and P. vascellum Kritsky,
Bakenhaster & Adams, 2015 (from M. phenax) [25, 47, 48]. Indeed, Kritsky et al. ([25] p. 13)
remarked that groupers assigned to Mycteroperca are parasitized by “a complex of similar spe-
cies”, which have in common a sclerotized vagina “with a single subspherical to ovate chamber
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Fig 9. Homologies of the various parts of the sclerotized vaginae of species of the ‘Pseudorhabdosynochus riouxi group’, illustrated by
coloured diagrams. The same colours are used in each diagram for the same parts, to show homologies between species. The nomenclature of vaginal
parts and the general diagram are from Justine (2007) [14]. All vaginae drawn with similar sizes—magnifications vary.

doi:10.1371/journal.pone.0171392.g009

and a distal tube that is strongly recurved near its articulation with the vaginal vestibule”.
Unfortunately, the descriptions or redescriptions of these species did not include a detailed
interpretation of the canals and chambers of the vagina and it is not ascertained whether the
“single subspherical to ovate chamber” is really the secondary chamber, as in the Mediterra-
nean species of the ‘P. riouxi group’. These species also have in common with ‘the P. riouxi
group’ the characteristic of squamodiscs with closed internal rows [25, 48]. We consider it
likely that they are close to the ‘P. riouxi group".

None of the above six species have vaginal morphology identical to the three species of the
“P. riouxi group” in the Mediterranean Sea. Differentiation on other characters is as follows:

P. capurroi has characteristic “twisted” lateral bars [25, 48].

P. contubernalis has an male copulatory organ (MCO) with a very thin-walled first chamber
and tegumental scales on the peduncle [25].

P. kritskyi has an MCO with a very short cone and dorsal bars with a large median end [25].

P. vascellum has an MCO with a delicate, almost non-existent cone [25].

The “P. riouxi group” could be extended to these six species and thus could include nine
species; we prefer to keep only the Mediterranean species within this group and wait for addi-
tional molecular information to ascertain relationships of the “P. riouxi group” to species off
the American Atlantic coast.

Pseudorhabdosynochus dolicocolpos Neifar & Euzet, 2007

Type-host: The goldblotch grouper, Mycteroperca costae (Steindachner) (Perciformes, Epine-
phelidae); synonyms: Epinephelus alexandrinus (Valenciennes), E. costae.

Molecular identification of fish via DNA barcoding: The COI sequences from four speci-
mens from Tunisia were already published and identified as M. costae (Table 1).

Site of infection: Gill lamellae.

Type-locality: Off Sfax, Tunisia [24].
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A-D, 50 um

Acessory
Structure

Fig 10. Pseudorhabdosynochus dolicocolpos from Mycteroperca costae, quadriloculate organ and various morphologies of vagina. A-C,
vaginae; D, quadriloculate organ. All, MNHN HEL562, Tunisia, Berlese.

doi:10.1371/journal.pone.0171392.g010

Other localities: Off Zarzis (Tunisia) [24]; off Dakar (Senegal) [24]; off Tripoli (fish market),
Libya (present study).

Material examined: Holotype MNHN HEL4-Th77 (darkened picrate slide); paratypes
MNHN HEL5-Th78, MNHN HEL6-Th79; voucher specimens collected by Neifar & Euzet
MNHN 36HG, voucher specimens newly collected from Tunisia MNHN HEL562; voucher
specimens newly collected from Libya MNHN HEL592.

Prevalence: In our specimens from Tunisia, 4/4 (100%); from Libya, 1/1 (100%).

Redescription (Figs 10 and 11; Table 5). Measurements based on 24 specimens in Berlese
and picrate. Body length b 672 (608-768, n = 6), p 324 (240-450, n = 16), including haptor;
maximum width b 306 (240-360, n = 5), p 147 (100-260, n = 14) at level of ovary. Tegument
smooth. Anterior region with 3 pairs of head organs and 2 pairs of dorsal eye-spots, distance
between outer margins of anterior eye-spots b 40 (37-44, n = 6), p 30 (28-37, n = 13), of poste-
rior eye-spots b 37 (31-40, n = 6), p 29 (25-32, n = 13). Pharynx median, subspherical, length
p 34 (28-40, n = 15), width p 36 (28-53, n = 15). Haptor bearing two similar squamodiscs, two
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A-B, 50 ym

C-F, 50 ym

Fig 11. Pseudorhabdosynochus dolicocolpos from Mycteroperca costae, squamodiscs and haptoral parts. A, B, squamodiscs (A, ventral; B,
dorsal); C-F, haptoral parts (C, ventral anchor; D, dorsal anchor; E, ventral bar; F, lateral bar). A, B, MNHN HEL562, Tunisia; C-F, paratype MNHN

HEL5-Th78, France. A, B, Berlese; C-F, picrate.
doi:10.1371/journal.pone.0171392.9011

pairs of lateral anchors, one ventral bar and two lateral (dorsal) bars (Fig 11) and 14 hooklets,
width b 190 (176-200, n = 4), p 102 (20-120, n = 15). Squamodiscs with 10-13 concentric
rows of rodlets; 1-2 innermost rows closed (Fig 11A and 11B). Rodlets sometimes with visible
spurs (‘éperons’). Squamodiscs length b 76 (66-95, n = 12), p 63 (55-74, n = 21), width b 92
(75-100, n = 12), p 76 (60-88, n = 21). Ventral anchors with distinct handle and guard, outer
length b 40 (37-42, n = 12), p 39 (35-43, n = 23), inner length b 30 (25-34, n = 12), p 30 (25-
35, n = 23) (Fig 11C). Dorsal anchors with indistinct guard, outer length b 32 (26-35,n =9), p
33 (31-34, n = 23), inner length b 19 (15-20, n = 9), p 19 (17-21, n = 23) (Fig 11D). Lateral
(dorsal) bar, with flattened medial end, length b 72 (61-76, n = 14), p 57 (49-62, n = 28), maxi-
mum width b 21 (15-27, n = 14), p 17 (12-23, n = 28) (Fig 11F). Ventral bar, length b 113
(107-125,n =7), p 92 (82-99, n = 16), maximum width, b 15 (10-18, n = 7), p 12 (5-15,

PLOS ONE | DOI:10.1371/journal.pone.0171392 February 2, 2017 20/31



@° PLOS | ONE

The ‘Pseudorhabdosynochus riouxi group’ (Monogenea, Diplectanidae)

Table 5. Pseudorhabdosynochus dolicocolpos, measurements. Means of measurements of sclerotised vaginae, the most important character for sys-
tematics, are indicated in bold.

Source
Registration number
Locality

Methods

n

Body Length

Body Width

Haptor Width
Pharynx Length
Pharynx Width

Penis Internal Length
Penis Cone Length
Penis Tube Length
Penis Tube Diameter
Penis Filament Length

Sclerotized Vagina Total
Length

Primary Chamber
External Diameter

Secondary Chamber
External Diameter

Squamodisc Length
Squamodisc Width

Squamodisc, Number of
Rows

Squamodisc, Number of
Closed Rows

Ventral Anchor Outer
Length

Ventral Anchor Inner
Length

Dorsal Anchor Outer
Length

Dorsal Anchor Inner
Length

Ventral Bar Length
Ventral Bar Width
Lateral Bar Length
Lateral Bar Width

Neifar & Euzet, 2007

Off Sfax, off Zarzis, Tunisia (Mediterranean
Sea); off Dakar, Senegal (Atlantic Ocean)

Picrate, Berlese, carmine, hemalum-eosin

30

790 (650950, n = 25)
267 (180-350, n = 25)
62 (52-80, n=11)
48 (45-50,n = 11)
98 (75-120, n = 15)
21 (17-25,n = 15)
41 (35-45, n = 15)

97 (75-120, n = 16)

12 (10-13,n = 16)

93 (80-110, n = 14)
12-13

1-2

53 (50-55, n = 22)
43 (36-47, n = 20)

112 (93-125, n = 21)
14 (10-18,n =1)

71 (60-80, n = 20)
15 (10-20, n = 20)

doi:10.1371/journal.pone.0171392.t005

Paratypes

MNHN HEL5-Th78,
HEL6-Th79

Off Sfax, Tunisia
(Mediterranean Sea)

Picrate

9

521 (416-640,n =9)
225(160-416,n=9)
168 (144-192,n =8)
36 (30-38,n=8)

37 (31-44,n=8)

14 (7-18,n=9)
31(26-35,n=9)
3(n=9)

30 (20-44, n = 3)
62 (55-72,n=7)

3(3-4,n=8)

63 (55-74,n=11)
76 (60-88, n = 11)
8-13

1-2
39 (35-43, n = 16)
30 (25-35, n = 16)
33 (31-34,n=17)
18 (17-20, n = 17)
94 (87-98,n = 9)
11 (5-14,n=9)
56 (49-60, n = 16)
17 (12-23, = 16)

Vouchers collected by
Neifar & Euzet

MNHN 36HG

Off Sfax, Tunisia
(Mediterranean Sea)

Picrate

7

514 (384-720,n=7)
254 (208-344,n = 5)
181 (176-192,n=7)
33(28-40,n=7)

36 (28-53,n=7)

13 (7-18,n=6)
31(30-33,n=6)
3(3—4,n=6)

61 (43-75,n = 6)

3(3-4,n=6)

64 (5670, n = 10)
76 (70-82, n = 10)
11-12

1-2
40 (37-42,n=7)
30 (28-32,n=7)
33 (31-34, n=6)
19 (17-21,n =6)

91 (82-99,n=7)
13 (12-15,n=7)
58 (56-62, n = 12)
18 (12-23,n = 12)

Vouchers, newly
collected specimens

MNHN HEL562

Off Sfax, Tunisia
(Mediterranean Sea)

Berlese

8

672 (608-768, n = 6)
306 (240-360, n = 5)
190 (176—200, n = 4)
70 (62-78,n=7)

16 (12-24,n=4)

32 (30-35,n=4)
3(3-4,n=4)

27 (9-41,n=23)

74 (55-92,n =8)

3(3-4,n=7)

76 (66-95, n = 12)
92 (75-100, n = 12)
10-12

40 (37-42,n = 12)
30 (25-34,n=12)
32 (26-35,n=9)
19 (15-20,n =9)

113 (107-125,n = 7)
15(10-18,n=7)
72 (61-76,n = 14)
21 (15-27, n = 14)

n = 16) (Fig 11E). Male copulatory organ a quadriloculate organ (Fig 10D), first (anterior)
chamber as sclerotized as the three others; fourth chamber forming short cone, prolonged by
thin sclerotized tube, inner length b 70 (62-78, n = 7); cone length b 16 (12-24,n=4),p 14
(7-18, n = 15); tube length b 32 (30-35, n = 4), p 31 (26-35, n = 15); tube diameter b 3 (34,
n=4), p 3 (3-4, n = 15); end of tube prolonged by thin unsclerotised filament, length b 27 (9-
41,n=3),p29 (20-44,n = 4).

PLOS ONE | DOI:10.1371/journal.pone.0171392 February 2, 2017

21/31



@° PLOS | ONE

The ‘Pseudorhabdosynochus riouxi group’ (Monogenea, Diplectanidae)

Sclerotized vagina comprises anterior trumpet, primary canal, primary chamber, secondary
canal, secondary chamber and accessory structure clearly visible. Anterior trumpet sclerotized,
ring-shaped, followed by primary canal; primary canal very long, its shape variable, twisted or
curved, rarely straight; primary canal thin-walled with irregular diameter, less sclerotized in its
medium portion; primary chamber very small, heavily sclerotized; secondary canal originates
from proximal portion of primary chamber, slightly sclerotized; secondary chamber roughly
spherical, heavily sclerotized, much larger than primary chamber; accessory structure long and
robust, emerges from anterior part of secondary chamber (Fig 10A-10C). Total length of scler-
otized vagina b 74 (55-92, n = 8), p 62 (43-75, n = 13). External diameter of primary chamber
b3(3-4,n=7),p3(3-4,n=14).

Differential diagnosis. No species of Pseudorhabdosynochus in the Mediterranean Sea
shows a sclerotized vagina similar to that of P. dolicocolpos. Pseudorhabdosynochus dolicocolpos
is readily distinguished from the species of the ‘P. riouxi group’ and all other Mediterranean
species of Pseudorhabdosynochus by its very long primary canal and the general structure of its
sclerotized vagina. This species has a ring-shaped trumpet, a character also found in the ‘bever-
leyburtonae group’ [22]; however, P. dolicocolpos can be differentiated from the species of this
group by the general structure of the rest of the vagina.

Of the described species not from the Mediterranean Sea, a single species has vaginal mor-
phology resembling that of P. dolicocolpos: P. variabilis Justine, 2008 from M. morrhua off New
Caledonia [27]. Both species also share similar shapes of haptoral parts. However, P. variabilis
has an MCO with a thin-walled first chamber (vs. thick in P. dolicocolpos), a relatively longer
secondary canal and a shorter sclerotized vagina (c. 50 vs. 75-120 um), and squamodiscs with
2-3 circular rows (vs. 1-2 V-shaped rows). It is, however, striking that the two species of Pseu-
dorhabdosynochus with this vaginal morphology are both parasites of species of Mycteroperca,
although widely separated geographically (Mediterranean Sea vs. South Pacific). A common
origin is likely.

Pseudorhabdosynochus sinediscus Neifar & Euzet, 2007

Type-host: The goldblotch grouper, Mycteroperca costae (Steindachner) (Perciformes, Epine-
phelidae); synonyms: Epinephelus alexandrinus (Valenciennes), E. costae.

Molecular identification of fish via DNA barcoding: The COI sequences from four speci-
mens from Tunisia were already published and identified as M. costae (Table 1).

Site of infection: Gill lamellae.

Type-locality: Off Sfax, Tunisia.

Other localities: Off Zarzis (Tunisia) [24]

Material examined: Holotype MNHN HEL11 Th84 [24], MNHN HEL10 Th83 (on the
label); voucher specimens newly collected from Tunisia MNHN HEL562. Prevalence: In our
specimens from Tunisia, 3/4 (75%).

Redescription (Figs 12 and 13; Table 6). Measurements based on 7 specimens in Berlese
and holotype in picrate. Body length b 763 (672-864, n = 3), including haptor; maximum
width b 164 (80-272, n = 4) at level of ovary. Tegument smooth. Anterior region with 3 pairs
of head organs and 2 pairs of dorsal eye-spots, distance between outer margins of anterior eye-
spots b 25 (20-32, n = 6), of posterior eye-spots b 25 (21-31, n = 5). Pharynx median, subsphe-
rical, length b 38 (35-40, n = 4), width b 30 (24-35, n = 4). Haptor bearing two pairs of lateral
anchors, one ventral bar and two lateral (dorsal) bars (Fig 13) and 14 hooklets, width b 168
(n = 2). Squamodiscs absent. Ventral anchors with distinct handle and guard, outer length h
48,b 46 (42-50, n = 8), inner length h 47, b 47 (41-50, n = 8) (Fig 13A). Dorsal anchors with
indistinct guard, outer length h 42, b 40 (39-42, n = 7), inner length h 23, b 24 (21-28,n =7)
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Fig 12. Pseudorhabdosynochus sinediscus from Mycteroperca costae, quadriloculate organ and various morphologies of vagina. A-D,
vaginae; E, quadriloculate organ. All, MNHN HEL562, Tunisia, Berlese.

doi:10.1371/journal.pone.0171392.g012

(Fig 13B). Lateral (dorsal) bar, with flattened medial end, length h 52, b 72 (65-78, n = 8), max-
imum width h 9,b 11 (10-12, n = 8) (Fig 13D). Ventral bar, length h 78, b 101 (96-104, n = 4),
width h 10, b 14 (12-17, n = 4) (Fig 13C). Male copulatory organ a quadriloculate organ, first
(anterior) chamber almost as sclerotized as the three others; fourth chamber forming short
cone, prolonged by thin sclerotized tube, inner length b 75 (55-95, n = 7); cone length b 19
(16-21, n = 7); tube length b 33 (20-45, n = 6); tube diameter b 4 (4-5, n = 7), end of tube pro-
longed by thin unsclerotised filament, length b 17 (15-18, n = 2) (Fig 12E).

Sclerotized vagina comprises anterior trumpet, primary canal, primary chamber, and sec-
ondary canal (secondary chamber absent). Anterior trumpet, heavily sclerotized, funnel-
shaped; primary canal long, S-shaped, its wall slightly thinner distally, opens into posterior
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A-D, 50 pm

Fig 13. Pseudorhabdosynochus sinediscus from Mycteroperca costae, haptoral parts. A, dorsal anchor; B, ventral anchor; C, ventral
bar; D, lateral bar. All, MNHN HEL562, Tunisia, Berlese. This species has no squamodiscs.

doi:10.1371/journal.pone.0171392.g013

part of primary chamber; primary chamber small, heavily sclerotized; very short secondary
canal, with thin lumen, emerges from anterior part of primary chamber; secondary chamber
not seen, probably very small and embedded in wall of primary chamber (Fig 12A-12D). Total
length of sclerotized vagina b 29 (25-34, n = 7).

Comments. The inventory number assigned to the holotype of P. sinediscus as MNHN
HEL10-Th83 on the label of the type-slide does not match the one published with the original
description of this species (MNHN HEL11-Th84).

Differential diagnosis. Pseudorhabdosynochus sinediscus is characterized, among its Med-
iterranean congeners, by the general structure of its vagina in which the secondary chamber is
not visible. However, in terms of vaginal morphology, P. sinediscus is close to P. regius Chaa-
bane, Neifar & Justine, 2015 from Mycteroperca rubra and the ‘beverleyburtonae group’ [22]
from M. marginata, M. costae and the mottled grouper M. rubra (Bloch). Pseudorhabdosyno-
chus sinediscus and P. regius are readily distinguished by the shape of their primary canal (S-
shaped in P. sinediscus vs. straight in P. regius). This species shares the same shape of the vagina
with the ‘beverleyburtonae group’ (S-shaped) but differs from it by the small size of its vagina.

In addition, P. sinediscus is the only species within Pseudorhabdosynochus known to have a
haptor without squamodiscs. All other currently known species of Pseudorhabdosynochus have
two squamodiscs. Pseudorhabdosynochus monosquamodiscusi Balasuriya & Leong, 1995, from
Lates calcarifer (Bloch), has a single squamodisc [49], but this species is now considered a
member of Laticola and a junior synonym of L. latesi [50].
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Table 6. Pseudorhabdosynochus sinediscus, measurements. Means of measurements of sclerotised vaginae, the most important character for system-

atics, are indicated in bold.

Source

Registration number
Locality

Methods

n

Body Length

Body Width

Haptor Width

Pharynx Length
Pharynx Width

Penis Internal Length
Penis Cone Length
Penis Tube Length
Penis Tube Diameter
Penis Filament Length
Sclerotized Vagina Total Length

Secondary Chamber External
Diameter

Ventral Anchor Outer Length
Ventral Anchor Inner Length
Dorsal Anchor Outer Length
Dorsal Anchor Inner Length
Ventral Bar Length

Ventral Bar Width

Lateral Bar Length

Lateral Bar Width

doi:10.1371/journal.pone.0171392.t006

Neifar & Euzet, 2007

Off Sfax, off Zarzis, Tunisia
(Mediterranean Sea)

Holotype Vouchers, newly collected
specimens
MNHN HEL10-Th83 MNHN HEL562

Off Sfax, Tunisia (Mediterranean
Sea)

Off Sfax, Tunisia (Mediterranean
Sea)

Picrate, Berlese, carmine Picrate Berlese
13 1 7
1,200 (1,050-1,400, n = 10) - 763 (672-864, n = 3)
245 (200-280, n = 10) - 164 (80-272,n=4)
- - 168 (n=2)
64 (57-70,n=11) - 38 (35—40,n =4)
52 (45-60,n=11) - 30 (24-35,n=4)
99 (80-110,n=10) 75 75 (55-95,n=7)
24 (20-30,n=10) 20 19 (16-21,n=7)
42 (32-55,n=10) 30 33 (20-45,n =6)
3 4(4-5,n=7)
15 17 (15-18,n=2)
39 (35-50, n=18) 27 29 (25-34,n=7)
62 (57-68, n = 16) 48 (47-48,n=2) 46 (42-50,n = 8)
47 (46-47,n=2) 47 (41-50,n = 8)
53 (50-55, n = 16) 42 (41-42,n=2) 40 (39-42,n=7)
23(n=2) 24 (21-28,n=7)
86 (70-95, n = 16) 78 101 (96-104,n=4)
13 (10-15,n=16) 10 14 (12-17,n=4)
67 (60-90, n = 16) 52 (51-53,n=2) 72 (65-78,n=8)
14 (10-22,n=16) 9(8-9,n=2) 11 (10-12,n=8)

Echinoplectanum echinophallus (Euzet & Oliver, 1965) Justine & Euzet,
2006

Synonyms: Diplectanum echinophallus Euzet & Oliver, 1965; Cycloplectanum echinophallus
(Euzet & Oliver, 1965) Oliver, 1968.

Type-host: Dusky grouper, Mycteroperca marginata (Lowe) (Perciformes, Epinephelidae);
synonyms: Epinephelus guaza (Linnaeus), E. marginatus (Lowe).

Molecular identification of fish via DNA barcoding: The COI sequence from one specimen
from Tunisia was already published and identified as M. marginata (Table 1).

Site of infection: Gill lamellae.

Type locality: Off Banyuls, France [51].

Other localities: Mediterranean Sea: Off Lavezzi Island, southern Corsica [52]; off Rosas,
Spain [42]; off Sfax, Tunisia ([53] and present paper); eastern Atlantic: Off Dakar, Senegal
[16].

Material examined: new specimens collected from Tunisia MNHN HEL560, MNHN
HEL591.

Prevalence: In our newly collected specimens from Tunisia, 3/3 (100%).

Redescription (Fig 14B). Measurements based on 6 specimens in Berlese. Body length b
952 (512-1,712, n = 6), width b 164 (128-256, n = 6). Tegument smooth. Anterior region with
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Fig 14. Diplectanid monogeneans on Mycteroperca spp. in the Mediterranean Sea. Sclerotized male and
female parts. This figure illustrates the taxonomic key (Table 7).

doi:10.1371/journal.pone.0171392.g014
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Table 7. Taxonomic key to Diplectanids on Mycteroperca spp. in the Mediterranean Sea (Fig 14). Shading of cells applied only for readability.

1 | » Male copulatory organ with spines. In Mycteroperca marginata
* Male copulatory organ a quadriloculate organ without spines
2 | » Sclerotised vagina very elongate, thin, total length >60 ym, with accessory structure on proximal

Echinoplectanum echinophallus |  (Fig 14B)
Pseudorhabdosynochus spp.2 | (Fig 14A)
Pseudorhabdosynochus | (Fig 14C)

end of secondary chamber. In Mycteroperca costae dolicocolpos
 Sclerotised vagina not elongate, total length <60 pm, without accessory structure 3
3 | * Secondary chamber visible, heavily sclerotized 4
* Secondary chamber not visible 7
4 | » Secondary chamber large and spherical: the “P. riouxi group” 5| (Fig14J-
14M)
* Secondary chamber small and spherical 9

5 | ¢ Primary canal very short with wide lumen, opening into proximal limit of primary chamber, primary

Pseudorhabdosynochus bouaini | (Fig 14K)

chamber very small with thick wall. In Mycteroperca costae
* Primary canal long, opening into distal limit of primary chamber, primary chamber elongate 6

6 | » Primary canal roughly straight or curved, primary chamber with thick wall. In Mycteroperca costae
* Primary canal looped in its proximal or medium portion, primary chamber slightly sclerotized. In

Mycteroperca marginata

7 | » Body without squamodiscs. In Mycteroperca costae

* Body with two squamodiscs

8 | » Squamodiscs very small, length 20—40 um, with innermost rows U-shaped. In Mycteroperca rubra

Pseudorhabdosynochus enitsuji | (Fig 14J)
Pseudorhabdosynochus riouxi | (Fig 14M)

Pseudorhabdosynochus sinediscus | (Fig 14H)
8
Pseudorhabdosynochus regius (Fig 141)

* Squamodiscs length >40 um, with 2 innermost rows forming circles. The ‘beverleyburtonae group’ 9

(Fig 14D—14G)

9 | *Primary canal, S-shaped with wide lumen, leading to proximal limit of primary chamber. In

Mycteroperca costae

Pseudorhabdosynochus oliveri | (Fig 14G)

* Primary canal, S-shaped with thin lumen, leading to distal limit of primary chamber 10

10 | « Primary chamber elongate. In Mycteroperca marginata

* Primary chamber pear-shaped

11 | » Length of sclerotised vagina 26-58 um. In Mycteroperca costae
¢ Length of sclerotised vagina 40—70 um. In Mycteroperca rubra

doi:10.1371/journal.pone.0171392.t1007

Pseudorhabdosynochus | (Fig 14D)
beverleyburtonae

11
Pseudorhabdosynochus sosia | (Fig 14E)
Pseudorhabdosynochus hayet | (Fig 14F)

3 pairs of head organs and two pairs of eye-spots; distance between outer margins of anterior
eye-spot pair b 24 (19-28, n = 6), of posterior eyespot pair b 20 (19-25, n = 6). Haptor bearing
two similar squamodiscs, two pairs of lateral anchors, one ventral bar and two lateral (dorsal)
bars and 14 hooklets, width b 200 (128-240, n = 6). Squamodiscs round in shape, with numer-
ous concentric rows of rodlets; two innermost rows forming circles. Most rodlets with visible
spurs (‘éperons’). Dorsal squamodisc length b 52 (n = 1), width b 65 (n = 1). Ventral anchors
with handle and distinct guard, outer length b 60 (59-62, n = 11), inner length b 57 (55-60,

n = 11). Dorsal anchors with indistinct guard, outer length b 51 (50-52, n = 8), inner length b
31 (30-35, n = 8). Dorsal (lateral) bars with flattened medial extremity and roughly cylindrical
lateral extremity, length b 91 (87-98, n = 12), maximum width b 26 (24-29, n = 12). Ventral
bar flat, with constricted median portion, length b 110 (105-115, n = 5), maximum width b 22
(20-24, n = 5). Pharynx not visible. Sclerotized male copulatory organ, funnel-shaped, with
muscular reservoir at its anterior extremity with four muscular layers, and spiny cirrus in its
posterior part; length b 112 (100-135, n = 5). Sclerotized vagina not seen.

Comments. This species was first described by Euzet & Oliver as Diplectanum echinophal-
lus, from the dusky grouper in the Mediterranean Sea [51], and later included by Oliver in
Cycloplectanum Oliver, 1968 due to the presence of two innermost rows forming circles in its
squamodiscs [42]. Justine & Euzet (2006) redescribed the species and considered it a member
of their new genus Echinoplectanum [16]. Among the seven species assigned to
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Echinoplectanum Justine & Euzet, 2006, only E. echinophallus was not found on the gills of cor-
algroupers (Plectropomus spp.) [16]; all the other species are from the Pacific regions (New Cal-
edonia and Australia).

Taxonomic key

A taxonomic key to the species of diplectanids on Mycteroperca spp. in the Mediterranean Sea
is proposed in Table 7. The main morphological features used in the taxonomic key are illus-
trated in Fig 14.

Acknowledgments

Alain Dubois and Annemarie Ohler (MNHN, Paris, France) kindly provided advice concern-
ing the designation of a neotype.

Author contributions
Conceptualization: AC LN JLJ.
Data curation: AC LN JLJ.
Formal analysis: AC LN JLJ.
Funding acquisition: LN JL].
Investigation: AC LN JLJ.
Methodology: AC LN JLJ.
Project administration: LN JL].
Resources: AC LN JLJ.
Supervision: LN JLJ.
Validation: AC LN JLJ.
Visualization: AC.

Writing - original draft: AC.
Writing - review & editing: AC LN JLJ.

References

1. Antonelli L, Quilichini Y, Marchand B. Biological study of Furnestinia echeneis Euzet and Audouin 1959
(Monogenea: Monopisthocotylea: Diplectanidae), parasite of cultured gilthead sea bream Sparus aur-
ata (Linnaeus 1758)(Pisces: Teleostei) from Corsica. Aquaculture. 2010; 307(3):179-86.

2. Dezfuli BS, Giari L, Simoni E, Menegatti R, Shinn AP, Manera M. Gill histopathology of cultured Euro-
pean sea bass, Dicentrarchus labrax (L.), infected with Diplectanum aequans (Wagener 1857) Diesing
1958 (Diplectanidae: Monogenea). Parasitol Res. 2007; 100(4):707—13. doi: 10.1007/s00436-006-
0343-4 PMID: 17061113

3. Gonzdlez-Lanza C, Alvarez-Pellitero P, Sitja-Bobadilla A. Diplectanidae (Monogenea) infestations of
sea bass, Dicentrarchus labrax (L.), from the Spanish Mediterranean area. Parasitol Res. 1991; 77
(4):307—14. PMID: 1866420

4. Papernal, Laurencin FB. Parasitic infections of sea bass, Dicentrarchus labrax, and gilt head sea
bream, Sparus aurata, in mariculture facilities in France. Aquaculture. 1979; 16(2):173-5.

5. Sanchez-Garcia N, Ahuir-Baraja AE, Raga JA, Montero FE. Morphometric, molecular and ecological
analyses of the parasites of the sharpsnout seabream Diplodus puntazzo Cetti (Sparidae) from the
Spanish Mediterranean: implications for aquaculture. J Helminthol. 2015; 89(02):217-31.

PLOS ONE | DOI:10.1371/journal.pone.0171392 February 2, 2017 28/31


http://dx.doi.org/10.1007/s00436-006-0343-4
http://dx.doi.org/10.1007/s00436-006-0343-4
http://www.ncbi.nlm.nih.gov/pubmed/17061113
http://www.ncbi.nlm.nih.gov/pubmed/1866420

@° PLOS | ONE

The ‘Pseudorhabdosynochus riouxi group’ (Monogenea, Diplectanidae)

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Isshiki T, Nagano T, Miki K. Occurrence of a monogenean gill parasite Pseudorhabdosynochus epine-
phelion red spotted grouper Epinephelus akaara and its experimental treatment by hydrogen peroxide
bathing. Fish Pathol. 2007; 42(1):71-4.

Luo Y, Brown CL, Yang T. Seasonal dynamics of Diplectanum grouperi parasitism on wild versus cul-
tured groupers, Epinephelus spp., and the linkage between infestation and host species phylogeny. J
Parasitol. 2010; 96:541-6. doi: 10.1645/GE-2286.1 PMID: 20557200

Luo YF, Yang TB. Seasonal population dynamics of the monogeneans Pseudorhabdosynochus coioid-
esis and P. serranion wild versus cultured groupers in Daya Bay, South China Sea. Helminthologia.
2010; 47(4):241-50.

Palm HW, Kleinertz S, Rueckert S. Parasite diversity as an indicator of environmental change? An
example from tropical grouper (Epinephelus fuscoguttatus) mariculture in Indonesia. Parasitology.
2011; 138(13):1793-803. doi: 10.1017/S0031182011000011 PMID: 21320385

Roumbedakis K, Marchiori NC, Paseto A, Goncalves EL, Luque JL, Cepeda PB, et al. Parasite fauna of
wild and cultured dusky-grouper Epinephelus marginatus (Lowe, 1834) from Ubatuba, southeastern
Brazil. Braz J Biol. 2013; 73(4):871-8. PMID: 24789405

Ruckert S, Klimpel S, Al-Quraishy S, Mehlhorn H, Palm HW. Transmission of fish parasites into grouper
mariculture (Serranidae: Epinephelus coioides (Hamilton, 1822)) in Lampung Bay, Indonesia. Parasitol
Res. 2009; 104(3):523-32. doi: 10.1007/s00436-008-1226-7 PMID: 18855012

Justine J-L, Beveridge |, Boxshall GA, Bray RA, Moravec F, Trilles J-P, et al. An annotated list of para-
sites (Isopoda, Copepoda, Monogenea, Digenea, Cestoda and Nematoda) collected in groupers (Ser-
ranidae, Epinephelinae) in New Caledonia emphasizes parasite biodiversity in coral reef fish. Folia
Parasitol. 2010; 57:237-62. PMID: 21344838

Journo C, Justine J-L. Laticola dae n. sp (Monogenea: Diplectanidae) from Epinephelus maculatus
(Perciformes: Serranidae) off New Caledonia. Syst Parasitol. 2006; 64(3):173-80. doi: 10.1007/
$11230-006-9029-7 PMID: 16786282

Justine J-L. Parasite biodiversity in a coral reef fish: twelve species of monogeneans on the gills of the
grouper Epinephelus maculatus (Perciformes: Serranidae) off New Caledonia, with a description of
eight new species of Pseudorhabdosynochus (Monogenea: Diplectanidae). Syst Parasitol. 2007; 66
(2):81-129. doi: 10.1007/s11230-006-9057-3 PMID: 16972153

Sigura A, Justine J-L. Monogeneans of the speckled blue grouper, Epinephelus cyanopodus (Perci-
formes, Serranidae), from off New Caledonia, with a description of four new species of Pseudorhabdo-
synochus and one new species of Laticola (Monogenea: Diplectanidae), and evidence of monogenean
faunal changes according to the size of fish. Zootaxa. 2008; 1695:1-44.

Justine J-L, Euzet L. Diplectanids (Monogenea) parasitic on the gills of the coralgroupers Plectropomus
laevis and P. leopardus (Perciformes, Serranidae) off New Caledonia, with the description of five new
species and the erection of Echinoplectanumn. g. Syst Parasitol. 2006; 64(3):147—72. doi: 10.1007/
s511230-006-9028-8 PMID: 16786281

Bu SSH, Leong TS, Wong SY, Woo YSN, Foo RWT. Three diplectanid monogeneans from marine fin-
fish (Epinephelus spp.) in the Far East. J Helminthol. 1999; 73(4):301-12.

Justine J-L. Pseudorhabdosynochus argus n. sp. (Monogenea: Diplectanidae) from Cephalopholis
argus, P. minutus n. sp. and Diplectanum nanus n. sp. from C. sonnerati and other monogeneans from
Cephalopholis spp. (Perciformes: Serranidae) off Australia and New Caledonia. Syst Parasitol. 2007;
68(3):195-215. doi: 10.1007/s11230-007-9096-4 PMID: 17896188

Justine J-L. Diplectanum parvus sp. nov. (Monogenea, Diplectanidae) from Cephalopholis urodeta
(Perciformes, Serranidae) off New Caledonia. Acta Parasitol. 2008; 53:127-32.

Justine J-L, Sigura A. Monogeneans of the malabar grouper Epinephelus malabaricus (Perciformes,
Serranidae) off New Caledonia, with a description of six new species of Pseudorhabdosynochus (Mono-
genea: Diplectanidae). Zootaxa. 2007; 1543:1-44.

Chaabane A, Justine J-L, Gey D, Bakenhaster MD, Neifar L. Pseudorhabdosynochus sulamericanus
(Monogenea, Diplectanidae), a parasite of deep-sea groupers (Serranidae) occurs transatlantically on
three congeneric hosts (Hyporthodus spp.), one from the Mediterranean Sea and two from the western
Atlantic. Peerd. 2016; 4:€2233. doi: 10.7717/peer|.2233 PMID: 27602259

Chaabane A, Neifar L, Gey D, Justine J-L. Species of Pseudorhabdosynochus (Monogenea, Diplectani-
dae) from groupers (Mycteroperca spp., Epinephelidae) in the Mediterranean and Eastern Atlantic
Ocean, with special reference to the "beverleyburtonae group" and description of two new species.
PLoS ONE. 2016; 11(8):e0159886. doi: 10.1371/journal.pone.0159886 PMID: 27532108

Chaabane A, Neifar L, Justine J-L. Pseudorhabdosynochus regius n. sp. (Monogenea, Diplectanidae)
from the mottled grouper Mycteroperca rubra (Teleostei) in the Mediterranean Sea and Eastern Atlantic.
Parasite. 2015; 22:9. doi: 10.1051/parasite/2015005 PMID: 25674913

PLOS ONE | DOI:10.1371/journal.pone.0171392 February 2, 2017 29/31


http://dx.doi.org/10.1645/GE-2286.1
http://www.ncbi.nlm.nih.gov/pubmed/20557200
http://dx.doi.org/10.1017/S0031182011000011
http://www.ncbi.nlm.nih.gov/pubmed/21320385
http://www.ncbi.nlm.nih.gov/pubmed/24789405
http://dx.doi.org/10.1007/s00436-008-1226-7
http://www.ncbi.nlm.nih.gov/pubmed/18855012
http://www.ncbi.nlm.nih.gov/pubmed/21344838
http://dx.doi.org/10.1007/s11230-006-9029-7
http://dx.doi.org/10.1007/s11230-006-9029-7
http://www.ncbi.nlm.nih.gov/pubmed/16786282
http://dx.doi.org/10.1007/s11230-006-9057-3
http://www.ncbi.nlm.nih.gov/pubmed/16972153
http://dx.doi.org/10.1007/s11230-006-9028-8
http://dx.doi.org/10.1007/s11230-006-9028-8
http://www.ncbi.nlm.nih.gov/pubmed/16786281
http://dx.doi.org/10.1007/s11230-007-9096-4
http://www.ncbi.nlm.nih.gov/pubmed/17896188
http://dx.doi.org/10.7717/peerj.2233
http://www.ncbi.nlm.nih.gov/pubmed/27602259
http://dx.doi.org/10.1371/journal.pone.0159886
http://www.ncbi.nlm.nih.gov/pubmed/27532108
http://dx.doi.org/10.1051/parasite/2015005
http://www.ncbi.nlm.nih.gov/pubmed/25674913

@° PLOS | ONE

The ‘Pseudorhabdosynochus riouxi group’ (Monogenea, Diplectanidae)

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

Neifar L, Euzet L. Five new species of Pseudorhabdosynochus (Monogenea: Diplectanidae) from the
gills of Epinephelus costae (Teleostei: Serranidae). Folia Parasitol. 2007; 54:117-28. PMID: 17886741

Kritsky DC, Bakenhaster M, Adams D. Pseudorhabdosynochus species (Monogenoidea, Diplectani-
dae) parasitizing groupers (Serranidae, Epinephelinae, Epinephelini) in the western Atlantic Ocean and
adjacent waters, with descriptions of 13 new species. Parasite. 2015; 22:24. doi: 10.1051/parasite/
2015024 PMID: 26272242

Justine J-L. Parasites of coral reef fish: how much do we know? With a bibliography of fish parasites in
New Caledonia. Belg J Zool. 2010; 140 (Suppl.):155-90.

Justine J-L. Two new species of Pseudorhabdosynochus Yamaguti, 1958 (Monogenea: Diplectanidae)
from the deep-sea grouper Epinephelus morrhua (Val.) (Perciformes: Serranidae) off New Caledonia.
Syst Parasitol. 2008; 71:145-58. doi: 10.1007/s11230-008-9156-4 PMID: 18716902

Schoelinck C, Cruaud C, Justine J-L. Are all species of Pseudorhabdosynochus strictly host specific?—a
molecular study. Parasitol Int. 2012; 61:356-9. doi: 10.1016/j.parint.2012.01.009 PMID: 22326703

Justine J-L, Henry E. Monogeneans from Epinephelus chlorostigma (Val.) (Perciformes: Serranidae)
off New Caledonia, with the description of three new species of diplectanids. Syst Parasitol. 2010;
77:81-105. doi: 10.1007/s11230-010-9263-x PMID: 20852982

Oliver G. Cycloplectanum riouxin. sp., une nouvelle espéce de Diplectanidae (Monogenea, Mono-
pisthocotylea) parasite d’ Epinephelus guaza (Linnaeus, 1758) (Pisces, Serranidae). Syst Parasitol.
1986; 8:317-22.

Moravec F, Chaabane A, Justine J-L, Neifar L. Two gonad-infecting species of Philometra (Nematoda:
Philometridae) from groupers (Serranidae) off Tunisia, with a key to Philometra species infecting serra-
nid gonads. Parasite. 2016; 23:8. doi: 10.1051/parasite/2016008 PMID: 26956219

Moravec F, Chaabane A, Neifar L, Gey D, Justine JL. Descriptions of Philometra aenein. sp. and P.
tunisiensis n. sp. (Nematoda: Philometridae) from Epinephelus spp. off Tunisia confirm a high degree of
host specificity of gonad-infecting species of Philometra in groupers (Serranidae). Syst Parasitol. 2016;
93(2):115-28. doi: 10.1007/s11230-015-9610-z PMID: 26790677

Froese R, Pauly D, editors. FishBase. World Wide Web electronic publication. www.fishbase.org2016/.

Heemstra PC, Randall JE. FAO Species Catalogue. Vol. 16. Groupers of the world (Family Serranidae,
Subfamily Epinephelinae). An annotated and illustrated catalogue of the grouper, rockcod, hind, coral
grouper and lyretail species known to date. Rome: FAO; 1993. 382 p.

Craig MT, Sadovy de Mitcheson YJ, Heemstra PC. Groupers of the world: a field and market guide.
Grahamstown: NISC; 2012. 424 p.

Craig MT, Hastings PA. A molecular phylogeny of the groupers of the subfamily Epinephelinae (Serrani-
dae) with a revised classification of the Epinephelini. Ichthyol Res. 2007; 54(1):1-17.

Malmberg G. Om férekomsten av Gyrodactylus pa svenska fiskar (In Swedish.). Skrifter Utgivna av
Sédra Sveriges Fiskeriférening, Arsskrift. 1957; 1956:19-76.

Swan D. Berlese’s fluid: remarks upon its preparation and use as a mounting medium. Bull Entomol
Res. 1936; 27(03):389-91.

Justine J-L. Species of Pseudorhabdosynochus Yamaguti, 1958 (Monogenea: Diplectanidae) from Epi-
nephelus fasciatus and E. merra (Perciformes: Serranidae) off New Caledonia and other parts of the
Indo-Pacific Ocean, with a comparison of measurements of specimens prepared using different meth-
ods, and a description of P. caledonicus n. sp. Syst Parasitol. 2005; 62(1):1-37. doi: 10.1007/s11230-
005-5480-0 PMID: 16132868

Radujkovic BM, Euzet L. Parasites des poissons marins du Monténégro: Monogénes. In: Radujkovic B.
M & Raibaut A. (Eds) Faune des parasites de poissons marins des cotes du Monténégro (Adriatique
Sud). Acta Adriat. 1989; 30(1/2):51-135.

De Liberato C, Di Cave D, Berrilli F, Orecchia P. Fish parasites and related problems in Italian maricul-
ture facilities. Parassitologia. 2000; 42:166.

Oliver G. Les Diplectanidae Bychowsky, 1957 (Monogenea, Monopisthocotylea, Dactylogyridea). Sys-
tématique. Biologie. Ontogénie. Ecologie. Essai de phylogenése. [These d’Etat]: Académie de Montpel-
lier, Université des Sciences et Techniques du Languedoc; 1987.

Gijon-Botella H, Lopez-Roman R. Branchial parasites of Epinephelus guaza (L.) in the Canary archipel-
ago. Parasitol Int. 1998; 47(ICOPA Supplement):289.

Kritsky DC, Beverley-Burton M. The status of Pseudorhabdosynochus Yamaguti, 1958, and Cycloplec-
tanum Oliver, 1968 (Monogenea: Diplectanidae). Proc Biol Soc Wash. 1986; 99:17—20.

Yang TB, Gibson DI, Zeng BJ. Pseudorhabdosynochus summanoides n. sp (Monogenea: Diplectani-
dae) from Epinephelus coioides in Dapeng Bay, South China Sea, with observations on several similar
species of Pseudorhabdosynochus Yamaguti, 1958. Syst Parasitol. 2005; 62(3):221-39. doi: 10.1007/
$11230-005-5497-4 PMID: 16315082

PLOS ONE | DOI:10.1371/journal.pone.0171392 February 2, 2017 30/31


http://www.ncbi.nlm.nih.gov/pubmed/17886741
http://dx.doi.org/10.1051/parasite/2015024
http://dx.doi.org/10.1051/parasite/2015024
http://www.ncbi.nlm.nih.gov/pubmed/26272242
http://dx.doi.org/10.1007/s11230-008-9156-4
http://www.ncbi.nlm.nih.gov/pubmed/18716902
http://dx.doi.org/10.1016/j.parint.2012.01.009
http://www.ncbi.nlm.nih.gov/pubmed/22326703
http://dx.doi.org/10.1007/s11230-010-9263-x
http://www.ncbi.nlm.nih.gov/pubmed/20852982
http://dx.doi.org/10.1051/parasite/2016008
http://www.ncbi.nlm.nih.gov/pubmed/26956219
http://dx.doi.org/10.1007/s11230-015-9610-z
http://www.ncbi.nlm.nih.gov/pubmed/26790677
http://www.fishbase.org2016/
http://dx.doi.org/10.1007/s11230-005-5480-0
http://dx.doi.org/10.1007/s11230-005-5480-0
http://www.ncbi.nlm.nih.gov/pubmed/16132868
http://dx.doi.org/10.1007/s11230-005-5497-4
http://dx.doi.org/10.1007/s11230-005-5497-4
http://www.ncbi.nlm.nih.gov/pubmed/16315082

@° PLOS | ONE

The ‘Pseudorhabdosynochus riouxi group’ (Monogenea, Diplectanidae)

46.

47.

48.

49.

50.

51.

52.

53.

International Commission on Zoological Nomenclature. International Code of Zoological Nomenclature:
The International Trust for Zoological Nomenclature; 1999. 306 p.

Dyer WG, Williams EHJ, Bunkley-Williams L. Pseudorhabdosynochus kritskyin. sp. (Monogenea:
Diplectanidae) on gag from the Gulf of Mexico. J Aquat Anim Health. 1995; 7:337—-40.

Vidal-Martinez VM, Mendoza-Franco EF. Pseudorhabdosynochus capurroi sp. n. (Monogenea: Diplec-
tanidae) from the gills of Mycteroperca bonaci (Pisces: Serranidae) of the Yucatan Peninsula, Mexico.
Folia Parasitol. 1998; 45:221—4.

Balasuriya LKSW, Leong TS. Pseudorhabdosynochus monosquamodiscusin. sp. (Monogenea: Diplec-
tanidae) from Lates calcarifer cultured in floating cages in Malaysia. Journal of Bioscience. 1995; 6
(1):30-4.

Yang TB, Kritsky DC, Sun 'Y, Zhang JY, Shi SH, Agrawal N. Diplectanids infesting the gills of the barra-
mundi Lates calcarifer (Bloch) (Perciformes: Centropomidae), with the proposal of Laticolan. g. (Mono-
genoidea: Diplectanidae). Syst Parasitol. 2006; 63(2):127—41. doi: 10.1007/s11230-005-9006-6 PMID:
16718593

Euzet L, Oliver G. Diplectanidae (Monogenea) de Téléostéens de la Méditerranée occidentale. Il. Para-
sites d’ Epinephelus gigas (Briinnich, 1768). Ann Parasitol Hum Comp. 1965; 40:517-23. PMID:
5884809

Oliver G. Ectoparasites branchiaux du mérou, Epinephelus guaza (Linnaeus, 1758) (Pisces, Serrani-
dae), des cotes de Corse (Méditerranée occidentale). Travaux Scientifiques du Parc National Régional
de la Réserve Naturelle de Corse, France. 1992; 37:101-12.

Euzet L. Diplectanidae (Monogenea) parasites de poissons des lles Kerkennah (Tunisie). Arch Inst
Pasteur Tunis. 1984; 61(4):463—74. PMID: 6544596

PLOS ONE | DOI:10.1371/journal.pone.0171392 February 2, 2017 31/31


http://dx.doi.org/10.1007/s11230-005-9006-6
http://www.ncbi.nlm.nih.gov/pubmed/16718593
http://www.ncbi.nlm.nih.gov/pubmed/5884809
http://www.ncbi.nlm.nih.gov/pubmed/6544596

