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Abstract

During an extensive research project involving 519 specimens of batoids, including 13 species of Rajiformes and
Myliobatiformes (Chondrichthyes) from the Argentine Sea, three new species of Empruthotrema were found and are described
using morphologic characteristics and two molecular markers: LSU rDNA and COI mtDNA. The new species can be distin-
guished from their congeners by the number and distribution of the marginal loculi, the length and morphology of male
copulatory organ, and the presence of eyespots. Additionally, multivariate analysis identified the dimensions of the pharynx
and ejaculatory bulb as diagnostic features. Host specificity and previous records of the genus in the region are discussed. This is
the first description of new species in this genus for the Southwestern Atlantic Ocean, as well as for arhynchobatid hosts.

Keywords Empruthotrema aoneken - Empruthotrema orashken - Empruthotrema dorae - Rajiformes - Myliobatiformes -

Argentine Sea

Introduction

At present, Empruthotrema Johnston and Tiegs, 1922 com-
prises nine valid species parasitizing batoids and sharks from
different oceans. The genus has been mainly recorded in the
North Atlantic and North Pacific Oceans (Kritsky et al. 2017),
whereas in the Southern Atlantic Ocean, the only records for
this genus were that of E. raiae (MacCallum, 1916) Johnston
and Tiegs, 1922 in Myliobatis aquila (Linnaeus, 1758)
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(Myliobatidae) (Kuznetsova 1975) and of an unidentified spe-
cies of Empruthotrema in Sympterygia bonapartii Muller and
Henle, 1841 (Rajiformes) (Irigoitia et al. 2017).

Recently, the monophyly of the genus has been questioned
due to the diversity of haptoral morphotypes and to the low
host specificity of some of its species, rather unusual for
monogeneans (Kritsky et al. 2017). These authors highlight
the need of phylogenetic analyses based on both morphology
and molecular markers, to clarify the generic status of the
species currently included in Empruthotrema. Unfortunately,
at present, sequences of the large subunit of the ribosomal
DNA (LSU rDNA) are available only for E. quindecima
Chisholm and Whittington 1999 and E. dasyatidis
Whittington and Kearn, 1992 (Chisholm et al. 2001).

The southern Southwestern Atlantic is a region with a high
degree of endemism and great diversity of chondrichthyans at
global level, harboring at least four endemic genera of skates
(Ebert and Compagno 2007). Indeed, almost 50 batoids spe-
cies belonging to nine families have been recorded in the
Argentine Sea (Menni and Lucifora 2007), which provides
an excellent opportunity to explore the extent of the diversity
and specificity of their parasites.
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In the present study, a large number of skates and
rays was examined in order to study the diversity of
Empruthotrema in the Argentine Sea. Morphological
and molecular analysis revealed the presence of three
new species, which are here compared and described.
Additionally, the congruence between morphological
and genetic markers and the phylogenetic relationships among
species are discussed.

Materials and methods
Host and parasite collection

Olfactory sacs from a total of 519 batoids were examined,
including Arhynchobatidae: 31 Atlantoraja castelnaui
(Miranda Ribeiro, 1907), 65 Atlantoraja cyclophora (Regan,
1903), four Atlantoraja platana (Giinther, 1880), 31
Psammobatis bergi Marini, 1932, 35 Psammobatis normani
McEachran, 1983, 41 Psammobatis rudis Gunther, 1870, 36
Psammobatis extenta (Garman, 1913), two Psammobatis
rutrum Jordan, 1891, two Psammobatis lentiginosa
McEachran, 1983, 65 Sympterygia acuta Garman, 1877, 192
Sympterygia bonapartii and Myliobatidae: 13 Myliobatis
goodei Garman, 1885, two Myliobatis ridens Ruocco et al.
2012. Most fish were caught off Buenos Aires province by
the commercial fleet operating at the Port of Mar del Plata
(38°03'S; 57°32" W), Argentina, between 2012 and 2019; ad-
ditionally, samples of S. bonapartii from the Patagonian re-
gion were examined. Since samples were obtained from com-
mercial landings, the exact position and depth of catches were
unknown though these species are known to inhabit shallow
waters at depths up to the 80 m isobath (Cousseau and Perrotta
2013; Menni and Stehmann 2000; Cousseau et al. 2007), with
exception of P. normani and P. rudis that inhabit deeper waters
up to the 150 m isobath. Each olfactory sac was removed,
placed in a Petri dish, and examined using a stereoscopic
microscope with transmitted light.

Morphological analysis by light microscopy

Monogeneans were collected and washed in saline solution.
Some specimens were studied in vivo, partially flattened be-
neath a coverslip, using bright field and differential interfer-
ence contrast (Nomarski) microscopy. Specimens were fixed
in 4% buffered formaldehyde solution and transferred to 70%
ethanol for storage. Fixed monogeneans were stained with
alcoholic chlorhydric carmine solution, dehydrated in a grad-
ed ethanol series, cleared in methyl salicylate, and mounted in
Canada balsam. A few parasites were cleared in sodium do-
decyl sulfate (SDS) to study sclerotized parts (marginal hook-
lets and the male copulatory organ) following methodology
proposed by Rossin et al. (2017).
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Mounted worms were examined and measured using Leica
Application Suite (LAS), Leica Microscope Software and a
Leica DFC 295 digital camera mounted on a Leica DM2500
compound microscope. The total length was measured ex-
cluding the haptor. The male copulatory organ (MCO) was
measured following a straight line from proximal to distal
extremes. The egg length was measured excluding the fila-
ment. Morphological terminology follows that of Chisholm
et al. (1995) and Kiritsky et al. (2017). All measurements are
given in micrometers (im) as the range followed by the mean
and the number of specimens measured in parentheses.
Taxonomy of hosts up to family level is in accordance
with Fricke et al. (2018); suprafamily classification fol-
lows Nelson et al. (2016).

Type material was deposited in the Helminthological
Collection of the Museo de La Plata (MLP-HC) and
vouchers were deposited in the Genetic Resources
Collection (MLP-ZI-RG), La Plata, Buenos Aires,
Argentina (Table 1).

Morphological analysis by scanning electron
microscopy

The morphology of MCO was studied with scanning electron
microscopy (SEM). For this, monogeneans stored in 96% al-
cohol were stained with Gomori’s trichrome to facilitate the
visualization of hard parts (colored in red). Then, soft tissues
were digested with Proteinase K (diluted in buffer ATL 1:1);
once the MCO was free of tissues, the digestion process was
stopped with formaline 4%. Finally, clean MCOs were put
onto a stub and air dried. Samples were coated with gold-
palladium and observed and photographed with the JEOL
JSM 6460-LV scanning electron microscope (JEOL, Tokyo,
Japan).

Morphometric comparison

Morphometric differences between the new species were ex-
amined in more detail using canonical analysis of principal
coordinates, CAP (Anderson and Willis 2003; Anderson
et al. 2008), on Euclidean distances among ten morphometric
variables (Table 2). For CAP analysis, measured specimens
were pooled according to the genetic identification of se-
quenced specimens for the same host species. The potential
for over-parameterization was prevented by choosing the
number of PCO axes (m) that maximized a leave-one-
out allocation success to groups (Anderson and
Robinson 2003). To test for significant differences
among samples, a permutation “trace” test (sum of
squared canonical eigenvalues) was applied; the p value
was obtained after 9999 permutations. Analyses were
carried out using PERMANOVA+ for PRIMER package
(Anderson et al. 2008).
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Table 1
new species of Empruthotrema from the Argentine Sea

Collection numbers of the Museo de La Plata Helminthological Collection (MLP-He), host species and GenBank accession numbers for three

Parasites species Host species

Collection number

GenBank accession number

LSU rDNA COI mtDNA

Empruthotrema aoneken n. sp. Sympterygia bonapartii  MLP-He 7542, MLP-He 7543  MN190270, MN190272  MN190708, MN190710

Sympterygia acuta MLP-He 7544 MN190271 MN190709
Empruthotrema orashken n. sp.  Atlantoraja castelnaui MLP-He 7545, MLP-He 7546  MN190264 MN190702

Atlantoraja cyclophora MN190266 MN190704

Psammobatis bergi MLP-He 7547 MN190265 MN190703

Psammobatis normani MLP-He 7548 MN190267, MN190269  MN190705, MN190707

Psammobatis rudis MLP-He 7549 MN190268 MN190706
Empruthotrema dorae n. sp. Mpyliobatis goodei MLP-He 7550, MLP-He 7551  MN190274 MN190712

Mpyliobatis ridens MLP-He 7552 MN190273 MN190711

DNA extraction, PCR amplification, and sequencing

Specimens of Empruthotrema were randomly selected from
the following host species: A. castelnaui, A. cyclophora,
S. acuta, S. bonapartii, P. bergi, P. normani, P. rudis,
M. goodei, and M. ridens and were fixed and preserved in
96% ethanol at 4 °C for molecular characterization. DNA
extraction was carried out using whole specimens with the
DNeasy Blood and Tissue® kit (QIAGEN, Hilden,
Germany). Both nuclear and mitochondrial DNA regions
were amplified by polymerase chain reaction (PCR). Large
subunit ribosomal DNA (LSU rDNA) was amplified with
primers: forward C1 (§'-ACC CGC TGA ATT TAA GCA
T-3") and reverse D2 (5'-TGG TCC GTG TTT CAA GAC-
3") (Hassouna et al. 1984). Two internal LSU rDNA primers:
forward Robl (5'-GCT CAA TAG CAA ACA AGT CCC
G-3") and reverse Rob2 (5'-CAC GYA CTR TTT ACT
CTC-3") were used to ensure that both DNA strands were
completely sequenced (Chisholm et al. 2001). Cytochrome
oxidase subunit I of the mitochondrial DNA (COI mtDNA)
was amplified using the forward primer ASmitl (5'-TTT TTT
GGG CAT CCT GAG GTT TAT-3') and the reverse primer
ASmit2 (5'-TAA AGA AAG AAC ATA ATG AAA ATG-3")
(Littlewood et al. 1997). All PCR reactions were set up in
25-pl reactions using 5 pl of DNA (> 10 ng) as the template,
0.5 ul (0.5 mM) of each primer, and 12.5 pl (2x) HotStarTaq
Master Mix (QIAGEN). For LSU rDNA, the PCR was carried
out using the following conditions: initial step for enzyme
activation and denaturation at 95 °C for 15 min, followed by
35 cycles of amplification at 94 °C for 30 s, 50 °C for 1:40 min
and 72 °C for 1 min, followed by post amplification at 72 °C
for 10 min. For mtDNA the PCR was carried out using the
following conditions: initial step for enzyme activation and
denaturation at 95 °C for 15 min, followed by 35 cycles of
amplification at 94 °C for 1 min, 48 °C for 2 min and 72 °C for
2 min, followed by post amplification at 72 °C for 10 min.

Each PCR product was purified using QIAquick spin columns
(QIAquick Gel Extraction Kit, QTAGEN). Sequencing was
performed using Big Dye Terminator vs. 3.1 and 3130xl
Genetic analyser (Applied Biosystem, Foster City, CA) at
the Genomic Unit, IB-INTA, Castelar, Buenos Aires,
Argentina.

Sequence analyses

Forward and reverse fragments were sequenced for both, COI
mtDNA and LSU rDNA. Sequences were edited and assem-
bled in Proseq 3.5 (Filatov 2002). For identification, consen-
sus sequences were compared against the NCBI database
using the BLAST algorithm (Altschul et al. 1990). Curated
contig sequences were deposited in GenBank (Table 1).

The fragments obtained from the LSU rDNA gene were
aligned with sequences of other Empruthotrema obtained
from GenBank: E. quindecima (accession number:
AF348346) and E. dasyatidis (accession number:
AF348345). Sequence of Merizocotyle urolophi Chisholm
and Whittington 1999 (accession number: AF348347) was
aligned with the obtained sequences and used as outgroup.
As no sequences of COI mtDNA were available for
Empruthotrema in GenBank, sequences of two species of re-
lated monogeneans, Neobenedenia melleni (MacCallum,
1927) Yamaguti, 1963 (accession number: JQ038228) and
Benedenia seriolae (Yamaguti, 1934) Meserve, 1938 (acces-
sion number: HM222526), were included and aligned in
frame with reference to inferred amino acids. Sequences were
aligned by ClustalW (Thompson et al. 1994) as implemented
in MEGA 7.0 software package (Kumar et al. 2016) using
default parameters.

Because COI mtDNA is a protein-coding gene, a statistical
test of Xia et al. (2003) implemented in software DAMBE7
(Xia 2018) was performed, to examine whether the number of
substitutions was saturated. The test did not reveal a
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significant degree of saturation in both, first and second codon
positions (ISS =0.23, ISS.c(sym) = 0.69, ISS.c(asym) =0.52,
»<0.01) as well as for third codon position (ISS=0.5,
ISS.c(sym)=0.71, ISSc(asym)=0.60, p<0.05).
Additionally, an incongruence length difference test (Farris
et al. 1994) was conducted to determine the presence of con-
flicts in phylogenetic signal between first and second codon
positions versus third codon positions. For this test, imple-
mented as the partition homogeneity test in PAUP* 4.0b10
(Swofford 2001), a heuristic search with 100 additional repli-
cates revealed no conflict (p > 0.05). Thus, all codon positions
were combined for subsequent analyses.

The genetic divergences among specimens (intra and inter-
specific) were conducted in MEGA7.0 using the Tamura-
Nei + G model (G =2.3) (Tamura and Nei 1993).

Three different inference methods, namely maximum
parsimony (MP), maximum likelihood (ML), and
Bayesian inference (BI), were used to construct the phy-
logenetic trees. MP analyses were performed using
PAUP* 4.0b10 (Swofford 2001), using a heuristic search
with tree-bisection-reconnection (TBR) branch swapping
and random addition of sequences. All characters were
treated as unordered. Maximum likelihood analyses
were performed using PhyML 3.1 (Guindon and
Gascuel 2003). Reliabilities of phylogenetic relation-
ships were evaluated using nonparametric bootstrap
analysis (Felsenstein 1985) with 1000 replicates for
MP and ML trees. Bootstrap values exceeding 70 were
considered well supported (Hillis and Bull 1993).
Bayesian inference was performed with MrBayes 3.1.1
(Ronquist and Huelsenbeck 2003). The Bayesian poste-
rior probability analysis was performed with the MCMC
algorithm where the number of chains was 4, the tem-
perature of heated chains was 0.2 with 1000,000 gener-
ations while the sub-sampling frequency was 100, with
a burn-in fraction of 0.25. JModelTest (Posada 2008)
was run to determine the best-fit model for the obtained
data set, as implemented in the Akaike information cri-
terion (AIC) (Posada and Buckley 2004). The best-fit
model GTR+G+1 was used for BI analysis and ML
(parameters G=2.274 and 1=0.578 for COI and G=
0.25 and 1=0.20 for LSU).

Results

A total of 562 monogeneans were found infesting the ol-
factory sacs of nine host species, namely, S. bonapartii,
S. acuta, A. castelnaui, A. cyclophora, P. bergi,
P. normani, P. rudis, M. goodei, and M. ridens. No para-
sites were found on the olfactory sacs of P. extenta P.
rutrum, P. lentiginosa, and A. platana. Morphologic and
molecular characterization allowed the identification of

three new species of Empruthotrema that are described
below. Morphometric measurements of the three new spe-
cies from different host species are presented in Table 2,
except for specimens from A. cyclophora given their poor
condition.

Subclass Polyonchoinea Bychowsky, 1937.

Order Monocotylidea Lebedev, 1988.

Monocotylidae Taschenberg, 1879.

Merizocotylinae Johnston and Tiegs 1922.

Empruthotrema aoneken n. sp. Irigoitia, Braicovich,
Rossin and Timi.

TBype-host. Sympterygia bonapartii Miiller and Henle, 1841
(Rajiformes: Arhynchobatidae).

Other-host: Sympterygia acuta Garman, 1877 (Rajiformes:
Arhynchobatidae).

TBype-locality: Coast off Buenos Aires province, Argentina
(34°-41°S; 53°-62°W).

Other-locality: Coast off Patagonian region, Argentina
(46°-47°S; 65°-67°W).

Type-material: Holotype, MLP-He 7542 (host:
S. bonapartii). Paratypes, MLP-He 7543 (6 specimens from
S. bonapartii), MLP-He 7544 (1 specimen from S. acuta).

Site in host: Olfactory sacs.

Prevalence (P) and Mean Intensity (MI): S. bonapartii:
29.7% (P), 3.2 MI); S. acuta: 7.7% (P), 1.0 (MI).

ZooBank registration: The Life Science Identifier (LSID)
for Empruthotrema aoneken n. sp. is
urn:lsid:zoobank.org:act:6E969B83-3118-44EA-AB9C-
5296EB965F09.

GenBank accession numbers: specimens from
S. bonapartii: MN190270 and MN190272 (LSU rDNA),
MN190708 and MN190710 (COI mtDNA); specimens from
S. acuta: MN190271 (LSU rDNA), MN190709 (COI
mtDNA).

Etymology: The specific name refers to the word
“aonek’en” that in the native Tehuelche Sudamerican lan-
guage means “that comes from the south”, in reference to
the southernmost record of the genus Empruthotrema
(Patagonia region).

Description (based on eight mounted flattened speci-
mens from S. bonapartii and one specimen from S. acuta)
Figs. 1 and 4a—d.

Body 1179-2170 (1674, n=9) long, 326-662 (485, n=28)
wide (at level of testis) (Fig. 1a). Cephalic region with devel-
oped lobes, with 3 reservoirs containing what appears to
be needle-like secretion present on each side of anterolat-
eral margin. Large glands containing needle-like secretion
observed anterior and lateral to pharynx. Ducts carrying
these secretions to reservoirs not seen. Anterior glands,
ducts, and openings containing granular secretion were
not observed. Two pairs of eyespots at level of pharynx.

@ Springer
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Mouth ventral, subterminal. Pharynx ovate, 128-168
(146, n=9) long, 97-138 (121, n=9) wide. Esophagus
indistinct. A pair of intestinal ceca ending posterior to
testis. Haptor, 405-643 (556, n=9) long; 442-632 (543,
n=7) wide, having a central loculus, 5 peripheral loculi
(two pairs of peripheral loculi anterior; unpaired loculus
posterior in haptor), 14 marginal loculi, 2 of them
“interhamular” (sensu Kritsky et al. 2017). Anchors and
marginal membrane absent, haptor armed with seven pairs
of similar haptoral hooks distributed as shown in Fig. la.
Each hook 12-16 (14, n=22) long, with short sickle-like
point, protruding thumb, slightly curved shaft; elongate,
curved point; non-dilated shank (Fig. 1b).

Common genital pore midventral in anterior portion of
trunk, anterior to paired ventral vaginal pores (Fig. la).
Testis 249737 (489, n=9) long, 174-385 (246, n=9) wide,
cordiform, left lobe larger than right (Fig. la). Vas
deferens arises from left region of testis, runs anteriorly
dorsal to transverse vitelline duct, and forms an elongate
seminal vesicle left of the ejaculatory bulb, which then
curves to right side of body, continues posteriorly
narrowing and entering at right middle end of ejacula-
tory bulb. Ejaculatory bulb ovate 117-153 (134, n=9)
long, 65-112 (87, n=28) wide, anterior to common gen-
ital pore. Prostatic reservoirs not observed. MCO 102—
128 (113, n=9) long, 10-11 (10, n=9) wide, a slightly
curved sclerotized tube, edge of proximal portion with 7
lobes, a small dorsal and 3 lateral pairs well developed,
distal portion expanded, spoon-shaped, with longitudinal
ventral opening (Figs. lc and 4a—d).

Germarium pyriform, gently tapered distally, running
anterolaterally and looping dorsoventrally around the
right intestinal cecum before giving rise to oviduct
(Fig. 1d). Oviduct loops anteriorly to join o0type.
Ootype thin walled, lying anterior to vaginae, empty
or usually containing egg. Mehlis’ gland dorsal imme-
diately posterior to transverse tube of vaginae (TVD).
Bilateral vaginal pores ventral, at level of common gen-
ital pore. Vaginae muscular, U-shaped, directed
posteromedially from vaginal pores. Narrow common
vaginal duct (NCVD) emerging dorsally from
anteromedial part of TVD, subrunding looping over dor-
soventrally and posteriorly to TVD and joining seminal
receptacle, that loops and empties into female duct.
Vitellarium dense, bilateral, anterior branches run
mediodorsally until almost joining between pharynx and ejac-
ulatory bulb, anterior and posterior vitelline ducts merge to
transverse vitelline duct that empties into female duct (Fig.
la). Eggs tetrahedral, 109-117 (113, n=3) long, 50-90 (71,
n=3) wide (measured within odtype).
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Remarks

According to the proposed subdivisions within
Empruthotrema (see Chisholm and Whittington 1999;
Kritsky et al. 2017), E. aoneken n. sp. should be grouped with
E. raiae and E. longipenis Kritsky et al. 2017, by having 14
marginal loculi, pair 2 of marginal hooks associated with a
septum and the pair 1 located on the medial region of the
posterior marginal loculi (see Fig. 4 in Kritsky et al. 2017).
The MCO of E. aoneken n. sp. is shorter than that of E.
longipenis (113 versus 303), but resembles that of E. raiae
(118). However, E. aoneken n. sp. has two pairs of
eyespots, which are absent in E. raiae. Moreover, the
MCO morphology of the new species (lobulated proxi-
mal portion and spoon-shaped distal end) is unique
among extant species of genus.

Fig. 1 Empruthotrema aoneken n. sp. a Whole-mounted specimen,
ventral view, composite drawing. b Marginal hooklet. ¢ Male copulatory
organ. d Details of female reproductive system. Scale bars: a =200 pm,
b=5um, ¢c=10 um, d=100 pm
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Empruthotrema orashken n. sp. Irigoitia, Braicovich,
Rossin and Timi.

Type host: Atlantoraja castelnaui (Miranda Ribeiro, 1907)
(Rajiformes: Arhynchobatidae).

Other hosts: Atlantoraja cyclophora (Regan, 1903),
Psammobatis bergi Marini, 1932, Psammobatis normani
McEachran, 1983, Psammobatis rudis Ginther, 1870
(Rajiformes: Arhynchobatidae).

TBype locality: Coast off Buenos Aires province, Argentina
(34°-41°S; 53°-62°W).

Type material: Holotype, MLP-He 7545 (host:
A. castelnaui). Paratypes, MLP-He 7546 (5 specimens from
A. castelnaui), MLP-He 7547 (5 specimens from P. bergi),
MLP-He 7548 (5 specimens from P. normani) and MLP-He
7549 (5 specimens from P. rudis).

Site in host: Olfactory sacs.

Prevalence (P) and mean intensity (MI): A. castelnaui:
64.5% (P), 8.9 MI); A. cyclophora: 9.2% (P), 1.7 (MI);
P. bergi: 48.4% (P), 2.2 (MI); P. normani: 31.4% (P), 2.5
MI); P, rudis: 56.1% (P), 2.6 (MI).

ZooBank registration: The Life Science Identifier (LSID)
for Empruthotrema orashken n. sp. is
urn:lsid:zoobank.org:act:BAB413C7-FD3D-4663-B0OBC-
23F361CBESSE.

GenBank accession numbers: specimens from
A. castelnaui: MN190264 (LSU rDNA), MN190702 (COI
mtDNA); specimens from A. cyclophora: MN190266 (LSU
rDNA), MN190704 (COI mtDNA); specimens from P. bergi:
MN190265 (LSU rDNA), MN190703 (COI mtDNA); speci-
mens from P. normani: MN190267 and MN190269 (LSU
rDNA), MN190705 and MN190707 (COI mtDNA); speci-
mens from P. rudis: MN190268 (LSU rDNA), MN190706
(COI mtDNA).

Etymology: The specific name refers to the word “‘or
‘ashk’en” that in the Tehuelche Sudamerican native language
means “nasal fossae”, in reference to the site of infection of
this genus.

Description (based on five mounted flattened specimens
from A. castelnaui, five from P. bergi, five from P. normani
and five from P. rudis) Figs. 2 and 4e—h.

Body 943-1434 (1200, n=20) long, 248-483 (355, n=
20) wide (at level of testis) (Fig. 2a). Cephalic region with
slightly developed lobes, with 3 reservoirs containing
what appears to be needle-like secretion present on each
side of anterolateral margin. Large gland containing
needle-like secretion observed lateral to pharynx. Ducts
carrying these secretions to reservoirs not seen. Anterior
glands, ducts, and openings containing granular secre-
tion were not observed. Two pairs of eyespots anterior

to pharynx. Mouth ventral, subterminal. Pharynx ovate,
76-116 (103, n=20) long, 56-91 (78, n=20) wide.
Esophagus indistinct. A pair of intestinal ceca ending
posterior to testis. Haptor, 267-498 (359, n=19) long;
262-448 (344, n=17) having a central loculus, 5 periph-
eral loculi (two pairs of peripheral loculi anterior; un-
paired loculus posterior in haptor), 14 marginal loculi,
2 of them “interhamular”. Anchors and marginal mem-
brane absent, haptor armed with 7 pairs of similar
haptoral hooks distributed as shown in Fig. 2a. Each
hook 12-16 (14, n=29) long, with curved sickle-like
point, protruding slightly upright thumb; evenly curved shaft
and point; non-dilated shank (Fig. 2b).

Common genital pore midventral in anterior portion
of trunk anterior to paired vaginal pores (Fig. 2a).
Testis 214-439 (298, n=19) long, 102-272 (180, n=
17) wide, cordiform, left lobe larger than right. Vas
deferens arises from left region of testis, runs anteriorly
dorsal to transverse vitelline duct. Vas deferens forms an
elongate seminal vesicle anterior to ejaculatory bulb that
curves to right side of body, continues posteriorly
narrowing and entering at right posterior end of ejacula-
tory bulb. Ejaculatory bulb ovate 68—113 (85, n=20)
long, 46-98 (66, n=20) wide, lying anteriorly to com-
mon genital pore. Prostatic reservoirs not observed.
MCO 45-90 (64, n=20) long, 7-11 (9, n=20) wide, a
slightly curved sclerotized tube, proximal portion bor-
dered by 7 lobes, 3 lateral pairs well developed and a
dorsal small lobe, distal portion with folds collapsing
terminally, with ventral oblique subterminal aperture
(Figs. 2¢ and 4e-h).

Germarium pyriform, gently tapered distally, running
anterolaterally and looping dorsoventrally around the
right intestinal cecum before giving rise to oviduct (Fig.
2d). Oviduct loops anteriorly to join o0type. O6type thin
walled, lying anterior to vaginae, empty or usually con-
taining egg. Mehlis’ gland dorsal immediately posterior to
transverse tube of vaginae (TVD). Bilateral vaginal pores
ventral, at level of common genital pore. Vaginae muscu-
lar, U-shaped, directed posteromedially from vaginal
pores. Narrow common vaginal duct (NCVD) emerging
dorsally from posteromedial part of TVD, looping over
dorsoventrally and posteriorly TVD and joining seminal
receptacle, that loops and empties into female duct.
Vitellarium dense, anterior branches run mediodorsally
until almost joining between pharynx and ejaculatory
bulb; bilateral anterior and posterior vitelline ducts
merge to transverse vitelline duct that empties into female
duct (Fig. 3a). Egg tetrahedral; 97-115 (107, n=5) long, 70—
99 (87, n=15) wide (measured within odtype).

@ Springer



3120

Parasitol Res (2019) 118:3113-3127

Remarks

According the haptor morphology, E. orashken n. sp. should
be grouped with E. raiae and E. longipenis by having 14
marginal loculi, the pair 2 of marginal hooks associated with
a septum and the pair 1 located on the medial region of the
posteriors marginal loculi (see Chisholm and Whittington
1999; Kritsky et al. 2017). However, the new species can be
distinguished from both E. longipenis and E. raiae by having
ashorter MCO (65, 303, and 118, respectively). In addition, E.
orashken n. sp. has two pairs of eyespots, which are absent in
E. raiae. The new species differs from E. aoneken n. sp. by the
smaller body size, the shorter MCO, the evenly curved shaft
and point of the marginal hooks and its upright directed
thumb, and the position of the junction between the NCVD
and VTD, which is posteromedial to TVD. Furthermore,
MCO morphology, with a lobulated proximal portion and a
distal portion with folds that collapse terminally ending in
point, characterizes the new species.

Fig. 2 Empruthotrema orashken n. sp. a Whole-mounted specimen, ven-
tral view, composite drawing. b Marginal hooklet. ¢ Male copulatory
organ. d Details of female reproductive system. Scale bars: a =200 um,
b=5um, ¢=10,d=100 um
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Empruthotrema dorae n. sp. Irigoitia, Braicovich, Rossin
and Timi.

Type-host: Myliobatis goodei Garman, 1885
(Myliobatiformes: Myliobatidae).

Other-host: Myliobatis ridens Ruocco et al. 2012
(Myliobatiformes: Myliobatidae).

Type-locality: Coast off Buenos Aires province, Argentina
(34°-41°S; 53°-62°W).

Type-material: Holotype, MLP-He 7550 (host: M. goodei).
Paratypes, MLP-He 7551 (5 specimens from M. goodei),
MLP-He 7552 (3 specimens from M. ridens).

Site in host: Olfactory sacs.

Prevalence (P) and Mean Intensity (M1): M. goodei: 53.8%
(P), 9.0 (MI); M. ridens: 50% (P), 2.0 (MI).

ZooBank registration: The Life Science Identifier (LSID)
for Empruthotrema dorae n. sp. is urn:lsid:zoobank.org:act:
EBFD046C-EEAE-4ED8-8E45-2059EF19858E.

GenBank accession numbers: specimens from M. goodei:
MN190273 (LSU rDNA), MN190711 (COI mtDNA); speci-
mens from M. ridens: MN190274 (LSU rDNA), MN190712
(COI mtDNA).

Etymology: This new species is named in memoriam to
Dora Manchao, the last speaker of Tehuelche Sudamerican
native language, for her vast and invaluable contribution to
preserve the aonek’o (Tehuelche) language.

Description (based on 10 mounted flattened specimens
from M. goodei and two from M. ridens) Figs. 3 and 4i-1.

Body 476-1138 (856, n=12) long, 120-324 (250, n=12)
wide (at level of testis) (Fig. 3a). Cephalic region with poor-
ly developed lobes, with three reservoirs containing what
appears to be needle-like secretion present on each side
of anterolateral margin. Large gland containing needle-
like secretion observed lateral to pharynx. Ducts carrying
these secretions to reservoirs not seen. Anterior glands,
ducts, and openings containing granular secretion were
not observed. Eyespots absent. Mouth ventral, subtermi-
nal. Pharynx ovate, 42-83 (68, n=11) long, 27-55 (48,
n=11) wide. Esophagus indistinct. A pair of intestinal
ceca ending posterior to testis. Haptor, 141-346 (290,
n=12) long; 122-279 (246, n=11) wide, having a cen-
tral loculus, 5 peripheral loculi (2 pairs of peripheral
loculi anterior; unpaired loculus posterior in haptor), 14
marginal loculi, 2 of them “interhamular”, anchors and
marginal membrane absent, haptor armed with 7 pairs of
similar haptoral hooks distributed as shown in Fig. 3a.
Each hook 10-15 (13, n=14) long, with long sickle-like
point, twice as long as thumb; slightly upright thumb;
non-dilated shank (Fig. 3b). Common genital pore
midventral in anterior portion of trunk anterior to paired
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vaginal pores (Fig. 3a). Testis 191-269 (228, n=11)
long, 122—152 (137, n=10) wide, bilobed anteriorly, left
lobe larger than right. Vas deferens arises from left re-
gion of testis, runs anteriorly dorsal to transverse vitel-
line duct and forms an elongate seminal vesicle, anterior
to ejaculatory bulb, that curves to right side of body,
continues posteriorly narrowing and entering at right
posterior end of ejaculatory bulb. Ejaculatory bulb ovate
49-76 (61, n=11) long, 42-50 (51, n=11) wide, lying
anteriorly to common genital pore. Prostatic reservoirs
not observed. MCO 67-99 (83, n=12) long, 6-7 (6,
n=12) wide, a curved sclerotized tube, proximal portion
with edge-form bordered by 7 lobes, 3 lateral pairs and a
dorsal lobe, distal portion slightly expanded and truncated,
aperture terminal (Figs. 3¢ and 4i-1).

Germarium elongated, gently tapered distally, running
anterolaterally, and looping dorsoventrally around the
right intestinal cecum before giving rise to the oviduct
(Fig. 3d). Oviduct loops anteriorly to join oétype.
Odtype thin walled, lying anterior to vaginae, empty or
usually containing egg. Mehlis’ gland dorsal, scattered,
immediately posterior of transverse tube of vaginae
(TVD). Bilateral vaginal pores ventral, posterior to com-
mon genital pore. Vaginae muscular, V-shape, directed
posteromedially and diagonally from vaginal pores.
Narrow common vaginal duct (NCVD) emerging from
posteromedial part of TVD and joining the seminal recep-
tacle, that loops and empties into female duct. Vitellarium
dense, bilateral anterior and posterior vitelline ducts
merge to transverse vitelline duct that empties into female
duct (Fig. 3a). Egg tetrahedral; 53—106 (82, n=5) long,
59-91 (76, n=5) wide (measured within odtype).

Remarks

According the haptor morphology, Empruthotrema dorae
n. sp. should be grouped with E. raiae and E. longipenis,
as well as with the other two species herein described, by
having 14 marginal loculi, the pair 2 of marginal hooks
associated with a septum and the pair 1 located on the
medial region of the posteriors marginal loculi (see
Chisholm and Whittington 1999; Kritsky et al. 2017).
However, the new species has a MCO shorter than both
E. longipenis (83 versus 303) and E. raiae (83 versus
118); moreover, the truncate end of MCO, the longer
shaft point of marginal hooks and the lack of eyespots
allow to distinguish it from E. aoneken n sp. and E.
orashken n. sp. Additionally, the new species has V-
shape vaginae that differs from E. raiae, E. aoneken n.
sp. and E. orashken n. sp.

Fig. 3 Empruthotrema dorae n. sp. a Whole-mounted specimen, ventral
view, composite drawing. b Marginal hooklet. ¢ Male copulatory organ. d
Details of female reproductive system. Scale bars: a=100 um, b=5 pm,
¢=10 um, d=50 um

Morphometric comparison results

The CAP analysis showed significant differences
among the three new species (tr=1.69; P<0.01)
(Fig. 5). The selected orthonormal PCO axes (m=06)
described 99.9% of the variation in the data ‘cloud’,
with a 100% of correct allocations. The first two ca-
nonical axes resulting from CAP analysis clearly sep-
arated the specimens into three groups, and a strong
association between the multivariate data ‘cloud’ and
the hypothesis of group differences was indicated by
the large size of their canonical correlations (d1 =0.97
and d2=0.87). The distribution of samples along the
CAPI1 was mainly due to the size of the pharynx and
ejaculatory bulb, whereas the length of the MCO was
responsible for the separation along the CAP2, as
shown when vectors corresponding to Pearson corre-
lations of measurement were superimposed with the
CAP axes.
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Fig. 4 Scanning electron microscopy micrographs of male copulatory
organ (MCO). a—d Empruthotrema aoneken n. sp.; e-h Empruthotrema
orashken n. sp.; i-1 Empruthotrema dorae n. sp. a, e, i entire MCO in

Haptoral abnormalities

A variable number of abnormal haptors was observed for par-
asites of rajiform hosts, whereas no malformations were ob-
served for E. dorae n. sp. parasitizing Myliobatiformes. The
percentages of malformed haptors were 3% for E. aoneken n.
sp. in S. bonapartii and 19% for E. orashken n. sp. (P. normani
33%; P. bergi 33%; P. rudis 43%; A. castelnaui 10%).
Haptoral abnormalities consisted in variable number of

CAP2

-0.2-

045 : : : :

0.4 0.2 0 02 0.4
CAP1

Fig. 5 Canonical analysis of principal co-ordinates (CAP) bi-plot based
on Euclidean distances on ten morphometric features of three species of
Empruthotrema from eight species of batoids from the Argentine Sea.
Vectors represent Pearson correlations of measurement with the CAP
axes (restricted to those variables having »>0.9). PL: pharynx length;
PW: pharynx width; EBL: ejaculatory bulb length; MCOL: MCO length.
Colors represent the species to which specimens were classified by CAP
(black: E. aoneken n. sp.; white: E. orashken n. sp.; gray: E. dorae n. sp.)
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lateral view; b, f, j proximal end of MCO apical view; ¢, g, k proximal
end of MCO lateral view; d, h, 1 distal end of MCO lateral view. Scale
bars: a, e, i=10 um; b, ¢, d=5 pm; f, g, h, j, k=2 pm; I=1 um

marginal loculi (12—15) due to lacking or duplication of septa,
as well as variable numbers of peripheral loculi, by addition of
1-2 small ones (Fig. 6).

Molecular characterization and phylogenetic results

The present study included 11 sequences for both partial LSU
rDNA and COI mtDNA (Table 1). Alignments of 963 bp and
408 bp were obtained for LSU rDNA and COI mtDNA, respec-
tively. No intraspecific genetic variation was found for the new
species when LSU rDNA was analyzed, except for E. orashken
n. sp. which showed a very low genetic divergence (0.03%). On
the other hand, low intraspecific variability was observed for
COI mtDNA in the three species, with genetic divergence rang-
ing from 0 to 2%. The interspecific divergences varied between
2.1 and 3.6% for LSU rDNA and between 18.4 and 23.5% for
COI mtDNA for the herein described species. LSU rDNA also
varied between 7.6 and 10.9 when the new species were com-
pared with sequences of congeners available in GenBank (£.
dasyatidis and E. quindecima).

For partial LSU rDNA, the MP analysis revealed that 806
characters were constant; 86 were parsimony-informative, and
95 variable characters were parsimony-uninformative. The
ML analysis resulted in a single tree with -log likelihood:
2501.723. For BI analysis, the average standard deviation of
split frequencies was 2.56 x 10°, after 1 x 10° generations. For
COI mtDNA, the MP analysis revealed that 280 characters
were constant; 105 were parsimony-informative, and 23 var-
iable characters were parsimony-uninformative. The ML anal-
ysis resulted in a single tree with -log likelihood: 1427.633.
For Bl analysis, after 1 x 10° generations, the average standard
deviation of split frequencies was 7.84 x 10°.
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Fig. 6 Haptor abnormalities of
Empruthotrema spp. a E. aoneken
n. sp. (from S. bonapartii). b—i E.
orashken n. sp. b, ¢ From

A. castelnaui. d, e From P, bergi. f
From P, rudis. g—i From

P. normani. Arrows indicate
additional marginal septa and
additional peripheral loculus.
Asterisks indicate fused marginal
loculi. Scale bars = 100 pm

MP, ML, and BI analyses yielded trees with similar to-
pology for both, LSU rDNA and COI mtDNA data, as
shown in the ML consensus trees (Fig. 7), showing that
specimens of Empruthotrema sequenced in the present
study are divided in three highly supported clades, in ac-
cordance with the morphologic results. In basal nodes,
both trees revealed that the new species pooled in two main
groups; a clade with specimens of E. orashken n. sp., and a
second clade with specimens of E. aoneken n. sp. and E.
dorae n. sp. Nevertheless, support values were low to re-
solve the interspecific relationship between E. aoneken n.
sp. and E. dorae n. sp. for both markers. Sequences of E.
dasyatidis and E. quindecima obtained from GenBank,
grouped in a different clade far-off the three new species,
although with a low node support (Fig. 7).

Discussion

Three new species of Empruthotrema parasitizing nine
batoid hosts in the Argentine Sea are described here using
both morphologic and molecular analyses, increasing to
12 the extant species in the genus. A unique nominal

species of the genus has been reported previously in the
Southwestern Atlantic Ocean, E. raiae parasitizing
Mpyliobatis aquila (Kuznetsova 1975). However,
M. aquila is distributed along the eastern margin of the
Atlantic Ocean, including the Mediterranean Sea and the
western Indian Ocean (Froese and Pauly 2018); therefore,
the hosts examined by Kuznetsova (1975) were obviously
misidentified. In the same way, E. raiae has been record-
ed on the northwestern and northeastern Atlantic Ocean
and the southwestern Pacific Ocean (Chisholm and
Whittington 1999; Alvarez et al. 2006). Thus, the speci-
mens recorded by Kuznetsova (1975) in Argentine
Patagonian Shelf (southwestern Atlantic) were erroneous-
ly identified. These findings suggest that Kuznetsova
(1975) recorded specimens of E. dorae n. sp., since this
species was the only one found parasitizing the two most
frequent species of Myliobatis in the Argentine Sea
(Ruocco et al. 2012).

In the present study, enzymatic digestion followed by
SEM was used for the first time on members of
Merizocotylinae. This technique allowed the characteri-
zation of tri-dimensional features of MCO, difficult to
observe using light microscopy, providing valuable
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Fig. 7 Maximum likelihood a
consensus tree (heuristic search
with tree-bisection-reconnection)
with branch lengths scaled to the
expected number of substitutions
per site, inferred from LSU rDNA
(a) and COI mtDNA (b) sequence
data of species of three new
species of Empruthotrema
analyzed in the present study. The
analysis was run on 1000
pseudoreplicates. Values of
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diagnostic characteristics to effectively distinguish spe-
cies of Empruthotrema. Also, results from CAP analysis
clearly differentiated specimens of the three new species,
showing that pharynx dimensions and ejaculatory bulb
length should be taken in account for future comparative
studies, in addition to commonly used features
(Chisholm and Whittington 1999; Kritsky et al. 2017).
These characteristics are especially useful when, as in
this case, species with similar haptoral morphology are
compared, or when morphometry can be affected by en-
vironmental and host-induced factors, such has been in-
dicated for other congeneric species (Chisholm and
Whittington 1999). In fact, some variability in MCO
length was observed for specimens of E. orashken n.
sp. from different host species, with those parasitizing
A. castelnaui having a longer MCO than those from
P bergi, P. normani and P. rudis (80, 58, 58, and 61,
respectively). Therefore, these findings suggest the exis-
tence of host-related phenotypic variability in this group
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of parasites, highlighting the value of multivariate anal-
yses in species discrimination.

Haptoral malformations are extremely rare in
monocotylids, with only one record available correspond-
ing to a single specimen of E. stenophallus (Chisholm and
Whittington 2005). Structural alterations on the attach-
ment organs have been observed in other monogenean
taxa. Possible causes suggested are water pollution and
environment and host-induced alterations (Dzika 2002;
Sebelové et al. 2002; Petinkové et al. 2007; Zolovs
et al. 2016). The high proportion of haptoral abnormalities
observed and the variability of its occurrence across skate
species provide an ideal model for testing these hypothe-
ses. Further studies of the distribution and host range of
abnormal individuals could shed light on the possible
effect of environmental conditions and host specificity.
Furthermore, as descriptions of species of Empruthotrema are
often based on a reduced number of specimens, the character-
ization of locular patterns and the detection of malformations
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are relevant since the diversity of haptoral morphotypes is a
central theme in the discussion on the phylogeny of this group
(Kritsky et al. 2017).

To the best of our knowledge, the only available se-
quences of Empruthotrema are those of the partial LSU
rDNA for two species, E. quindecima and E. dasyatidis
(Chisholm et al. 2001). Here, new data is provided from
partial LSU rDNA, adding 11 new sequences belonging
to three new species. Moreover, COI mtDNA sequences
were obtained for the first time for members of this ge-
nus. As expected, both inter and intraspecific divergence
distances were higher for COI mtDNA than for LSU
rDNA. For LSU rDNA divergence distances among the
three new species were significantly larger (2.1-3.6%)
than distances between specimens from the same species
(0-0.03%). Regarding COI mtDNA, the maximum value
of sequence divergence observed within each new spe-
cies was 2%, lying in the range of intraspecific diver-
gence acceptable (Hebert et al. 2003) while interspecific
divergence was higher than 18%. Taken together, all these
findings confirm the identity of the three new species being
further validated by phylogenies based on nuclear and mito-
chondrial markers, in accordance with results from other
monogenean groups (Vanhove et al. 2013).

It has been suggested that host identity and its phylo-
genetic relationships can have low phylogenetic signals
for monogeneans (Vignon et al. 2011), which seems to be
the case for Empruthotrema. Indeed, E. dorae n. sp.
grouped with E. aoneken n. sp., despite being parasites
of Myliobatiformes and Rajiformes, respectively, while
E. orashken n. sp., also from Rajiformes formed a differ-
ent clade. Furthermore, E. dasyatidis and E. quindecima,
both from Myliobatiformes, clustered together, away
from E. dorae n. sp.

Similarly, some morphological features often used as diag-
nostic, such as the presence of eyespots and the shape of the
MCO (Chisholm et al. 2001), were not reflected in the
phylogenetic relationships among the new species.
Phylogenetic analysis on both molecular markers
showed a clear separation between E. orashken n. sp. and
the others two species, i.e., E. aoneken n. sp. and E. dorae n.
sp., with high support values, despite E. orashken n. sp. and E.
aoneken 1. sp. both having eyespots, which are absent in E.
dorae n. sp. Moreover, the morphology of the MCO distal
portion is similar in the former two species (pointed), but
truncate in E. dorae n. sp.

The current classification of the Monocotylidae is
based on a phylogeny generated from morphological char-
acters (Chisholm et al. 1995) and it has been strongly
supported by molecular evidences (Chisholm et al.
2001). However, in light of the present results, as well
as already observed for other monocotilyds (Fehlauer-
Ale and Littlewood 2011), this congruence seems to be

weak at generic level. Consequently, morphology, despite its
value for species discrimination, must be cautiously consid-
ered for generating phylogenetic hypothesis at lower system-
atic levels for monocotylids.

Monogeneans are characterized by their marked host spec-
ificity (Whittington et al. 2000), a desirable feature that makes
them valuable as a model system for studying evolutionary
processes (Poulin 2002). However, some monocotylid spe-
cies, including two members of Empruthotrema, have been
recorded parasitizing several host species (Chisholm et al.
1997; Chisholm and Whittington 1999, 2005; Domingues
and Marques 2007). The present results add new examples
of low host specificity for monocotylids. Indeed, E. orashken
n. sp. parasitizes five host species belonging to two genera,
and the other two new species were found in two congeneric
hosts each.

In the present work, monogeneans were recorded for the
first time for six batoids (M. goodei, M. ridens, S. acuta,
P. bergi, P. normani, and P. rudis) and the number of mono-
genean species was duplicated for another two (A. castelnaui
and A. cyclophora). Furthermore, this is the first record of
Empruthotrema parasitizing a member of Arhynchobatidae
(Rajiformes) in the Southwestern Atlantic Ocean, and the con-
firmation of the presence of Empruthotrema in Myliobatidae
from this region. At present, a unique species belonging to
Merizocotylinae has been recorded in the Argentine Sea
(Irigoitia et al. 2014), demonstrating the fragmentary nature
of the existing information on this parasite group in the
Southwestern Atlantic. This geographical region, character-
ized by a high diversity of elasmobranchs (Menni and
Lucifora 2007; Lucifora et al. 2012) and high levels of
endemism (Ebert and Compagno 2007; Figueroa et al. 2013),
constitutes a promising area for future studies, that will con-
tribute with new taxonomic and biogeographic data for this
group of parasites.
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