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Abstract Pseudanisakis argentinensis n. sp. is proposed to
accommodate parasitic nematodes found in six skate species
(Rajidae and Arhynchobatidae) examined from southern
Southwest Atlantic waters. The new species differs from its
congeners by the following combination of characters: a cu-
pola on each lip, males with 8–12 pairs of precloacal genital
papillae, a larger size for both males and females, a greater
length-to-breadth ratio of the ventriculus and the presence of a
small knob on the tip of the tail. Allometric growth was ob-
served for several morphometric features; however, the slopes
of the allometric relationships across host species exhibited
non-significant differences and were considered as a strong
evidence for conspecificity. Congruent results were obtained
after the genetic characterization of the mitochondrial cyto-
chrome c oxidase subunit 1 gene of worms obtained from
different skate species, whose values of genetic divergence
(1.3) lay within the range of intraspecific variation. Previous
records of specimens referred to as Pseudanisakis tricupola in
skates from South American waters are regarded as conspe-
cific with P. argentinensis n. sp.
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Introduction

Members of the nematode genus Pseudanisakis Layman and
Borokova, 1926, are gastrointestinal parasites of elasmo-
branchs (Gibbons 2010). This genus currently comprises four
species (Li et al. 2012), two of which have been reported in
southern Atlantic and Pacific waters. These are P. tricupola
Gibson, 1973, which parasitizes two species of the
Arhynchobatidae from southern Southwest Atlantic waters
(Gibson 1973; Tanzola et al. 1998) and a species of the
Rajidae from southern Southeast Pacific waters (Fernández
and Villalba 1985), and P. sulamericana Santos, Lent and
Gibson, 2004, which parasitizes two species of the
Arhynchobatidae in Brazilian waters (Santos et al. 2004).

Pseudanisakis was established as a subgenus of Anisakis
Dujardin, 1845, by Layman and Borovkova (1926) and then
raised to full generic level by Mozgovoi (1950). After a long
history of nomenclatural problems, this genus was reviewed
by Gibson (1973) who redescribed P. tricupola as the type-
species. Most records of this species are from Amblyraja
radiata (as Raja radiata), although it has been reported from
several other species of rajids from the North Sea, northern
North Atlantic and the Barents Sea (Gibson 1973). In his
generic revision, Gibson (1973) also described specimens ob-
tained during an expedition carried out in 1928 in the southern
Southwest Atlantic (48° 52′S; 60° 25′W), parasitizing
Bathyraja brachyurops (as Raja brachyurops). Gibson
(1973) observed some morphological and morphometric dif-
ferences between specimens from B. brachyurops and those
from R. radiata from the Northern Hemisphere. This author
considered that these differences, observed in a small number
of specimens (two males and two females), could be due to
intraspecific variability and allometric growth; therefore, these
specimens were identified as P. tricupola. Consequently, the
presence of P. tricupola in the southern Southwester Atlantic
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was the first record of the genus in the Southern Hemisphere.
Later and possibly based on the record by Gibson (1973), this
species was reported in the rajid Zearaja chilensis (as Raja
chilensis) in Chilean waters (37° S; 73° 20′ W) (Fernández
and Villalba 1985) and in the arhynchobatid Sympterygia
bonapartii from off the northern coasts of Argentina
(Tanzola et al. 1998).

During a parasitological study of 398 skates belonging to
seven species from Argentine waters, specimens of
Pseudanisakiswere found, providing an opportunity to corrob-
orate the specific status of this genus in southern South
Americanwaters. Somemorphometric variability was observed
between worms across host species; therefore, samples were
genetically characterized using the mitochondrial cytochrome
c oxidase subunit 1 gene (mtcox1) and analysed to assess their
specific status. Since both morphological and genetic compar-
isons exhibited variability at the intraspecific level, this material
is described below as a new species of the genus.

Materials and methods

Sample collection

The stomachs of a total of 398 skates were examined for
Pseudanisakis, including samples of the smallnose fanskate
S. bonapartii Müller & Henle, 1841, the yellownose skate
Z. chilensis (Guichenot, 1848), the southern thorny skate
Amblyraja doellojuradoi (Pozzi, 1935), the broadnose skate
B. brachyurops (Fowler, 1910), the spotback skate
Atlantoraja castelnaui (Miranda Ribeiro, 1907) and the shortfin
sand skate Psammobatis normaniMcEachran, 1983 (Table 1).
Additionally, two specimens of the multispine skate Bathyraja
multispinis (Norman, 1937) were also examined (Table 1).
Most fish were caught during research cruises of the Instituto
Nacional de Investigación y Desarrollo Pesquero (INIDEP),

covering the Argentine shelf and the Argentine-Uruguayan
Common Fishing Zone, south of 34° S. Additional samples
of Am. doellojuradoi, At. castelnaui and B. brachyurops, as
well as specimens of P. normani and B. multispinis, were ob-
tained from commercial trawlers operating off the coast of
Buenos Aires Province, Argentina. Host identification was
made following the key of Cousseau et al. (2007).

Samples from research cruises were kept frozen at −20 °C
until examination, whereas those from commercial trawlers
were examined immediately. In all cases, the stomachs were
excised and examined under a stereomicroscope. Parasite
prevalence and mean abundance were calculated following
Bush et al. (1997) for each host species (Table 1). Sterne’s
exact 95% confidence limits were calculated for prevalence
and mean abundance using Quantitative Parasitology 3.0 soft-
ware (QP3.0) (Reiczigel 2003; Rózsa et al. 2000).

Light and scanning electron microscopy

Six worms (three males and three females) were washed in
physiological saline solution and then fixed and stored on 4%
formaldehyde until examination by scanning electron micros-
copy (SEM). Some specimens were preserved in 95% ethanol
for DNA-based identification.

For light microscopical studies, nematodes were cleared in
lactic acid. Drawings were made with the aid of a drawing
tube. For SEM, specimens were dehydrated using a graded
series of ethanol washes up to 100%, dried by evaporation
with hexamethyldisilazane, sputter-coated with gold palladi-
um and examined using a JEOL JSM 6460LV SEM (JEOL,
Tokyo, Japan).

Measurements are given in micrometres, unless otherwise
indicated, as the mean followed by the range in parentheses.
Most specimens found were at larval stage, and those obtained
from frozen hosts were in poor condition. Therefore, only
adult specimens obtained from fresh hosts were measured.

Table 1 Composition of samples of seven skate species in the Argentine Sea and population descriptors of Pseudanisakis argentinensis n. sp. in each
host species

Host species Number Date of capture Prevalence Mean abundance

Rajidae

Amblyraja doellojuradoi 35 February 25th 2015 14.3 (4.8–30.3) 0.9 (0.1–3.3)

Zearaja chilensis 77 October 20th 2011–August 30th 2012 31.2 (21.1–42.8) 0.84 (0.3–3.0)

Arhynchobathidae

Atlantoraja castelnaui 23 December 2nd 2011–February 8th 2017 0 0

Bathyraja brachyurops 26 December 19th 2014–August 30th 2016 3.8 (0.1–19.6) 0.04 (0.0–0.1)

Bathyraja multispinis 2 February 8th 2017 100 (15.8–100) 6.5 (2.0–6.5)

Psammobatis normani 14 December 19th 2014–February 8th 2017 14.3 (1.8–42.8) 0.79 (0.0–2.36)

Sympterygia bonapartii 223 November 23th 2010–August 14th 2015 27.8 (22.0–34.2) 1.63 (0.3–7.1)

Sterne’s exact 95% confidence limits are given between parentheses after prevalence and mean abundance

Number number of examined hosts
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Morphometric analyses

Gibson (1973) attributed differences in morphometric traits
among specimens of P. tricupola to allometric growth.
Therefore, allometric growth was evaluated across the worms
found in different skate species. The following relationships
were analysed: oesophagus length (OL) vs total length (TL),
ventriculus length (VL) vs TL, VL vs ventriculus width (VW)
and VL vs OL for all measured specimens. Furthermore, the
relationships between spicule length (SL) vs TL and SL vs
ejaculatory duct length (EL) were analysed for males, and
between vulva to anterior end distance (VU) vs TL for
females.

All measurements were log-transformed. The slope of the
line that best fit the relationship of the variables under study
was estimated using the standardised major axis (SMA) meth-
od (Warton et al. 2012). SMA is a least squares method; the
line is estimated byminimizing the sum of squares of residuals
from the line, and the method can be derived using the likeli-
hood theory assuming normally distributed residuals (Sprent
1969). The major axis (MA) is the line that minimizes the sum
of squares of the shortest distances from the data points to the
line. The shortest distance from a point to a line is perpendic-
ular to it, so in this method residuals are measured perpendic-
ular to the line. The SMA is the MA calculated on standard-
ized data, then rescaled to the original axes. This technique is
equivalent to finding the first principal component axis using
the correlation matrix, then rescaling the data (Warton et al.
2006).

Assuming allometric growth, the sma(y ∼ x*groups) func-
tion (package Bsmart^ on R software) was applied to compare
the SMA slopes, under the null hypothesis of equal slopes, for
males and females from each host species (to analyse differ-
ential growth between the sexes), and for specimens of the
same sex among different hosts (to evaluate conspecificity
among specimens collected from different host species).
Samples with six or more measured specimens, for each host
species, were included in the analyses.Morphometric relation-
ships between the sexes of Pseudanisakis from the same host
species showed significant differences on their slopes (data
not shown). Therefore, comparisons across host species were
carried out for each sex individually. As no differences in the
slopes were observed between worms from different host spe-
cies (see Results), allometry was tested, after pooling speci-
mens by sex, independently of the host species. Deviations
from isometry were tested using the slope.test function avail-
able in the Bsmart^ package, under the null hypothesis of a
slope = 1 (isometry condition) (Warton et al. 2006).

Molecular analyses

Nine specimens were randomly selected from host species Z.
chilensis (three worms), S. bonapartii (two worms),

P. normani (two worms), Am. doellojuradoi (one worm) and
B. brachyurops (one worm), and were subjected to molecular
analysis. No specimens from B. multispinis were analysed
because this skate was sampled subsequent to the molecular
studies. DNA extraction was carried out using whole speci-
mens with the DNeasy Blood & Tissue®Kit (Qiagen, Hilden,
Germany). The mitochondrial cytochrome c oxidase subunit 1
gene (mtcox1) was amplified using the universal DNA
primers LCO1490 (forward) and HC02198 (reverse) de-
scribed by Folmer et al. (1994). The polymerase chain reac-
tion (PCR) was carried out using the following conditions:
95 °C for 15 min, followed by 35 cycles at 94 °C for 30 s,
50 °C for 2 min and 72 °C for 2:30 min, followed by post-
amplification at 72 °C for 10 min. All PCR reactions were set
up in 50-μl reactions using 10 μl of DNA (≥10 ng) as the
template, 1 μl (0.5 mM) of each primer and 25 μl (2×)
HotStarTaq Master Mix (Qiagen). Each PCR product was
purified using QIAquick spin columns (QIAquick Gel
Extraction Kit, Qiagen). Sequencing was performed at the
Genomic Unit, IB-INTA.

Sequence analyses

Double-stranded mtcox1 sequences were edited manually in
ProSeq 3.5 (Filatov 2002). All sequences were deposited in
the GenBank database under the following accession numbers:
KY765915 (from B. brachyurops); KY765916, KY765917
(from P. normani); KY765918 (from A. doellojuradoi);
KY765919, KY765920 (from S. bonapartii) and KY765921–
KY765923 (from Z. chilensis). Generated sequences were
compared against the NCBI database using the BLAST algo-
rithm (Altschul et al. 1990).

For comparative purposes, two species of a related
ascaridoid genus, Anisakis pegreffii (GenBank accession
numbers KF356654.1, KF356655.1, KF356656.1) and A.
ziphidarum (GenBank accession numbers KF214809.1,
KF214810.1, KF214811.1), as well as sequences of another
ascaridoid, Toxocara canis, posteriorly used as the outgroup
(GenBank accession numbers EU730761.1, NC010690.1,
AM411108.1), were aligned with Pseudanisakis sequences
based on their inferred (in silico translated) cox1 protein.
Alignment was made using ClustalW (Thompson et al.
1994) as implemented in BioEdit v7.0.9 (Hall 1999).

In order to delimit potential cryptic species among the spec-
imens of Pseudanisakis collected from different hosts, diverse
approaches were used, based on their general popularity and
strong performance in previous studies (Tang et al. 2014;
Kekkonen et al. 2015; Díaz et al. 2016; Previšić et al. 2016).
Firstly, sequence divergences were calculated using the
Kimura 2-parameter (K2P) distances (Kimura 1980) of the
mtcox1 gene, implemented in MEGA 6.0.6 (Tamura et al.
2013). This system usually makes a suitable metric model
when genetic distances are low (Nei and Kumar 2000). The
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K2P distances were calculated for all possible pairs of se-
quences, then the mean distances between and within groups
were calculated after pooling individual parasites by host, in-
cluding Anisakis spp. and T. canis in the analysis as additional
groups. Genetic divergences between the two anisakids se-
quenced were visualized by means of non-metric multidimen-
sional scaling (MDS) (Clarke and Gorley 2006) and hierarchi-
cal agglomerative clustering (overlaid on the MDS plots) ap-
plied to the K2P p-distance matrix. The analyses were imple-
mented in PERMANOVA+ for PRIMER package (Anderson
et al. 2008).

Secondly, the Automatic Barcode Gap Discovery (ABGD)
method, which clusters sequences into hypothetical species
based on differences between intraspecific and interspecific
distance variation (Puillandre et al. 2012) was utilized.
ABGD clustering was carried out using the K80 distance
model (Kimura 1980) applying the following parameters:
Pmin = 0.001, Pmax = 0.1; Steps 20; Nb bins = 20 and a gap
width (X) of 1.5.

Thirdly, the multi-rate Poisson Tree Processes (mPTP)
model for species delimitation (Kapli et al. 2017) was
employed to infer the most likely species number. This meth-
od is mainly intended for delimiting species in single-locus
molecular phylogenies, modelling speciation in terms of the
number of substitutions. The Hasegawa-Kishino-Yano (HKY)
model with a certain fraction of invariable sites (+I) was the
model, estimated with MEGA 6.0.6, that best fitted the sub-
stitution pattern of the dataset, with ts/tv = 4.21 and I = 0.7.
Node robustness was inferred with 1000 bootstrap replicates.
The resulting maximum likelihood (ML) tree was used as the
input for the mPTPmodel for species delimitation implement-
ed in the Exelixis Lab web server (Zhang et al. 2013). mPTP
reports were generated with the default settings using the ML
solution.

Results

Six of the seven species of skates examined were parasitized
by specimens ofPseudanisakis, which varied in terms of prev-
alence and mean abundance across the various host species
(Table 1). On the other hand, A. castelnaui was found to be
free of these parasites.

Pseudanisakis argentinensis n. sp.

Description (Figs. 1 and 2)
Measurements are based on combined data of specimens

from S. bonapartii (12 males and 12 females), Z. chilensis (6
males and 6 females), A. doellojuradoi (6 males and 6 fe-
males), B. multispinis (2 males and 1 female) and
P. normani (2 male and 3 females). Measurements discrimi-
nated by host species are given in Table 2. The only specimen

found in B. brachyurops (female) was destined for molecular
analysis and not measured.

General. Medium to large nematodes. Maximum width at
about mid-body. Head with three low lips, each bearing pro-
nounced distal dome-shaped projection (cupola); dorsal lip
bearing a typical pair of large double papillae and ventro-
lateral lips possessing single double papilla, single small pa-
pilla and amphid (Figs. 1b, c and 2a–c). Interlabia absent. Lips
with distal ridge (vellum) armed with acuminate denticles;
ridges of all three lips form single subtriangular ring of 60–
87 denticles surrounding tri-radiate mouth (Figs. 1b and 2a–
d). Excretory pore just posterior to nerve ring. Oesophagus
narrow, long, broadening slightly posteriorly. Ventriculus
oval, slightly wider than the posterior region of oesophagus.
Nerve ring at 15.2% (3.2–25.3) of oesophageal length
(Fig. 1a, c). Lateral alae (Fig. 2e) very narrow, extending from
near anterior end to caudal region. Cuticle with fine transverse
striations (Fig. 2a, e). Tail of both sexes conical, ending in
small knob (Figs. 1f–I and 2g–j).

Male [based on 28 mature specimens]. Body 33.1 mm (9.1–
52.4) long, 726 (180–1120) in maximum width. Oesophagus
3.9 mm (1.3–6.0) long, representing 12.5% (4.7–22.7) of body
length; 120 (43–410) wide at level of nerve ring and 222 (63–
350) at oesophago-ventricular junction. Ventriculus 800 (313–
1450) long, 295 (85–570) wide. Nerve ring and excretory pore
596 (360–770) and 663 (420–850), respectively, from anterior
extremity. Posterior end of body curves ventrally. Glandular
ejaculatory duct 1750 (750–2580) long. Spicules slender, al-
most equal in length, 1124 (688–1580) representing 66.9%
(48.9–91.7) of ejaculatory duct length and 3.6% (2.4–8.0) of
body length (Fig. 1h). Gubernaculum absent. Tail conical, 241
(140–320) in length (Figs. 1i and 2j). Caudal papillae 13–17
pairs, including 8–12 precloacal pairs (Fig. 1h) and 5
postcloacal pairs; the latter arranged as 2 dorso-lateral pairs
and 3 ventro-lateral pairs; small phasmid between second
ventro-lateral and first dorso-lateral papillae (Figs. 1i and 2i,
j). Precloacal papillae gradually decrease in height anteriorly;
posterior papillae slightly protruded; anterior papillae level with
body surface (Fig. 2k–p).

Female [based on 28 gravid specimens]. Body 50.6 mm
(10.5–83.9) long, 947 (200–1500) in maximum width.
Oesophagus 4.6 mm (1.7–5.9) long, representing 10.2%
(6.7–20.4) of body length; width 44 (30–320) at level of nerve
ring and 293 (75–580) at oesophago-ventricular junction.
Ventriculus 874 (250–1500) long, width 377 (88–640).
Nerve ring and excretory pore 657 (380–930) and 727 (440–
990), respectively, from anterior extremity. Uterus
monodelphic, opisthodelphic. Vulva slit-like, 12.7 mm (4.0–
21.0) from anterior extremity, at 27.1% (20.0–38.5) of body
length (Figs. 1e and 2f). Vagina muscular, directed posteriorly.
Eggs suboval to almost rounded, 89 (80–93) long, 78 (70–90)
wide (Fig. 1d). Posterior end of body curves ventrally. Tail
1155 (350–1680) long, bears pair of small phasmids (Fig. 1f).
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Taxonomic summary

Synonyms: Pseudanisakis tricupola Gibson, 1973, of Gibson
(1973) in part (South Atlantic material), Tanzola et al. (1998)
and Fernández and Villalba (1985).

Type-host and type-locality: S. bonapartiiMüller & Henle,
1841 (Rajiformes: Arhynchobatidae), off Mar del Plata,
Buenos Aires Province, Argentina.

Other hosts: Z. chilensis (Guichenot, 1848) and
A. doellojuradoi (Pozzi, 1935) (Rajiformes: Rajidae),
B. brachyurops (Fowler, 1910), B. multispinis (Norman,
1937) and P. normani McEachran, 1983 (Rajiformes:
Arhynchobatidae).

Other localities: southern Southwest Atlantic (48° 52′ S; 60°
25′ W) and southern Southeastern Pacific (37° S; 73° 20′ W).

Site: Stomach
Type-specimens: Deposited in the Helminthological

Collection of the Museo de La Plata (MLP-He), La Plata,
Argentina. Holotype MLP-He coll. No. 7310 (male).
Allotype MLP-He coll. No. 7311 (female). Paratypes MLP-
He coll. No. 7312 (five males and five females from
S. bonapartii), MLP-He coll. No. 7313 (two males and two
females from Z. chilensis), MLP-He coll. No. 7314 (two
males and two females from B. multispinis), MLP-He coll.
No. 7315 (two males and two females from A. doellojuradoi),
MLP-He coll. No. 7316 (two males and two females from
P. normani).

Etymology: The specific name is derived from the country
where the type-locality (waters off Mar del Plata, Buenos
Aires Province, Argentina) is located.

Fig. 1 Pseudanisakis argentinensis n. sp. a Anterior end, lateral view. b
Anterior end, apical view. c Detail anterior end, lateral view. d Egg. e
Vulva and vagina, lateral view. f Posterior end of female, lateral view. g

Tail of female. h Posterior end of male, lateral view. i Tail of male. Scale
bars: 1000 μm: a, e, f, h 20 μm: b; 250 μm: c, g, i; 100 μm: d
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Remarks

The general morphology ofPseudanisakis argentinensis n. sp.
closely resembles that of P. tricupola, the only other species in
the genus bearing a cupola on each lip. However,
P. argentinensis n. sp. differs from P. tricupola, and from the
remainder of the species of the genus, by having a greater
number of precloacal papillae. Although there is a partial over-
lap in the ranges of the precloacal papillae between
P. tricupola (6–9) and the new species (8–12), no individuals
with 6 or 7 pairs were observed in the present work and 50%
of examined males were out of the range of P. tricupola by
bearing 10 or more pairs. Gibson (1973) recorded seven pairs
of precloacal papilla in two males from B. brachyurops in the
southern Southwest Atlantic. Unfortunately, no male worms

were recorded in the 26 specimens of B. brachyurops herein
examined, but the only worm found, a juvenile female, was
confirmed genetically as belonging to the new species (see
below). This author also observed some morphological and
morphometric differences between specimens from
B. brachyurops and those from R. radiata in the Northern
Atlantic, which were considered to be a result of intraspecific
variability and allometric growth due to the small number of
specimens examined (two males and two females). These dif-
ferences were a larger size of the females than those common-
ly found in R. radiata, a greater length-to-breadth ratio of the
ventriculus, slightly longer spicules and the shape of the tip of
tail in females. Three of these differences are here confirmed
based on a larger number of specimens from different skate
species and can be considered as diagnostic. Indeed, females

Fig. 2 Pseudanisakis argentinensis n. sp., scanning electron
micrographs. a Cephalic end, subapical view. b Cephalic end, apical
view. c Ventro-lateral lip showing cupola, single double papilla, single
small papilla and amphid. d Detail of denticles. e Lateral alae and cuticle
striations. fVulva. g Posterior end of female. h Tail tip of female showing

terminal knob. i Posterior end of male. j Tail of male. k–p Precloacal
papillae ordered from cloaca. k Papilla 1. l Papilla 2. m Papilla 5. n
Papilla 8. o Papilla 10. p Papilla 11. Scale bars: 100 μm: g; 50 μm: f, i;
10 μm: a, b, e, j–p; 5 μm: c, h; 2 μm: d

Parasitol Res



T
ab

le
2

C
om

pa
ra
tiv

e
m
or
ph
om

et
ry

of
m
al
e
(M

)
an
d
fe
m
al
e
(F
)
P
se
ud
an
is
ak
is
ar
ge
nt
in
en
si
s
n.
sp
.i
n
fi
ve

ho
st
sp
ec
ie
s
fr
om

th
e
A
rg
en
tin

e
Se
a

A
m
bl
yr
aj
a
do
el
lo
ju
ra
do
i

Ze
ar
aj
a
ch
ile
ns
is

B
at
hy
ra
ja

m
ul
tis
pi
ni
s

P
sa
m
m
ob
at
is
no
rm

an
i

Sy
m
pt
er
yg
ia

bo
na
pa
rt
ii

M
(n

=
6)

F
(n

=
6)

M
(n

=
6)

F
(n

=
6)

M
(n

=
2)

F
(n

=
1)

M
(n

=
2)

F
(n

=
3)

M
(n

=
12
)

F
(n

=
12
)

To
ta
ll
en
gt
h
(T
L
)
(m

m
)

21
.0
(1
4.
2–
31
.9
)

28
.4
(1
0.
5–
57
.7
)

19
.2
(9
.1
–3
6.
0)

36
.2
(1
7.
6–
52
.8
)

43
.1
(4
1.
8–
44
.5
)

41
.3

37
.7
(2
4.
7–
50
.7
)

58
.4
(4
5.
2–
65
.5
)

43
.5
9
(3
7.
7–
52
.4
)

67
.9
(5
7.
9–
83
.9
)

M
ax
im

um
w
id
th

52
0
(3
90
–7
30
)

63
0
(2
00
–1
30
0)

37
0
(1
80
–6
50
)

69
0
(2
10
–1
12
0)

95
0
(9
40
–9
60
)

68
0

88
5
(8
20
–9
50
)

10
68

(9
90
–1
15
2)

94
0
(7
30
–1
12
0)

12
25

(9
50
–1
50
0)

O
es
op
ha
gu
s
le
ng
th
(O
L
)(
m
m
)

3.
4
(2
.5
–4
.6
)

3.
6
(1
.7
–5
.7
)

2.
2
(1
.3
–3
.7
)

3.
7
(2
.5
–5
.3
)

5
(4
.6
–5
.4
)

5.
8

5.
1
(4
.2
–6
)

5.
4
(5
.1
–5
.8
)

4.
63

(3
.9
–5
.4
)

5.
3
(4
.8
–5
.9
)

O
es
op
ha
gu
s
an
te
ri
or

w
id
th

64
(4
3–
88
)

78
(3
0–
12
5)

70
(4
5–
98
)

10
3
(3
8–
16
0)

14
3
(1
13
–1
73
)

14
3

11
0
(7
0–
15
0)

12
2
(1
13
–1
30
)

13
2
(1
05
–1
75
)

19
3
(1
38
–2
50
)

O
es
op
ha
gu
s
po
st
er
io
r
w
id
th

15
9
(1
25
–2
08
)

19
9
(8
0–
36
0)

16
5
(6
3–
25
0)

23
7
(7
5–
35
0)

35
0
(2
90
–4
10
)

32
0

20
9
(1
38
–2
80
)

26
2
(2
25
–3
20
)

29
2
(2
20
–3
50
)

38
8
(3
10
–5
80
)

V
en
tr
ic
ul
us

le
ng
th

(V
L
)

59
7
(4
90
–7
80
)

66
5
(3
30
–1
03
0)

50
4
(3
13
–9
10
)

81
2
(2
50
–1
19
0)

55
0
(1
32
0–
14
50
)

58
0

12
10

(1
12
0–
13
00
)

95
7
(7
80
–1
11
0)

85
8
(7
80
–9
70
)

10
13

(8
50
–1
23
0)

V
en
tr
ic
ul
us

w
id
th

(V
W
)

29
2
(2
40
–3
50
)

31
2
(1
20
–6
20
)

16
5
(8
5–
30
0)

30
3
(8
8–
44
0)

55
0
(5
30
–5
70
)

17
0

25
0
(2
50
–2
50
)

35
3
(2
80
–4
50
)

31
6
(2
50
–3
70
)

47
0
(3
30
–6
40
)

N
er
ve

ri
ng

51
2
(4
70
–5
60
)

55
0
(3
80
–7
60
)

49
0
(3
60
–6
00
)

52
5
(4
30
–6
00
)

44
0
(4
10
–4
70
)

38
0

60
0
(4
50
–7
50
)

73
0
(6
40
–8
60
)

71
0
(5
70
–7
70
)

79
0
(7
00
–9
30
)

E
xc
re
to
ry

po
re

58
8
(5
40
–6
50
)

62
0
(4
40
–7
60
)

54
0
(4
20
–6
70
)

59
3
(5
10
–7
00
)

50
0
(4
80
–5
20
)

45
0

67
0
(5
10
–8
30
)

81
0
(7
20
–9
00
)

78
0
(6
70
–8
50
)

85
9
(7
60
–9
30
)

Ta
il
le
ng
th

21
0
(1
90
–2
60
)

75
0
(3
50
–1
40
0)

21
0
(1
70
–2
60
)

88
8
(4
80
–1
21
0)

27
0
(2
50
–2
90
)

87
0

24
5
(2
20
–2
70
)

15
07

(1
40
0–
16
80
)

27
0
(1
40
–3
20
)

14
24

(1
20
0–
16
80
)

E
ja
cu
la
to
ry

du
ct
le
ng
th

(E
L
)

11
03

(7
50
–1
52
0)

–
15
73

(1
45
0–
16
60
)

–
–

17
00

(1
30
0–
21
00
)

–
20
93

(1
65
0–
25
80
)

–
Sp

ic
ul
e
le
ng
th

(S
L
)

77
3
(6
88
–9
00
)

–
96
7
(7
25
–1
12
0)

–
13
31

(1
21
8–
14
43
)

–
11
51
.5
(1
07
8–
12
25
)

–
12
83

(1
03
8–
15
80
)

–
Pa
ir
s
of

pr
ec
lo
ac
al
pa
pi
lla
e

8–
11

–
8–
11

–
8–
10

–
8–
9

–
9–
12

–
Pa
ir
s
of

po
st
cl
oa
ca
lp

ap
ill
ae

5
–

5
–

5
–

5
–

5
–

V
ul
va

to
an
te
ri
or

en
d
(V

U
)

(m
m
)

–
8.
8
(4
–1
3.
6)

–
9.
6
(6
.6
–1
4.
1)

–
10
.4

–
14
.4
(1
1.
4–
16
.4
)

–
16
.2
(1
3.
5–
21
)

E
gg

le
ng
th

–
–

–
–

90
.3
(8
8–
93
)

–
87
.9
80
–9
0

E
gg

w
id
th

–
–

–
–

87
.7
(8
5–
90
)

–
75
.3
(7
0–
80
)

O
L
/T
L
(%

)
16
.5
(1
1–
22
.7
)

13
.9

(9
.7
–2
0.
4)

14
.5
(1
1.
7–
18
.2
)

10
.9
(8
–1
4.
2)

11
.6
(1
0.
3–
1 2
.9
)

14
.1

14
.4
(1
1.
8–
17
.0
)

9.
5
(8
.4
–1
1.
3)

10
.7
(9
.2
–1
3.
1)

7.
9
(6
.7
–9
.3
)

V
L
/T
L
(%

)
2.
9
(2
.4
–3
.5
)

2.
6
(1
.8
–3
.2
)

3.
3
(2
.9
–3
.9
)

2.
2
(1
.4
–2
.7
)

1.
4

3.
22

(2
.9
–3
.5
)

3.
6
(2
.6
–4
.5
)

1.
7
(1
.2
–2
.5
)

1.
5
(1
.2
–1
.8
)

1.
9
(1
.7
–2
.3
)

V
L
/V
W

2
(1
.9
–2
.3
)

2.
3
(1
.6
–2
.9
)

3.
1
(2
.6
–3
.7
)

2.
7
(2
.4
–3
)

2.
5
(2
.3
–2
.7
)

3.
41

4.
8
(4
.5
–5
.2
)

2.
7
(2
.5
–3
.0
)

2.
8
(2
.3
–3
.4
)

2.
2
(1
.8
–3
)

V
L
/O
L

5.
8
(4
.5
–9
.3
)

5.
5
(3
.7
–8
.7
)

4.
4
(3
.6
–5
.4
)

5.
2
(3
.7
–1
0)

3.
59

(3
.5
–3
.7
)

10
4.
2
(3
.8
–4
.6
)

5.
8
(4
.6
–6
.9
)

5.
4
(4
.6
–6
.4
)

5.
3
(4
.6
–6
.3
)

SL
/T
L
(%

)
4.
1
(3
.6
–4
.9
)

–
4.
9
(2
.9
–8
)

–
3.
1
(2
.7
–3
.6
)

–
3.
4
(2
.4
–4
.4
)

–
3
(2
.5
–3
.5
)

–
SL

/E
L
(%

)
75
.9
(5
9.
2–
91
.7
)

–
66
.6
(6
5.
1–
67
.5
)

–
68
.4
(6
2.
8–
74
.0
)

–
70
.6
(5
8.
3–
82
.9
)

–
62
.4
(4
8.
9–
81
.1
)

–
V
U
/T
L
(%

)
–

33
.7

(2
3–
38
.5
)

–
28
.1
(2
2–
38
.3
)

–
25
.1

–
24
.7
(2
3.
6–
25
.4
)

–
23
.8
(2
0–
29
.8
)

A
ri
th
m
et
ic
m
ea
n
fo
llo

w
ed

by
ra
ng
e
in

pa
re
nt
he
se
s

Parasitol Res



of P. tricupola ranged 5.9–57 mm in length (but 50–56 mm in
the case of the two females from B. brachyurops described by
Gibson 1973), whereas those of the new species measured
10.5–83.9 mm. A larger size is herein also confirmed for
males, measuring 9.1–52.4 mm, whereas the range of total
length for those of P. tricupola from R. radiata was 5.4–
34.5 mm. The length-to-breadth ratio of ventriculus of the
new species reached higher values of 2.62 (1.58–5.20) (males
and females combined) than those from R. radiata (1.92–
2.75) and which are in agreement with the values obtained
by Gibson (1973) for worms from B. brachyurops (4.3–4.4).
The presence of a small knob on the very tip of the tail in
females, which is absent in P. tricupola, was confirmed in all
of the specimens from Argentine waters, both females and
males. Finally, Gibson (1973) observed longer spicules in
the two males from B. brachyurops (1.4 and 1.6 mm) com-
pared with those of P. tricupola (0.15–1.1 mm), although both
males were rather small in size (22 and 29 mm). The spicules
in the present material were also slightly longer (0.69–
1.58 mm), although spicule length tended to correspond with
specimen length. Unfortunately, no spicule-to-total length ra-
tios were provided by Gibson (1973), but, considering the
variability in size of the worms between the different skate
species and the allometric nature of spicule growth (see be-
low), this trait seems to be an unreliable character for discrim-
inating these species. Finally, P. argentinensis n. sp. has the
second largest number of denticles surrounding the mouth
(87), after P. sulamericana, which possess a maximum of 95
denticles.

Morphometric analyses

Both male and female nematodes showed insignificant differ-
ences between slopes across host species for any of the rela-
tionships analysed (both p > 0.01). Allometric growth (slopes
significantly different from 1) was observed for most relation-
ships, with the exception of VL vs VW for males and VL vs
OL for both sexes (Table 3).

Sequence analyses

There is no mtcox1 sequence of Pseudanisakis registered in
GenBank, and consequently, a comparison between
P. argentinensis n. sp. and other species of the genus was
not possible.

The mtcox1 sequence length in the constructed alignment
for all of the species was 598 bp. The K2P p-distances be-
tween all specimens of Pseudanisakis varied between 0 and
1.5% (mean 0.8 ± 0.4%), being similar to results between
individual specimens of A. pegreffii, A. ziphidarum and
T. canis, which ranged between 0 and 0.8%. Mean distances

within groups of Pseudanisakis (i.e. for each host species)
ranged between 0.7 and 1%, and varied from 0.3 to 1.3%
between these groups; these values were notably lower than
those obtained between specimens of Pseudanisakis and se-
quences of the other genera, which ranged between 13.2 and
19.7% (Table 4). On the other hand, the p-distance values
between congeneric species of Anisakis were also much
higher (11%). Interspecific and intraspecific genetic distances
are readily apparent (Fig. 3).

The ABGD method clustered sequences into four groups,
i.e. all of the specimens of Pseudanisakis which formed a
single group, the two species of Anisakis and T. canis
(p < 0.001). The ML tree clustered sequences into the same
four groups as identified by the ABGDmethod, with the spec-
imens of Pseudanisakis clustering together regardless of the
host species. Finally, the MPTP method also delimited four
species, grouping all of the Pseudanisakis sequences together.

Discussion

Since the establishment of Pseudanisakis as subgenus of
Anisakis by Layman and Borovkova (1926), the genus has
undergone several modifications in terms of concept and no-
menclature (Yamaguti 1941; Mozgovoi 1950; Gibson 1973,
1983; Hartwich 1974; Sprent 1983; Petter et al. 1991). For
some years, the genus remained relatively understudied, until
the description of a new species, P. sulamericana (see Santos
et al. 2004), and a morphological and molecular characteriza-
tion of the poorly known P. rajae (see Li et al. 2012) were
published. However, at a higher level the taxonomic status of
Pseudanisakis still remains problematic, in part due to the lack
of molecular studies needed to establish its position within
Ascaridoidea (see Santos et al. 2004). Indeed, some authors

Table 3 Results of allometry tests between morphometric traits of
Pseudanisakis argentinensis n. sp., including values of slope of the
standardized major axis lines, correlation coefficient (r2) and
significance level (p)

Males Females

p r2 Slope p r2 Slope

OL vs TL <0.01 0.847 0.724 <0.01 0.815 0.627

VL vs TL <0.01 0.778 0.731 <0.01 0.754 0.718

VL vs VW >0.01 0.675 0.968 <0.01 0.881 0.805

VL vs OL >0.01 0.741 1011 >0.01 0.626 1144

SL vs TL <0.01 0.745 0.708 – – –

SL vs EL <0.01 0.759 0.718 – – –

VU vs TL – – – <0.01 0.938 0.736

Codes for variables as indicated in Table 1; bold numbers indicate not
significant differences
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consider Pseudanisakis within Acanthocheilidae Wülker,
1929 (see Hartwich 1974; Gibson 1983; Santos et al. 2004;
Li et al. 2012), whereas others include it in Anisakidae
(Railliet & Henry, 1912) (Sprent 1983; Petter et al. 1991;
Gibbons 2010). Further evidence based on different molecular
markers will be necessary to confirm the position of
Pseudanisakis among ascaridoids.

In addition tomorphological andmeristic traits, the system-
atics of nematodes has largely been based on morphometric
characteristics and their ratios, especially at lower taxonomic
levels. Specimens of the new species were found parasitizing
six species of skates distributed over a wide latitudinal range
(34° 24′–53° 30′ S). These worms showed a high variability in
size across host species, which could indicate that the species
displays a high phenotypic plasticity or, alternatively, that
more than one species of the genus could be present in differ-
ent hosts. This second hypothesis is refuted here (see below);
therefore, differences in size are considered as intraspecific
variability, possibly resulting from differences in the suitabil-
ity of various host species or other extrinsic factors. In fact,
phenotypic plasticity has been suggested as a response to the
host in other parasitic nematodes (Viney 2013).

As shown by Gibson (1973) for some morphometric fea-
tures of P. tricupola, allometric growth was observed in the
new species for most of the traits considered. Differences in
growth rates for some characteristics were also evident be-
tween the sexes. Therefore, the slopes of the SMA-adjusted
lines are recommended as variables for use in future intersex-
ual and interspecific comparison. On the other hand, the rela-
tionships VL vs VW for males and VL vs OL for both sexes
resulted isometric, and could be useful as species discrimina-
tors, depending on their isometry in other species.

Although allometry can vary, even among populations of a
same species (Poulin 2009), and despite the variability in size
of the worms recovered from the different skate species, there
were no significant differences between the slopes of all of the
analysed relationships, a result that can be interpreted as an
evidence for conspecificity.

Morphological characteristics of nematodes often have re-
strictions when used to determinate the specific identity of
some taxa, especially when the presence of sibling species is
common. This is the case for the family Anisakidae, where
molecular studies are indispensable for true specific identifi-
cations (Valentini et al. 2006; Mattiucci and Nascetti 2008).

Table 4 Averaged K2P p-
distances of the partial mtcox1
gene sequence between
Pseudanisakis argentinensis n.
sp. (Pa) from different hosts,
Anisakis pegreffii (Ap),
A. ziphidarum (Az) and Toxocara
canis (Tc)

Within groups Between groups

Pa/ZC Pa/SB Pa/PN Pa/BB Pa/AD Ap Az

Pa/ZC 0.01

Pa/SB 0.008 0.008

Pa/PN 0.007 0.007 0.006

Pa/BB – 0.005 0.004 0.003

Pa/AD – 0.012 0.013 0.008 0.012

Ap 0.004 0.191 0.195 0.191 0.192 0.197

Az 0.007 0.160 0.162 0.160 0.161 0.165 0.110

Tc 0.006 0.167 0.169 0.168 0.167 0.171 0.135 0.132

AD Amblyraja doellojuradoi, BB Bathyraja brachyurops, PN Psammobatis normani, SB Sympterygya
bonapartii, ZC Zearaja chilensis

Fig. 3 Non-metric two-dimensional ordination plot and cluster analyses
of K2P p-distances of the partial mtcox1 of Pseudanisakis argentinensis
n. sp. and Anisakis spp. Results of a hierarchical agglomerative clustering
are shown as dendrograms and overlaid on the MDS plot with similarity
levels represented by a grey scale. Pa Pseudanisakis argentinensis n. sp.
Az Anisakis ziphidarum. Ap Anisakis pegreffii. AD Amblyraja
doellojuradoi. BB Bathyraja brachyurops. PN Psammobatis normani.
SB Sympterygia bonapartii. ZC Zearaja chilensis
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Despite that mtcox1 is not often used for the recognition of
anisakids (Mattiucci et al. 2008), this gene is routinely used
for species discrimination in barcoding studies (Hebert et al.
2003a). Congeneric species of animals regularly possess sub-
stantial sequence divergence in their mtcox1, whereas intra-
specific divergence is rarely greater than 2% and, in most
cases, is less than 1% (Hebert et al. 2003b). The maximum
value of divergence observed for P. argentinensis n. sp., both
within and between host species (1.3%), lies within the range
of intraspecific divergence. By contrast, divergence values
between Anisakis species were notably greater (11%). The
low genetic divergence values found among specimens of
Pseudanisakis indicate that all of the worms analysed belong
to one and the same species, a result supported by the other
measurements of species delimitation (ABGD and mPTP)
applied.

Three of the six species identified as hosts of
P. argentinensis n. sp. have previously been reported to be
parasitized by P. tricupola. These host records include two
occurring in the Atlantic, B. brachyurops (see Gibson 1973)
and S. bonapartii (see Tanzola et al. 1998), and one,
Z. chilensis (as Raja chilensis), in the Golfo de Arauco,
Chilean Pacific (Fernández and Villalba 1985), the latter of
whom suggested that this parasite has a continuous distribu-
tion between Pacific and Atlantic waters. Considering the dif-
ferences between P. tricupola and the new species, in addition
to morphological and molecular analyses indicating the pres-
ence of a single species parasitizing the different skate species
in the region, previous records of P. tricupola in South
American waters are regarded as conspecific with
P. argentinensis n. sp.

Consequently, only P. sulamericana and P. argentinensis n.
sp. are considered to be present in South American waters,
whereas P. tricupola and P. rajae are restricted to the
Northern Hemisphere. These results are in accordance with
the high level of endemism displayed by skate genera charac-
teristic of South American waters (Figueroa et al. 2013). In
fact, three of the six genera of skates parasitized by
Pseudanisakis (Sympterygia, Rioraja and Psammobatis) are
endemic to the Southwest Atlantic Ocean.

Despite the apparent low host specificity of the new spe-
cies, it was not found in any of the 26 specimens of
A. castelnaui examined; however, this may be attributed to
an ecological rather than a phylogenetic specificity. In fact,
the life-cycle of Pseudanisakis spp. is unlikely to include bony
fishes as intermediate hosts, a role apparently played by crus-
taceans (Gibson 1973; Santos et al. 2004). Indeed, whereas
most skate species herein examined are basically
carcinophagous (Cousseau and Perrotta 2013; Bellegia et al.
2014, Estalles et al. 2016), A. castelnaui is mainly piscivo-
rous, a predilection that increases as the fish grows (Barbini
and Lucifora 2012), thus reducing its exposure to infective
stages of Pseudanisakis.
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