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ABSTRACT: Anisakid nematodes have been identified in a wide variety of fish and marine mam-
mal species. In Brazil, Anisakis physeteris, A. insignis, A. typica, A. nascetti, and those of the A.
simplex complex have been reported infecting fishes and cetaceans. In this study, specimens col-
lected from a dwarf sperm whale Kogia sima (Owen, 1866) stranded on the northeastern coast of
Brazil were identified through morphological and genetic analyses as A. paggiae. Anisakids were
examined through differential interference contrast light and scanning electron microscopy
(SEM). Morphological and morphometric analysis revealed that these specimens belonged to
Anisakis sp. clade II and more specifically to A. paggiae, exhibiting a violin-shaped ventriculus
and 3 denticulate caudal plates, which are taxonomic characters considered unique to this species.
Genetic analysis based on the mtDNA cox2 gene confirmed our identification of A. paggiae.
Phylogenetic trees using both maximum likelihood and neighbor-joining methods revealed a
strongly supported monophyletic clade (bootstrap support = 100 %) with all available A. paggiae
sequences. Integrative taxonomic analysis allowed the identification of A. paggiae for the first
time in Brazilian waters, providing new data about their geographical distribution. Moreover, here
we present the first SEM images of this species.
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INTRODUCTION

Nematodes of the genus Anisakis Dujardin, 1845
are common parasites of marine mammals, the defin-
itive hosts. Humans can become infected by ingest-
ing raw or undercooked fish, the intermediate hosts,
thereby acquiring anisakiasis (Mattiucci & Nascetti
2008). In Brazil, anisakid infections reported in the
marine cetaceans Stenella clymene, S. longirostris,
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Peponocephala electra, Steno bredanensis, and
Kogia breviceps (Motta et al. 2008) were identified as
A. typica (Iniguez et al. 2011). Anisakis typica and A.
physeteris were previously identified in Brazil by
means of genetic markers (D'Amelio et al. 2000, Mat-
tiucci et al. 2002, Mattiucci & Nascetti 2008, Iniguez
et al. 2009, 2011, Borges et al. 2012). Recently, A.
nascettii was identified and genetically characterized
in a Gervais' beaked whale Mesoplodon europaeus
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stranded on the northeast coast of Brazil (Di Azevedo
et al. 2014). Anisakis nascettii, A. physeteris, A. insig-
nis, A. typica, and those of the A. simplex complex
were therefore the only species identified to date in
cetaceans from this country (Luque et al. 2010, Di
Azevedo et al. 2014). However, some specimens
were reported as Anisakis sp. (Carvalho et al. 2010,
Luque et al. 2010), suggesting that other species
might also be found in the littoral of Brazil.

Anisakis paggiae Mattiucci et al. 2005 was
described as a taxon of Anisakis sp. clade II in K.
sima and K. breviceps from West Atlantic waters, on
the coast of Florida, USA (Mattiucci et al. 2005).
Anisakis paggiae have also been reported on the
coast of Europe (Mattiucci et al. 2007), Caribbean
Sea (Colén-Llavina et al. 2009), Gulf of Mexico (Cav-
allero et al. 2011), coast of Japan (Murata et al. 2011),
and in the Irminger Sea, North Atlantic Ocean
(Klimpel et al. 2011). Reports of A. paggiae in sword-
fishes from Atlantic tropical-equatorial waters (Gar-
cia et al. 2008, 2011) expanded the geographical dis-
tribution of this species to South Atlantic waters
(10°S). Recently, Anisakis sp. specimens genetically
close to A. paggiae were identified in a dwarf sperm
whale K. sima from the Philippine archipelago (Quia-
zon et al. 2013). In the present study, integrative tax-
onomy, based on genetic and morphological data,
revealed for the first time the presence of A. paggiae
on the northeast coast of Brazil, providing a new geo-
graphical location for this species.

MATERIALS AND METHODS
Samples and morphological analysis

Nematodes were recovered during necropsy of a
dwarf sperm whale stranded on Barra das Moitas
beach, Amontada municipality in the state of Ceard,
northeastern Brazil (03°01' 07" S, 39°39'46" W), on 2
August 2012. Worms (2 males and 3 females) were
collected from stomach contents and conserved in
ethanol (70 %) until morphological screening. First,
all specimens were observed through light micro-
scopy to identify taxonomic characters of genus and
species, following Davey (1971) and Mattiucci et al.
(2005). Then, 1 male and 3 females had their anterior
and posterior regions separated, clarified by Amann's
lactophenol, and analyzed with a Zeiss Axiophot
microscope, using bright field and differential inter-
ference contrast. Mid-section fragments were freeze-
dried for molecular studies. One male was reserved
for scanning electron microscopy (SEM) following

the protocol of Lopes Torres et al. (2013). Two speci-
mens of Anisakis paggiae including 1 male (no.
35796a) and 1 female (no. 35796b) were deposited in
the Helminthological Collection of Oswaldo Cruz
Institute (Colecao Helmintologica do Instituto Os-
waldo Cruz-CHIOC), Oswaldo Cruz Foundation
(Fiocruz), Rio de Janeiro.

DNA extraction and PCR assay

Samples were ground in liquid nitrogen and DNA
extraction was conducted using the QlAamp® DNA
Mini Kit (Qiagen), as described by Iniguez et al. (2012).
DNA was quantified using a spectrophotometer (Gene
Quant II, Pharmacia Biotech). A mitochondrial DNA
fragment of 629 bp from cytochrome oxidase gene
subunit 2 (mtDNA cox2) was amplified using primers
and PCR conditions described by Nadler & Hudspeth
(2000) and Knoff et al. (2012), respectively. Amplicons
were directly sequenced using the Big Dye Terminator
v 3.1 Cycle Sequencing Ready Reaction kit (Applied
Biosystems) in a 3100 Automated DNA Sequencer as
recommended by the suppliers.

Sequencing analysis

Sequences were analyzed using the global Basic
Local Alignment Search Tool (BLAST, National Center
for Biotechnology Information database) and BioEdit
v7.0.4.1 (Department of Microbiology, North Carolina
State University, USA). Intra- and inter-specific ge-
netic distances were calculated using MEGA v 6
(Tamura et al. 2013) with the Kimura-2-parameter
(K2P) model (Kimura 1980). Maximum likelihood
(ML) and neighbor-joining (NJ) phylogenetic trees
were inferred using the same software, with the K2P
model following the Barcoding CBOL protocol (www.
barcodeoflife.ord/content/resources/standards-and-
guidelines), and a general time reversible (GTR)
model, as selected by the Model Selection tool in
MEGA, respectively. Complete deletion and gamma
distribution parameters were used. One thousand
bootstrap replicates were applied to evaluate the reli-
ability of clusters. Hysterothylacium aduncum (Gen-
Bank JQ934891) was used as the outgroup. The cox2
gene alignment was examined for genetic signatures
(i.e. polymorphisms shared only by individuals of a
species or a clade), using GeneDoc software v. 2.6.002
(Nicholas et al. 1997). Sequences were translated us-
ing the invertebrate mitochondrial code and cy-
tochrome oxidase 2 protein (COII) and also checked
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papilla (Fig. 1A,B). A short violin-shaped ventriculus
could be observed (Fig. 1C, Table 1). The female pos-
terior end exhibited a conical tail with a terminal
anus (Fig. 1D), while males had a pair of similar
spicules and numerous cloacal papillae (Fig. 1E,
Table 1). SEM showed the anterior end with 3 promi-
nent lips ornamented with denticles, amphids, and
papillae (Fig. 2A). These papillae were present on
the external surface of the lips (Fig. 2A). The internal

surface presented cuticular bifid structures with
internal denticles organized in plates (Fig. 2A). The
dorsal lip presented 2 large papillae, and each ven-
trolateral lip had a double papilla and an amphid
(Fig. 2A-C). At the posterior end, it was possible to
observe a tail with a rounded terminal tip, a cuticular
surface containing numerous caudal papillae, and 2
cuticular dilatation structures (Fig. 2D). Caudal pa-
pillae (nomenclature according to Fagerholm 1989)

Fig. 2. Scanning electron microscopy of Anisakis paggiae male. (A) Anterior
end, showing 1 dorsal lip with 2 large papillae (arrowheads) and 2 ventrolat-
eral lips, 1 of which is showing 1 double papilla (arrowhead) and 1 amphid
(arrow). (B) Detail of a large papilla. (C) Detail of an amphid. (D) Posterior end,
showing numerous proximal papillae and 1 of the lateral cuticular dilatations
(arrow). (E) Posterior end, showing 9 pairs of single precloacal papillae, a pair
of single proximal papillae, a pair of double paracloacal papillae, and 4 pairs
of single postcloacal papillae. (F) Detail of the cloacal region, showing the
cuticular median structure (arrow), 3 denticulate caudal plates (plectanes), a
pair of single proximal papillae, and a pair of double paracloacal papillae. (G)
Rounded tail tip showing the last pair of postcloacal (distal) papillae and a
phasmid (arrowhead). Scale bars = (A) 50 pm, (B,C,F,G) 10 pm, (D) 500 pm,
(E) 100 pm

were as follows: 9 pairs of precloacal
papillae were arranged in a single row,
1 pair of single proximal papillae, 1 pair
of double paracloacal papillae, and 4
pairs of single postcloacal (distal)
papillae (d1, d2, d3, and d4; Fig 2E,F).
On the cloacal aperture, there were 3
denticulate caudal plates, wpll, wpl2,
wpl3 (plectanes; Fig. 2F). On the tip of
the tail, on the lateral surface of the
cuticle, we observed a pair of phas-
mids (Fig. 2G).

Molecular data

The nucleotide sequence of the cox2
gene confirmed the species identity
as A. paggiae in sample AV 60.6.
Negative results were possibly due to
poor quality/quantity of DNA, since
specimen conservation was not appro-
priate for genetic analysis. BLASTn
searches revealed 99 % identity with
A. paggiae (GenBank accession num-
ber DQ116434). Alignment with all
previously characterized sequences of
anisakid nematodes (505 bp), using an
A. berlandi (formerly A. simplex sp. C;
Mattiucci et al. 2014) sequence (DQ11
6429) as a reference, revealed 4 gen-
etic signatures of clade II (i.e. poly-
morphisms shared only by individuals
of clade II): G98A, A207T, G369A, and
G477T, and 3 genetic signatures of A.
paggiae species: G181T, G192T, and
T396G (i.e. polymorphisms shared
only by A. paggiae sequences; Fig. 3A).
Pairwise interspecific analysis with
9 previously characterized Anisakis
species and the Anisakis sp. sequence
from this study revealed a high level
of genetic identity with A. paggiae se-
quences (K2P = 0.023; SE = 0.004). In-



Di Azevedo et al.: Anisakis paggiae from Brazilian waters 107

traspecific genetic distances between avail-
able A. paggiae sequences and the one from
this study ranged from K2P = 0.014 (SE =
0.005) to K2P = 0.033 (SE = 0.008). The mini-
mum value of the A. paggiae interspecific
distance (K2P = 0.123; SE = 0.015) was
obtained with A. ziphidarum. This value was
higher than the maximum value of intraspe-
cific distance of A. paggiae (K2P = 0.033; SE B
= 0.008), indicating the existence of the so-
called barcode gap, i.e. a lack of overlap
between intra- and interspecific distances
(Ratnasingham & Hebert 2007). Conse- -
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Fig. 3. Alignment of (A) cox2 gene and
(B) COII protein sequences from Ani-
sakis spp. and those obtained in this
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paggiae are in dark grey and in boxes,
respectively. Only sequence portions
with genetic signatures described are

study (AV60.6).

390
AATCGTTGTGTTGTTCCTTGTG

quently, inclusion of the sequence reported ®

here did not affect A. paggiae as a taxo- g-< . 2% RIS © i 0 0.0
nomic unit. The generated ML and NJ REEEEREN P

topologies confirmed the identity of A. pag- e e 5 -

giae. Phylogenetic analysis revealed Ani- B .. e e s ol

sakis sp. from this study clustering with all o,g = ( A - RERREE

A. paggiae sequences reported in a mono- Tlo - eeesessseesses %

phyletic clade with a high bootstrap value ‘K 000  20ccc<c<cccs -2l

(ML = 94 %, NJ = 100 %; Fig. 4). Comparison o SRR R
of the COII protein revealed a specific A. DN 8=
paggiae sequence with 168 amino acids C e
from positions 24 to 191 using A. berlandi (A. QoS i 75 -------
simplex C) DQ116429 sequence as a refer- SR 0
ence (Fig. 3B). The A. paggiae COII se- IS
quence is characterized by the genetic sig- S_Z SEREEN @000
natures G28V, N34S, V137I, and V169L, as > 7T T i
well as S33N, which is specific to clade II, TTor
and A61F, which is specific to A. paggiae —a
specimens (Fig. 3B). =
g,’%‘ ......
§_F Lo O Qoo ;
DISCUSSION N . o
ERURREE - e
Phylogenetic analysis based on allozymes § (FWWWWW a—‘j’ I
and nuclear and mitochondrial DNA divided 5-h ' : ““
the genus Anisakis into 2 major clades. 2o o
These clades were also distinguished by lar- o ORI -
val morphotype (Mattiucci & Nascetti 2008, _§ 5 ¢ s—% C
Mattiucci et al. 2009). The taxonomic key for . o EEEErrrEeEEn Collil
adult recognition is based mainly on mor- BT 000 000000000808 O
phological features, including length and SREEREN @090 f
shape of both ventriculus and male spicules, g 5  [©00O0000000000000 g ...
as well as the arrangement of male caudal SR StE D s
papillae. In this study, we identified Ani- _E S —§ SEERN
sakis sp. specimens belonging to clade II o s«é o2 Em‘:ﬁ
based on the original description by Mat- §35,53058 28ssessess  5585.53i58 g83sssasss
pecies from CTITTTCCCSRASNNARNEE CTCTCCCTIgRRSRananas
clade II, viz. A. physeteris, A. brevispiculata, < 888838888z2eee2%2%2z ™M 388888888z eeese22%a

shown



108

Dis Aquat Org 113: 103-111, 2015

64

KC821731 A. paggiae
AB592807 A. paggiae
KC342895 A. paggiae
EU560910 A. paggiae
AB592810 A. paggiae
AB592808 A. paggiae
AV60.6

DQ116434 A. paggiae
AB592806 A. paggiae
AB592809 A. paggiae

81

72

62

82

o3 DQ116432 A. physeteris
99 L AB592801 A. physeteris

991 DQ116433 A. brevispiculata
99 ’— KC342901 A. brevispiculata

Clade Il

g9 DQ116430 A. ziphidarum

W[AB517573 A. ziphidarum
1001 DQ116431 A. nascettii
I 1001 GQ118167 A. nascettii

DQ116428 A. pegreffii
JF423270 A. pegreffii

96 DQ116427 A. typica
100 I—— KC928266 A. typica

g51 DQ116426 A. simplex (s.s)
HM437218 A. simplex (s.s)
JF423295 A. simplex C
1001 DQ116429 A. simplex C

0.1

and A. paggiae. Spicules and ventricules of males
were shorter than 0.35 mm and 0.56 mm, respectively
(Table 1), therefore excluding the possibility of spec-
imens belonging to A. physeteris and A. brevispicu-
lata (Mattiucci et al. 2005). As the spicules were
shorter than 0.22 mm and 3 denticulate caudal plates
were present, we determined that the species ana-
lyzed here was A. paggiae.

An adult male A. paggiae was analyzed by SEM.
Our results showed that the anterior end of this nem-
atode presented denticles that may be related to fix-
ation on host tissue (Motta et al. 2008). The previ-
ously described double papillae in the dorsal lip
(Mattiucci et al. 2005) did not have an external divi-
sion, constituting, in fact, a large papilla. A similar
structure was observed in Contracaecum osculatum

Fig. 4. Maximum likelihood (ML)
tree inferred from mtDNA cox2
gene sequence data from Anisa-
kis paggiae obtained in this study
(AV60.6); the Anisakis spp. clade
II cluster is also shown. Numbers
at nodes are bootstrap values
higher than 50 %. Regular num-
bers correspond to ML GTR plus
gamma distribution support val-
ues and numbers in italics corres-
pond to the neighbor-joining K2P
plus gamma distribution support
values. GenBank accession num-
bers and species names are
shown. Hysterothylacium adun-
cum is the outgroup. The tree is
drawn to scale, with branch
lengths measured as the number
of substitutions per site

JQ934891 H. aduncum

by SEM (Fagerholm 1989). Moreover, the originally
reported median papilla on the posterior end of
males did not have the morphology of a papilla,
being a cuticular median structure, as clearly shown
by SEM analysis in the present study. Finally, the dis-
tribution of papillae in the cloacal region observed by
SEM analysis resembled that reported by Mattiucci
et al. (2005).

Morphological identification of A. paggiae was also
confirmed genetically through cox2 genetic distance
comparison, NJ and MP phylogenetic trees, and in
silico protein and DNA signature analyses. Inter- and
intraspecific genetic distances supported our identifi-
cation of A. paggiae. Phylogenetic trees exhibited a
monophyletic and strongly supported clade with
Brazilian Anisakis sp. and all previously character-
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Table 2. Hosts and geographical location of Anisakis paggiae described to date

Host(s) Geographical location

Reference

Definitive hosts

Kogia breviceps and K. sima
K. breviceps

K. breviceps and K. sima

K. breviceps and K. sima

K. sima

Florida coast, USA

Caribbean Sea
Gulf of Mexico
Atlantic coast of Brazil

Intermediate hosts

Merluccius merluccius
Atlantic coast of Europe

Aphanopus carbo

Xiphias gladius Atlantic coast of Europe

Theragra chalcogramma Pacific coast of Japan

Beryx splendens Pacific coast of Japan

Anoplogaster cornuta

West Atlantic Ocean (Florida coast)

Northeastern Atlantic Ocean (Galician coast)
Central Atlantic waters (off Madeira)
Atlantic tropical-equatorial waters

Eastern tropical and Central South Atlantic Ocean

Irminger Sea (North Atlantic)

Mattiucci et al. (2005)
Valentini et al. (2006)
Colén-Llavina et al. (2009)
Cavallero et al. (2011)
Present study

Mattiucci et al. (2005
Mattiucci et al. (2007
Mattiucci et al. (2005
Mattiucci et al. (2007
Garcia et al. (2008)
Garcia et al. (2011)
Quiazon et al. (2009)
Murata et al. (2011)
Klimpel et al. (2011)

—_ = — =

ized A. paggiae. DNA and protein signatures revea-
led not only polymorphisms specific to A. paggiae
species, but also to clade II. Our study corroborates
the usefulness of the cox2 genetic marker as a bar-
code of anisakid species, as previously shown
(Valentini et al. 2006, Mattiucci et al. 2009, Knoff et
al. 2012, Di Azevedo et al. 2014).

According to the literature (Table 2), the spectrum
of definitive hosts of A. paggiae is limited to members
of the family Kogiidae (Klimpel et al. 2008, 2010),
including Kogia breviceps and K. sima. Regarding
the intermediate/paratenic hosts of A. paggiae, some
fish species have so far been recognized (Table 2).
Cephalopods and marine fish, and occasionally crus-
taceans, are prey items for dwarf sperm whales
(Willis & Baird 1998, Culik 2010, Klimpel et al. 2010).
Parasite transmission in aquatic ecosystems should
be inferred in the context of food webs (Marcogliese
2002). Xiphias gladius, Beryx splenden, and Anoplo-
gaster cornuta were reported as intermediary hosts
of A. paggiae (Table 2) and are found in Brazilian
waters (Froese & Pauly 2014). Therefore, it would be
expected that A. paggiae could be found in the lit-
toral of this country. Moreover, according to Culik
(2010), the geographical distribution of dwarf sperm
whales is widespread in tropical and temperate
seas, including South Atlantic waters. The above-
mentioned arguments suggest a possible mainte-
nance of the A. paggiae cycle in this region.

Until recently, reports of A. paggiae had been lim-
ited to boreal waters (Table 2). A record of A. pag-
giae infecting K. breviceps along the South African
coast, reported by Mattiucci & Nascetti (2006, 2008),

is not supported by those studies' referred literature.
Therefore, the geographic distribution of A. paggiae
had been restricted to a range of 15 to 45° N, before it
expanded to 10°S with findings in Atlantic tropical—
equatorial waters (Garcia et al. 2011). Our data
revealed the presence of A. paggiae in a new geo-
graphical location, i.e. the northeast coast of Brazil,
Atlantic coast of South America, suggesting a wider
distribution of this species and confirming its austral
occurrence.
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