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Abstract

The application of molecular systematics to the anisakid nema-
todes of the genera Anisakis, Pseudoterranova and Contracaecum,
parasites of aquatic organisms, over the last two decades, has
advanced the understanding of their systematics, taxonomy, ecol-
ogy and phylogeny substantially. Here the results of this effort on
this group of species from the early genetic works to the current
status of their revised taxonomy, ecology and evolutionary aspects
are reviewed for each of three parasitic groups. It has been shown
that many anisakid morphospecies of Anisakis, Contracaecum and
Pseudoterranova include a certain number of sibling species.
Molecular genetic markers provided a rapid, precise means to
screen and identify several species that serve as definitive and
intermediate and or/paratenic hosts of the so far genetically char-
acterized species. Patterns of differential distribution of anisakid
nematodes in various definitive and intermediate hosts are pre-
sented. Differences in the life history of related species can be due
both to differential host—parasite co-adaptation and co-evolution,
and/or to interspecific competition, that can reduce the range
of potential hosts in sympatric conditions. Phylogenetic hypotheses
attempted for anisakid nematodes and the possible evolutionary
scenarios that have been proposed inferred from molecular
data, also with respect to the phylogeny of their hosts are pre-
sented for the parasite—host associations Anisakis-cetaceans and
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Contracaecum-pinnipeds, showing that codivergence and host-
switching events could have accompanied the evolution of these
groups of parasites.

Finally, examples in which anisakid nematodes recognized genet-
ically at the species level in definitive and intermediate/paratenic
hosts from various geographical areas of the Boreal and Austral
regions and their infection levels have been used as biological
indicators of fish stocks and food-web integrity in areas at high
versus low levels of habitat disturbance (pollution, overfishing,
by-catch) are presented.

1. INTRODUCTION

Adult nematodes of the genera of most species of the anisakid nematodes
Anisakis, Dujardin, 1845, Pseudoterranova Krabbe, 1878 and Contracaecum
Railliet and Henry, 1913 are parasites of the alimentary tract of aquatic
vertebrates. They display indirect life cycles in aquatic ecosystems and
involve various hosts at different levels in food webs. Marine mammals
(cetaceans and pinnipeds) and fish-eating birds serve as definitive hosts;
fish, squids and other invertebrates serve as intermediate or paratenic
hosts; and crustaceans serve as first intermediate hosts. In humans, sev-
eral larval anisakid nematodes cause the zoonotic disease, presently
known as ‘anisakidosis’ or ‘anisakiosis’, when consumed in raw or under-
cooked fish. Anisakis is considered as the most important anisakid genus
with regard to human infection (Audicana et al., 2002, and references
therein), but some species of Pseudoterranova also have been implicated
in human infections (Adams et al., 1997; Oshima, 1987), and a few species
of Contracaecum are potentially infective (Vidal-Martinez et al., 1994). This
zoonosis has a history starting from the first report (Van Thiel, 1960) of a
larval nematode from herring in the gastro-intestinal tract of humans in
the Netherlands. Some aspects of human anisakidosis have recently been
reviewed by Audicana et al. (2002). Because of the existence of several
excellent reviews by others authors on the history and clinical aspect of
the anisakidosis (Audicana et al., 2002; Chai ef al., 2005; Umehara et al.,
2007), this introduction will not summarize the major events that mark the
history of anisakid nematodes as causative agents of anisakidosis, but
instead will highlight major landmarks involved in our understanding of
their taxonomic status and ecology based on genetic markers. This field
has had a major impact during the last 20 years on our knowledge of these
parasites, including their host-specificity, geographical range and the
possible identification of human cases of anisakidosis.

Starting from the knowledge summarized in the exhaustive revision
by Smith and Wootten (1978), this review treats the explosion in the
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literature that has accompanied research activities on these nematodes
and resulted in a series of discoveries over the last 25 years on the
systematics and ecology of anisakid nematodes using molecular genetic
tools applied to their taxonomy. Indeed, based on the advances in our
understanding of the basic biology of Anisakis, reviewed by Smith and
Wootten (1978), this introduction starts from their concluding remarks
highlighting knowledge gaps and perspectives for investigations over the
next 30 years. One major gap concerned the identification of species.
Indeed, in the case of the species belonging to the genus Anisakis, they
wrote: ‘... despite Davey’s revision (1971), there are still taxonomic problems,
including the distinction between A. simplex and A. typica ...... The generic
diagnosis of Anisakis should be re-examined . ... Anisakis larva (I) from North
Atlantic waters has been cultured in vitro and shown to develop into A.
simplex: There is need to culture the other “larval types” in order to confirm
that they do, in fact, represent Anisakis and, if so, to determine which species
they represent ....". In 1978, Smith and Wootten underlined the major gap
in our knowledge of nematode biology at that date, as represented by the
genus Anisakis but also relevant to other anisakid species, that is, the
identification of biological species. Indeed, species identification, based
on morphological characters only, is difficult for adults, but even more
difficult for larval stages.

The need for species identification was especially important for larval
stages of Anisakis because they have been implicated as causative agents of
human anisakidosis. Indeed, Smith and Wootten (1978) concluded their
review as follows: “. . . in these circumstances there is need for reliable methods of
differential diagnosis. There is much scope for future investigation’. Thus, this
‘future investigation’ started with the application of molecular genetic
methodologies in an attempt to address the systematics of these anisakids.
The prospect of assessing anisakid nematode biodiversity based on molec-
ular genetic markers as the preferred diagnostic tools seemed promising
because the unambiguous identification of specimens causing human
disease (anisakidosis) is essential for a proper epidemiological survey.

The power of resolution of molecular genetic methodologies in detect-
ing anisakid species revolutionized the taxonomy of these species during
the following 25 years. Most descriptions of parasite species conformed
with what can be regarded as the ‘morphological or typological, species
concept’. Because genetic speciation is not always accompanied by
corresponding morphological change, the actual number of biological
species is likely to be greater than the current tally of nominal species,
most of which are delineated based on morphological grounds.

Detecting biological species of anisakid nematodes challenged para-
sitologists via an expected genetic variation and heterogeneity within
the nominal species and has led to the definition of anisakid species
according to the Mayr’s (Mayr, 1963) ‘biological species concept’ (BSC).
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The aim of this review is to gather together the many and varied
aspects concerning the biology and evolutionary ecology of those anisa-
kid species detected genetically and recognized as members of Anisakis,
Pseudoterranova and Contracaecum, including (a) species presently accep-
ted as senior synonyms based on the application of different molecular
genetic markers; (b) current molecular genetic approaches to identify
anisakid species; (c) ecological evidence relating to the geographical dis-
tribution of detected species, their host preferences and life cycles; (d) the
use of anisakid nematodes as biological tags for fish stock identification in
a multidisciplinary approach; (e) correlation between the values of
genetic variability and the levels of parasitic infection in definitive and
intermediate/paratenic hosts as indicators of the integrity of marine food
webs; (f) estimates of genetic divergence at intraspecific and interspecific
levels; and (g) estimates of their genetic relationships based on different
clustering approaches inferred from different molecular genetic data sets
and their use to infer phylogenetic hypothesis and possible co-evolutionary
events with their definitive hosts.

2. MOLECULAR SYSTEMATICS OF ANISAKID NEMATODES

The nematode superfamily Ascaridoidea contains ~52 genera; species are
mainly parasites of the alimentary tract of vertebrates. Several are of
medical and veterinary concern, and some are of economic significance.
The classification scheme for members of the Anisakidae proposed by
Hartwich (1974) is based largely on features of the ‘excretory system’ and
alimentary tract. According to the ‘systematic keys’ of Hartwich (1974),
the family Anisakidae contains the subfamilies Anisakinae and Contrac-
aecinae. The Anisakinae includes (cf. Hartwich, 1974) the genera Anisakis
and Pseudoterranova plus several others. The Contracaecinae includes
three genera, Contracaecum, Phocascaris and Galeiceps. Species of Anisakis,
Pseudoterranova, Contracaecum and Phocascaris have aquatic life cycles and
homeothermic final hosts.

Anisakid nematodes have been extensively studied with respect to
their alpha-taxonomy (Berland, 1961, 1964; Bruce and Cannon, 1990;
Davey, 1971; Deardoff and Overstreet, 1979; Fagerholm, 1989, 1991;
Fagerholm and Gibson, 1987; Gibson, 1983; Osche, 1963; Sprent, 1977,
1978, 1979, 1983) and life cycles (Huizinga, 1967; Kloser et al., 1992; Kgie
and Fagerholm, 1995).

Much of the controversy in the systematics of anisakid species, when
dealing with identifications based solely on morphological differences,
revolved around their confused taxonomic position. Indeed, morpholog-
ical characters of taxonomic significance in this group are very few
(i.e. features of the excretory system, alimentary canal, number and
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distribution of male caudal papillae, position of the vulva and length of
the spicules) and are applicable to adult specimens only. Furthermore,
these are often only relevant to male individuals, making identification
difficult for many worms at the species level. In recent decades, molecular
genetic techniques have been used to demonstrate that structural features
are not always adequate for recognizing ‘true’ species within Anisakis,
Pseudoterranova and Contracaecum. In the last two decades, the diversity of
anisakid species has increased due to the detection by genetic markers of
several sibling species with reproductively isolated gene pools that are
morphological very similar, and thus correspond to the ‘biological spe-
cies’. There are now morphospecies, or species complexes, based on
previously recognized cosmopolitan species (sensu lato), that may com-
prise several recognized species. This solved one of the major problems in
the systematics of anisakid nematodes: the occurrence of the parallelism
and convergence of morphological features, which confound the system-
atic value of some morphological criteria and often accompany a high
genetic and ecological divergence between the species. The lack of mor-
phological differences in these parasites may be due to factors such as
similar selection pressures causing the conservation of morphology; con-
sequently, some morphological characters have little or no taxonomic
value because of the evolutionary co-adaptation of these endoparasites
to the stable habitat represented by their definitive hosts. Indeed mor-
phospecies may appear to have multiple host species, that is, parasite
populations isolated in their hosts have diverged genetically but have
conserved morphological features. Moreover, species identification based
on morphological characters only makes identification very difficult,
especially for larval stages that lack reliable diagnostic features at the
species level.

Thus, the inconsistency in morphological characteristics of anisakid
nematodes impeded the development of a credible scheme for their
taxonomy. This prompted the need to classify these nematodes using
genetic and /or biochemical methods. The assessment of anisakid nema-
todes biodiversity based on molecular genetic markers as preferable
tools for specific diagnosis was an important prospect because the unam-
biguous identification of those anisakids with a zoonotic potential is an
essential requirement for a proper epidemiological survey.

Initial attempts to apply population genetics to the study of genetic
variation among large samples of anisakids collected from different inter-
mediate/paratenic and definitive hosts in nature employed the use of
multilocus allozyme electrophoresis (MAE) (19-24 enzyme loci). These
tools revealed the existence of high genetic heterogeneity within certain
anisakid morphospecies, such as those of Amnisakis, Pseudoterranova and
Contracaecum (Bullini et al., 1986; Mattiucci et al., 1986, Nascetti et al., 1986;
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Paggi et al., 1991). The species concept (BSC) (Mayr, 1963) was well
supported by the application of allozyme markers for several anisakid
species. Indeed, after the first such application, the diversity of species
belonging to Anisakis, Pseudoterranova and Contracaecum quickly increased
after the detection of several sibling species and leads to the discovery and
description of several new species. Reproductive isolation and absence of
gene flow were demonstrated by these allozymes between sympatric and
allopatric sibling species, establishing their specific status (Mattiucci ef al.,
1997, 2001, 2003, 2005; Nascetti ef al., 1993; Paggi et al., 1991). Allozyme
markers have allowed us to (a) genetically characterize different species
of anisakid nematodes, (b) estimate their genetic differentiation, (c) estab-
lish their genetic relationships, and (d) identify their larval stages which
lack morphological characters (Arduino et al., 1995; Bullini ef al., 1986,
1994, 1997; Mattiucci and Nascetti, 2006; Mattiucci et al., 1986, 1997, 1998,
2001, 2002a, 2003, 2004, 2005, 2006, 2007a, 2008a,b,c; Nascetti et al., 1986,
1993; Orecchia et al., 1986a, b, 1994; Paggi and Bullini, 1994; Paggi et al.,
1991, 1998b, 2000, 2001).

The introduction of the polymerase chain reaction (PCR)-derived
molecular methodologies later confirmed taxonomic decisions involving
anisakid species previously based on allozyme markers. Reference indi-
viduals initially characterized by allozymes have been used to develop
DNA-based approaches for species identification, such as PCR-RFLP and
direct sequencing of ITS rDNA or mitochondrial DNA.

Ascaridoid classifications and inferred patterns of character evolution
have been investigated previously, and some evolutionary hypotheses for
representative ascaridoids, some of which are anisakids, have been pro-
posed based on phylogenetic methods, including ribosomal DNA
sequence data and comparative analysis of morphological and life-history
characters (Nadler, 1992, 1995, 2005; Nadler and Hudspeth, 1998; Zhu
et al., 2000a). Results from these studies identified some consistent, puta-
tive, shared-derived morphological features, strongly suggesting that
some morphological features represent ancestral states or highly homo-
plastic characteristics (Nadler and Hudspeth, 1998). Phylogenetic analysis
indeed provided a new perspective for the delimitation of anisakid sib-
ling species, including hierarchical relatedness and relative rates of evo-
lution. An evolutionary perspective provides a conceptual approach to
view species as independent evolutionary lineages and provides another
approach for delimitating species (Adams, 1998; Nadler, 2002, 2005).
Indeed, based on phylogenetic DNA analysis, sibling anisakid species
have been confirmed by methods that can test the hypothesis of lineage
independence analysing many individual specimens and sometimes
detecting new genotypes and species (D’Amelio et al., 2000, 2007;
Mattiucci et al., 2008b, ¢; Nadler et al., 2000; 2005; Valentini et al., 2006).
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2.1. Current methods for anisakid identification

Except for some morphological differences between anisakid species
(Mattiucci et al., 1998, 2005, 2008c; Paggi et al., 1998b, 2000), all the species
genetically characterized are to date indistinguishable at all developmen-
tal stages (larvae and adults); consequently, only molecular genetic mar-
kers can be used reliably to identify these species. Of all the recently
developed tools, and despite the useful PCR-derived molecular markers,
allozymes continue to remain the best methodological approach for
demonstrating reproductive isolation between anisakids. Starting from
the study of genetic variation at several enzyme loci, the main argument
in favour of using allozymes is the ability to test (using the Hardy-
Weinberg equilibrium) for reproductive isolation of anisakid populations
among large numbers of individuals. Accordingly, allozymes provide the
best choice for determining molecular genetic markers applied to the
systematics of anisakids and for confirming the BSC. Based on allozymes
diagnostic for different anisakid taxa, easy and rapid identification of
large numbers of individuals can be performed; this method is particu-
larly valuable for identifying larval individuals collected from several
intermediate/ paratenic hosts and often in mixed infections. Accordingly,
such identifications have been demonstrated to be very informative tools
for answering epidemiological questions involving geographical range,
host preference and life cycles. Moreover, because numerous allozymes
(2024 enzyme loci) have been applied to thousands of anisakid indivi-
duals, they have contributed greatly to our knowledge of the genetic
diversity of anisakid populations collected from various ecosystems in
the Boreal and Austral hemispheres (see also Section 8.2). However, the
tool is limited to frozen-preserved or fresh individuals.

This constraint has been resolved by DNA-based diagnostic techni-
ques, which have the advantage of also being able to use alcohol or
formalin-preserved specimens. In contrast with allozymes, the DNA-
based techniques have increased our ability to study phylogenetic rela-
tionships between related anisakids based on the evolutionary lineage
concept (Adams, 1998). The PCR-DNA molecular derived methodologies
so far applied to the systematics of anisakid nematodes include PCR-
restriction fragment length polymorphism (PCR-RFLPs of ITS-DNA)
(D’Amelio et al., 2000; Kijewska et al., 2002; Pontes et al., 2005), single-
strand conformational polymorphism SSCP-DNA (ITS) of PCR products
(Zhueet al., 1998, 2000b, 2007), direct sequencing of PCR-amplified DNA of
285 (LSU) and complete internal transcribed spacer (ITS-1, 5.8S, ITS-2)
ribosomal DNA (Hu et al., 2001; Li et al., 2005; Nadler et al., 2000, 2005;
Zhu et al., 1998, 2000b, 2001, 2002), mitochondrial cytochromoxidase b
(mtDNA cytb) (Mattiucci et al., 2003) and mitochondrial cytochromoxidase
2 (mtDNA cox2) sequence analyses (Mattiucci and Nascetti, 2006;
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Mattiucci et al., 2008b, c; Valentini et al., 2006). PCR-DNA markers have so
far confirmed the existence of the sibling species previously detected by
allozymes, establishing their taxonomic status. The only exception is
represented by the two Antarctic sibling species of the Contracaecum oscu-
latum complex (i.e. C. osculatum D and C. osculatum E), where PCR-DNA
markers based on ITS-rDNA (Zhu et al., 2000b) and three mitochondrial
DNA genes (i.e. mtDNA cox1, ssTRNA and IsrDNA) (Hu et al., 2001) were
unable to identify species previously detected by allozyme markers. In
contrast, the existence of the two sibling species, C. osculatum D and C.
osculatum E, first detected by allozymes, was confirmed by sequencing the
mtDNA cox2 gene (Mattiucci et al., 2008b). A scheme of allozymes and
PCR-derived methods which can be used routinely to identify a single
individual belonging to genetically characterized species and gene pools
of anisakids as belonging to the genera Anisakis, Pseudoterranova and Con-
tracaecum is provided in Tables 2.1-2.3, respectively.

3. THE CURRENT TAXONOMY

This section summarizes the current taxonomy of anisakid species of the
genera Anisakis, Pseudoterranova and Contracaecum (here considering only
those species maturing in pinnipeds) which have been genetically char-
acterized to date. They can be recognized, at any life-history stage, by
different molecular genetic approaches, as reported in Tables 2.1-2.3.
A synopsis of each recognized anisakid species, including data on both
the definitive and intermediate hosts and the geographical range, is also
presented.

3.1. The current taxonomy of Anisakis

The taxonomy of Anisakis species has traditionally relied on adult mor-
phology. According to Davey (1971), the primary characters are the length
and shape of the ventriculus, length and shape of the male spicules, and
arrangement of the male caudal papillae. According to Berland (1961),
larval morphological features (i.e. length of ventriculus and presence/
absence of caudal spine) could distinguish Anisakis type I and Anisakis
type Il larvae. In the revision by Davey (1971), the generic diagnosis for
Anisakis states: ‘three lips each bearing a bilobed anterior projection which
carries the single dentigerous ridge; interlabia absent; excretory gland with
duct opening between ventrolateral lips; oesophagus with anterior muscular
portion (proventriculus) and posterior ventriculus, the latter being oblong and
sometimes sigmoid or else as broad as long; no oesophageal appendix or intestinal
caecum; vulva in middle or first third of the body, spicules of male unequal;
preanal papillae numerous; postanal papillae including a group of three or four
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18S, 28S and 5.8S rDNA,
ITS rDNA
ITS rDNA

PCR and sequencing

PCR-RFLP

Aph, Abr
AsC, Ape, Asp

Asstr, Ape, Aty, Azi,
Aph, AspA

TABLE 2.1 Molecular genetic markers for the identification of the species of Anisakis

Molecular genetic marker Method Identified species” References

22 allozyme loci MAE Asstr, Ape Nascetti et al., 1986

20 allozyme loci MAE Asstr, AsC, Ape Mattiucci et al., 1997

25 allozyme loci MAE Azi, Ape, AsC, Aph Paggi et al., 1998b

20 allozyme loci MAE Asstr Mattiucci et al., 1998

5.85 rDNA, ITS rDNA PCR-RFLP; SSCP Asstr Zhu et al., 1998

18S and 5.8S rDNA, ITS PCR-RFLP Ape, AsC, Aty, Azi, Aph, D’Amelio et al., 2000

rDNA Abr, Asc

22 allozyme loci MAE Abr, Aph, Azi, Ape, AsC, Mattiucci et al., 2001
Aph

21 allozyme loci MAE Aty, Asstr, Ape, Azi, Ape, Mattiucci et al., 2002a
AsC, Aph

20 allozyme loci MAE Apa, Asstr, Ape, Aty, Az, Mattiucci et al., 2005

Nadler et al., 2005

Pontes et al., 2005



20 allozyme loci MAE Asp, Asstr, Ape, AsC, Mattiucci and
Aty, Azi, Aph, Ab, Apa Nascetti, 2006
Mitochondrial cytochrome PCR and sequencing Asstr, Ape, AsC, Aty, Valentini et al., 2006
c-oxidase subunit Azi, Aph, Abr,
2 (mtDNA cox2) Apa, Asp
ITS rDNA, 5.85 rDNA, PCR-RFLP Asstr, Ape Umehara et al., 2006
mitochondrial
cytochrome c-oxidase
subunit 1 (mtDNA cox1)
ITS rDNA, 5.85 rDNA PCR-RFLP Asstr, Ape Abe et al., 2006
Mitochondrial cytochrome PCR and sequencing Asstr Cross et al., 2007
c-oxidase subunit 1
(mtDNA cox1), NADH
dehydrogenase subunit 1
ITS-2 rDNA PCR-SSCP Ape, Aty Zhu et al., 2007
ITS rDNA Multiplex-PCR Asstr, Ape, Aph Umehara et al., 2008

LS

“ Codes for Anisakis spp.: Asstr, A. simplex (s.s.); Ape, A. pegreffii; AsC, A. simplex C; Aty, A. typica; Azi, A. ziphidarum; Aph, A. physeteris; Abr, A. brevispiculata; Apa, A. paggiae; Asp,
Anisakis sp.; Asc, A. schupakovi; AspA, Anisakis sp. A.
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TABLE 2.2 Molecular genetic markers for the identification of the Pseudoterranova
decipiens species complex

Molecular Identified
genetic marker  Method species’ References
16 allozyme MAE Pdss, Pkr, Paggi et al., 1991
loci Pbu
9 allozyme MAE Pca George-Nascimento
loci and Llanos, 1995;
George-Nascimento
and Urrutia, 2000
16 allozyme MAE Pdss, Pkr, Bullini et al., 1997
loci Paz, Pbu,
PdE
20 allozyme MAE Pbu, Paz, Mattiucci et al., 1998
loci Pdss, Pkr
ITS rDNA PCR-SSCP Pdss, Pkr, Zhu et al., 2002
Paz, Pbu,
Pca, PdCal
18S, 28S and PCR and Pdss, Pkr, Nadler et al., 2005
5.8 rDNA, sequencing Paz, Pbu,
ITS rDNA Pca, PdCal

® Codes for Pseudoterranova spp.: Pdss, P. decipiens (s.s.) (=P. decipiens B); Pkr, P. krabbei (=P. decipiens A); Pbu,
P. bulbosa (=P. decipiens C); Paz, P. azarasi (=P. decipiens D); PdE, P. decipiens E; Pca, P. cattani; PdCal,
P. decipiens from Chaenocephalus aceratus.

pairs set close to the tip of the tail on ventral side’. After a critical revision of
the 21 included species, Davey (1971) concluded that many of the species
had to be considered as junior synonyms of three main species, the only
ones accepted in his revision, that is, A. simplex (Rudolphi, 1809, det.
Krabbe, 1878) with 10 synonyms, A typica (Diesing, 1860) with one syno-
nym and A. physeteris (Baylis, 1923) with three synonyms. He also
retained four others as species inquirendae because of the lack of sufficient
data: A. dussurmierii (van Beneden, 1870) reported from a dolphin in the
Indian Ocean, A. schupakovi Mozgovoi, 1951 from the Caspian seal, Pusa
caspica (later redescribed and accepted by Delyamure ef al., 1964),
A. alexandri Hsti and Hoeppli, 1933 from Sotalia sinensis and A. insignis
(Diesing, 1851) from Inia geoffrensis in South America rivers (redescribed
and accepted by Petter, 1972).

According to Davey’s revision, the only morphological characters of
systematic value in recognizing the taxonomic status of the species of
Anisakis were the length and shape of ventriculus, length and shape of the



TABLE 2.3 Molecular genetic markers for the identification of the species of Contracaecum and Phocascaris from pinnipeds

Molecular genetic marker Method Identified species” References
17 allozyme loci MAE CoA, CoB, Coss Nascetti et al., 1993
24 allozyme loci MAE CoD, CoE, CoA, Orecchia et al., 1994
CoB, Coss
25 allozyme loci MAE Cra, CoA, CoB, Coss, Arduino et al., 1995
CoD, CoE
20 allozyme loci MAE CoA, CoB Mattiucci et al., 1998
28S rDNA PCR and sequencing CoA, CoB, Coss, Cba, Nadler et al., 2000
Crad, Cmir, Pcy, Pph
ITS rDNA PCR-SSCP CoA, CoB, Coss, Cbai Zhu et al., 2000
ITS rDNA PCR-RFLP; PCR-SSCP Cogm Zhu et al., 2001
18S and 28S rRNA, PCR-SSCP CoA, CoB, Coss, Cbai Hu et al., 2001
mitochondrial
cytochrome c-oxidase
subunit 1 (mtDNA cox1)
18 allozyme loci MAE Cogm, Cmar Mattiucci et al., 2003

(continued)



TABLE 2.3 (continued)

Molecular genetic marker Method Identified species? References
18S, 285 and 5.8S rDNA, ITS PCR and sequencing CoA, CoB, Coss, Crad, Nadler et al., 2005
DNA Cmir, Cbai, Cmar,
Cogm, Pcys, Pph
20 allozyme loci MAE CoA, CoB, Coss, CoD, Mattiucci et al., 2008b
CoE, Cbai, Crad,
Cmir, Cmar, Cogm,
Pcys
Mitochondrial cytochrome PCR and sequencing CoA, CoB, Coss, CoD, Mattiucci et al., 2008b
c-oxidase subunit CoE, Cbai, Crad,
2 (mtDNA cox2) Cmir, Cmar, Cogm,
Pcys

“ Codes for Contracaecum spp.: CoA, C. osculatum A; CoB, C. osculatum B; Coss, C. osculatum (s.s.) (=C. osculatum C); CoD, C. osculatum D; CoE, C. osculatum E; Cbai, C. baicalensis;
Cmar, C. margolisi; Crad, C. radiatum; Cogm, C. ogmorhini (s.s.); Cmir, C. mirounga; Pph, Phocascaris phocae; Pcys: Ph. Cystophorae.
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male spicules, arrangement of the male caudal papillae and position of
the vulva in females. Morphological features such as the length of the
ventriculus and presence/absence of caudal spine were proposed for the
recognition of larval stages of Anisakis, but these are too inconsistent and
inaccurate for use at the specific level (Berland, 1961; Shiraki, 1974).

Despite Davey’s valuable discussion, when considering the main
morphological characters of the species Anisakis, instability of their sys-
tematics, including their identification at the species level (especially in
the case of females and larvae), remained. The resolution of some of the
taxonomic issues, highlighted in this critical revision, has been achieved
during the last 20 years facilitated by the adoption of new methodologies,
allozymes first and DNA-based molecular methodologies later.

Starting from that critical revision, and based on our growing under-
standing on the systematic of species Anisakis, we can state that Davey’s
revision failed in considering only three species as valid and several
species as synonyms, as some of the latter have been subsequently vali-
dated by genetic methodology (Mattiucci et al., 2001). However, this
revision anticipated, in some way, a future cladistic analysis by indicating
morphological characters likely to be useful for the systematics of the
species belonging to Anisakis following their genetic identification.

In addition, in his revision, Davey did not consider Skryabinisakis
Mosgovoi, 1951, proposed for the species A. physeteris, as an accepted
genus. However, the high level of genetic differentiation of both A. physe-
teris, A. brevispiculata and A. paggiae (see Mattiucci et al., 2005) from those
species of Anisakis studied genetically using different nuclear and mito-
chondrial markers (Mattiucci and Nascetti, 2006, Mattiucci et al., 2001;
Valentini et al., 2006) indicates that Anisakis is indeed polyphyletic and
highly heterogeneous. Today, the existence of two main clades within
Anisakis is clearly inferred from the phylogenetic analysis based on nuclear
data sets from allozymes and mtDNA cox2 sequence analysis of all the
genetically characterized species (Mattiucci and Nascetti, 2006; Mattiucci
et al., 2005; Valentini et al., 2006). One clade encompasses species with the
larval stage known as Anisakis type I (sensu Berland, 1961) and the second
sharing the larval morphology of Anisakis type II (sensu Berland, 1961)
(see Mattiucci et al., 2005, 2007a; Orecchia et al., 1986a). The first clade
includes the species of the A. simplex complex [i.e. A. simplex (sensu stricto),
A. pegreffii and A. simplex C], A. typica, A. ziphidarum and Anisakis sp. The
second includes the species A. physeteris, A. brevispiculata and A. paggiae
(see Mattiucci et al., 2005; Valentini et al., 2006). The clade including
A. simplex (s.s.) and A. simplex C and A. pegreffii is also well supported by
a phylogenetic analysis inferred from ITS rDNA sequence data sets
(Nadler et al., 2005). This analysis is congruent with both allozymes and
mtDNA cox2 analysis in depicting A. physeteris + A. brevispiculata as the
sister group to the remaining Anisakis spp.
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3.1.1. Anisakis spp. included in clade |

According to the genetic data, six species can currently be included in this
clade: three species of the A. simplex complex [i.e. A. simplex (s.s.), A.
pegreffii and A. simplex C], A. typica, A. ziphidarum and a new gene pool
referred to as Anisakis sp. (see Valentini et al., 2006, unpublished data). As
far as is known, all of these species have the larval form known as type I
(sensu Berland, 1961). A synopsis of the ecological aspects of each species,
including their known geographical distribution and both definitive and
intermediate/paratenic hosts, is presented below.

A. simplex (Rudolphi, 1809) (sensu stricto) (see Nascetti et al., 1986): A.
simplex (s.s.) is widespread between 35°N and the Arctic Circle; it is
present in both the western and eastern Atlantic and Pacific Oceans
(Abe et al., 2005, 2006; Abollo et al., 2001; Mattiucci et al., 1997, 1998;
Nadler et al., 2005; Paggi et al., 1998a; Umehara et al., 2006, 2008)
(Fig. 2.1). The southern limit of this species in the north east Atlantic
Ocean is the waters around the Gibraltar area. A. simplex (s.s.) is also
occasionally present in western Mediterranean waters due to the migra-
tion of pelagic fish species into the Alboran Sea from the Atlantic
(Mattiucci and Nascetti, 2006; Mattiucci et al., 2004, 2007a). A. simplex
(s.s.) has been so far genetically recognized from nine species of cetacean
hosts. Several squid and fish species have been found harbouring larvae
of this species throughout its geographical range (Table 2.5). A sympatric
area between A. simplex (s.s.) and A. pegreffii has been identified along
the Spanish and Portuguese Atlantic coasts (Abollo et al., 2001; Marques
et al., 2006; Mattiucci et al., 1997, 2004, 2007a; Pontes et al., 2005), in the
Alboran Sea (Mattiucci et al., 2004, 2007a) and recently also in Japanese
Sea waters (Umehara et al., 2006). A. simplex (s.s.) also occurs with
A. simplex C in the eastern Pacific Ocean, where it has been identified in
definitive and intermediate/paratenic hosts (Mattiucci et al., 1997, 1998,
unpublished data; Paggi et al., 1998c) (Tables 2.4 and 2.5; Fig. 2.1).
Although it has sympatric and syntopic occurrences in mixed infections
at both larval and adult stage with other Anisakis species (Mattiucci et al.,
2004, 2005, 2007a), reproductive isolation between A. simplex (s.s.) and
both A. pegreffii and A. simplex C was proved by the lack of adult F1
hybrids and/or backcross genotypes clearly demonstrated at the nuclear
level by allozyme markers (Mattiucci et al., 1997, 2005). Only a few F1
hybrid larval individuals A. pegreffii-A. simplex (s.s.), of the thousands
identified, were detected by allozymes in some fish host from the
sympatric area off the Atlantic Iberian coast (Mattiucci et al., 2004).
However, back-crossing of F1 hybrids with parental species has not
been detected.

Based on PCR-RFLP of the ITS, Umehara et al. (2007) recognized
A. simplex (s.s.) as the main source of infections in humans in Japan.
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FIGURE 2.1 World map showing the so far known distribution areas of anisakid species of Anisakis (O), Pseudoterranova (A), Contracaecum
(©) and Phocascaris (). The geographical areas indicated are related to the sampling localities for their definitive and intermediate hosts.



TABLE 2.4 Definitive hosts so far detected, by molecular genetic markers, for the Anisakis spp.

A. simplex
(s.s.) A. pegreffii A.simplex C A. typica A. ziphidarum Anisakis sp. A. physeteris A. brevispiculata A. paggiae

Cetaceans

Balaenopteridae
Balaenoptera NEA - - — - _ _ _ _
acutorostrata

Delphinidae
Delphinus delphis  1C IC, WM - - - - - - -
Globicephala IC, SA - SA - - — - _ _
melaena
Globicephala - - - FL - _ _ _ _
macrorhynchus
Lagenorhynchus ~ NEA - - - - - - - _
albirostris
Lissodelphis - - NEP - _ _ _ _
borealis
Orcinus orca NEP - - - - — _ _ _
Pseudorca NEP NEP - - — — _
crassidens
Stenella IC WM - EM - - _ _ _
coeruleoalba
Tursiops - CM, SA
truncatus
Sotalia fluviatilis - - - BR — _ _ _ _
Stenella attenuata - - - FL, CS - — _ _ _
Stenella - - - BR — _ _ _ _
longirostris
Steno bredanensis - - - CS - _ _ _ _

FL,CS - - - - -
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Kogiidae
Kogia breviceps - - - - - - - SA, IC, FL SA, FL
Kogia sima - - - - - - - - FL
Monodontidae
Delphinapterus NWA - - - - - - - _
leucas
Neobalaenidae
Caperea - SA - - - - - - _
marginata
Phocoenidae
Phocoena NEP - - - - - - - -
phocoena
Physeteridae
Physeter catodon - - - - - - CM - _
Ziphiidae
Mesoplodon - - - - SA _ _ _ _
densirostris
Mesoplodon - - - _ Cs _ _ _ _
europaeus
Mesoplodon grayi SA — - _
Mesoplodon - - - - - SA, NZ
mirus
Ziphius - - - - CM, SA - - - -
cavirostris

Sampling locality codes: AZ: Azores Islands; BE: Bering Sea; BR: Brazil Atlantic coast; BS: Barents Sea; CM: Central Mediterranean Sea; CS: Caribbean Sea; EM: East Mediterranean Sea;
FA: Falkland Islands; FL: Florida coast; IC: Iberian Atlantic Coast; JA: Japan Sea; MA: Mauritanian coast; MD: Madeira Island; NAM: North African Mediterranean coast; NEA: North-
East Atlantic; NEP: North-East Pacificc NWA: North-West Atlantic; NZ: New Zealand; PC: Portuguese coast; SA: South Africa coast; SC: Somali coast; SI: off Sakhalin Islands; TA:
Tasman Sea; WM: West Mediterranean Sea (data from Mattiucci and Nascetti, 2006, 2007; Mattiucci et al., 1986, 1997, 2001, 2002, 2004, 2005; Nadler et al., 2005; Nascetti et al., 1986; Paggi
et al., 1998a,b,c). Hosts listed by alphabetical order of the family.
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TABLE 2.5 Intermediate/paratenic hosts so far detected, by molecular genetic markers, for the Anisakis spp.

A. simplex Anisakis
(s.s.) A. pegreffii A.simplex C A. typica A. ziphidarum sp. A. physeteris  A. brevispiculata A. paggiae

Cephalopods
Sepiidae

Sepia officinalis IC - - - - - - - _
Ommastrephidae

Todaropsis eblanae  1C, SA IC, SA - - - - - - _

Todarodes sagittatus 1C NAM,CM - - - - CcM - _

Todarodes angolensis — SA - - - - - - _

Illex coindettii IC - - - - - - - -
Fishes
Belonidae

Belone belone IC IC B - - - - - _
Bothidae

Arnoglossus laterna  PC - - - - - - - _

Arnoglossus - PC - - - - - - _

imperialis
Bramidae

Brama brama - SA - - - - - _ _
Carangidae

Trachurus capensis ~— — SA - - - - - - _

Trachurus - CM - - - - - - _

mediterraneus

Trachurus AZ, MD AZ, MD AZ, MD -

picturatus

Trachurus trachurus NEA, IC, CM, EM, - EM - AZ CM - -

MA, WM, IC,
WM MA
Selar - - - CHS - - - - -

crumenophthalmus
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Citharidae

Citharus linguatula
Clupeidae

Clupea harengus

Etrumeus whiteheadi
Congridae
Conger conger
Astroconger
myriaster
Coryphaenidae
Coryphaena
hippurus
Emmelicththydae
Emmelicththys
nitidus nitidus
Engraulidae
Engraulis
encrasicolus
Gadidae
Boreogadus saida
Micromesistius
poutassou
Gadus morhua
Theragra
chalcogramma
Trisopterus luscus
Gempylidae
Thyrsites atun

PC

NEA, BS,
NEP

1C

1C
IC

BS, IC
NEP, JA, BE

IC

PC

SA

CM
CHS

SA

CM

M, IC,
NAM

SA

SC

(continued)
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TABLE 2.5 (continued)
A. simplex Anisakis
(s-s.) A. pegreffii A.simplex C A. typica A. ziphidarum sp. A. physeteris  A. brevispiculata A. paggiae
Hexagrammidae
Pleurogrammus NEA - - - - - - - -
azonus
Lophiidae
Lophius piscatorius ~ 1C NAM - - - - - - -
Lophius vomerinus - SA - - - - - - -
Lotidae
Molva dypterygia IC - - - - - - - -
Brosme brosme NEA - - - - - - - -
Merluccidae
Merluccius capensis  — SA - - - - - - -
Merluccius hubbsi - FA - - - - - - -
Merluccius NEA, IC, CM, EM, - MA, EM, MA 1C CM, MA, MA IC
merluccius MA WM, IC, NAM WM, IC,
NEA, EM,
MA NAM
Muraenidae
Muraena helena - NAM - - - - - - -
Moridae
Pseudophycis bachus — NZ Nz - - - - - -
Nemipteridae
Nemipterus virgatus — - - CHS - - - - _
Nemipterus - - - CHS - - - - -
bathybius
Ophidiidae
Genypterus capensis - SA - - - - - - -
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Osmeridae
Hypomesus pretiosus
japonicus

Phycidae
Phycis phycis
Phycis blennoides

Pinguipedidae
Parapercis colias

Pleuronectidae
Hippoglossus
hippoglossus
Platichthys flesus

Salmonidae
Oncorhynchus
gorbuscha
Oncorhynchus keta
Salmo salar

Scophtalmidae

Scomberesocidae
Scomberesox saurus

Scombridae
Lepidorhombus
boscii
Scomber japonicus
Scomber scombrus

JA

BE

s

s

NWA
NWA

IC
AZ,MD,JA

NEA, IC,
NAM

NAM

NZ

IC, NAM

AZ, MD, JA
CM, IC

NAM

AZ, MD
NAM

AZ, MD

NAM
NAM

MD
NAM

(continued)



TABLE 2.5 (continued)

A. simplex Anisakis
(s-s.) A. pegreffii A.simplex C A. typica A. ziphidarum sp. A. physeteris  A. brevispiculata A. paggiae

Thunnus thynnus JA CM, BR - BR - - - - -
Auxis thazard - - - BR — _ _ _ _
Euthynnus affinis - - - SC - — _ _ _
Sarda orientalis - - - e — _ _ _ _
Scomberomorus - - - SC — _ _ _ _
commerson
Scorpaenidae
Scorpaena scrofa IC IC - - - - - - —
Sebastidae
Helicolenus - CM, SA - - - - - - -
dactylopterus
Soleidae
Dicologlossa cuneata  — PC - - - - - - -
Solea senegalensis PC - - - - - - - -
Sparidae
Spondyliosoma IC - - - - - - - _
cantharus
Sternoptychidae
Maurolicus muelleri  NEA - - - - - - - _
Trachichthyidae
Hoplostethus - - TA - - _ - - _
atlanticus
Hoplostethus - ™M - - - - - - -
mediterraneus
Trachinidae
Echiichthys vipera - NAM - - - - - - _
Trichiuridae
Lepidopus caudatus - CM, SA - - - _ — _ _
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Aphanopus carbo MD MD - - MD AZ AZ AZ AZ
Trichiurus lepturus — — NAM
Triglidae
Eutrigla gurnardus  IC - - - - - - - -
Xiphiidae
Xiphias gladius NEA CM - CA CA - CM, IC,NEA, AZ,CA AZ

CA, EM

Sampling locality codes: AZ: Azores Islands; BE: Bering Sea; BR: Brazil Atlantic coast; BS: Barents Sea; CHS: China Sea; CA: Central Atlantic Ocean; CM: Central Mediterranean Sea;
CS: Caribbean Sea; EM: East Mediterranean Sea; FA: Falkland Islands; FL: Florida coast; IC: Iberian Atlantic Coast; JA: Japan Sea; MA: Mauritanian coast; MD: Madeira Island; NAM:
North African Mediterranean coast; NEA: North-East Atlantic; NEP: North-East Pacific; NWA: North-West Atlantic; NZ: New Zealand; PC: Portuguese coast; SA: South Africa coast;
SC: Somali coast; SI: off Sakhalin Islands; TA: Tasman Sea; WM: West Mediterranean Sea (data from: Abollo et al., 2001; Farjallah et al., 2008; Klimpel et al., 2007; Marques et al., 2006;
Mattiucci and Nascetti, 2006, 2007; Mattiucci et al., 1986, 1997, 2001, 2002a, 2004, 2005, 2007a; Nascetti et al., 1986; Orecchia et al., 1986a; Paggi et al., 1998a, b, c; Pontes et al., 2005;
Umehara et al., 2006, 2008; Zhu et al., 2007). Hosts listed by alphabetical order of the family.
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A. pegreffii Campana-Rouget and Biocca, 1955: Previously indicated as

A. simplex A (see Nascetti et al., 1986), A. pegreffii is the dominant species of
Anisakis in the Mediterranean Sea, being widespread in all the fish spe-
cies. Indeed, it is presently the most important anisakid nematode in
several pelagic and demersal fish from Mediterranean waters (Farjallah
et al., 2008; Mattiucci et al., 1997, 2007a; Paggi et al., 1998a). It is also widely
distributed at both adult and larval stage in the Austral Region between
30°N and 55°S (Mattiucci et al., 1997). In Atlantic waters, the northerly
limit of its geographical range is represented by the Iberian coast (Abollo
et al., 2001; Marquez et al., 2006, Mattiucci et al., 1997, 2004, 2007a; Pontes
et al., 2005), and has not so far been reported from the western Atlantic
(our unpublished data). It has been detected, using the PCR-RFLP of the
ITS region, at the larval stage in some fish hosts from Japanese waters
(Abe et al., 2006; Umehara et al., 2006, 2008) (Table 2.5; Fig. 2.1). SSCP-
based identification of A. pegreffii larvae in fish from China waters, using
genetic markers in the ITS-2 rDNA was also reported (Zhu et al., 2007)
(Table 2.5; Fig. 2.1).
To date, it has been recorded as an adult in three species of dolphins,
belonging to the family Delphinidae, and in several species of fish and
three squids as a larva (Tables 2.4 and 2.5). Among these, two definitive
and sixteen intermediate/paratenic hosts were found to be shared with
A. simplex (s.s.) in the contact area between the two species [Iberian
Atlantic coast, western Mediterranean Sea (Alboran Sea) and Japan Sea
waters] (Fig. 2.1). Whereas, two definitive and few intermediate /paratenic
hosts are shared by A. pegreffii and A. simplex C in the Austral waters off
New Zealand, the South African coast and the southern Chilean coast
(Table 2.5; Fig. 2.1). Based on PCR-RFLP of the ITS, D’ Amelio et al. (1999)
and direct sequencing of the mtDNA cox2 (Mattiucci et al., 2007b), Anisakis
larvae removed by endoscopy from humans in Italy were recognized as
belonging to A. pegreffii.

A. simplex C of Mattiucci et al. (1997): A. simplex C currently exhibits a
discontinuous range, including the Canadian and Chilean Pacific coasts,
New Zealand waters and the South African Atlantic coast (Mattiucci ef al.,
1997, unpublished data; Nadler et al., 2005). This species has been identi-
fied at the adult stage in cetaceans and as a larva it occurs syntopically
with A. pegreffii in some fish species (Tables 2.4 and 2.5; Fig. 2.1). It has
been occasionally identified also in Mirounga leonina from sub-Antarctic
area (our unpublished data) and in M. angustirostris from North-East
Pacific Ocean (Nadler et al., 2005).

A. typica (Diesing, 1860): According to the data from the A. typica
populations so far detected genetically, its range extends from 30°S to
35°N in warmer temperate and tropical waters (Tables 2.4 and 2.5;
Fig. 2.1) (Mattiucci et al., 2002a). In these areas it was found by genetic
markers as an adult in dolphin species and as a larva in several fish
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species (Tables 2.4 and 2.5). A. typica has also been identified in the striped
dolphin, Stenella coeruleoalba, and in the European hake, Merluccius
merluccius, from the eastern Mediterranean Sea (off Cyprus). Its presence
in these waters could be the result of the ‘Lesseptian migration’ (through
the Suez Canal) (Mattiucci et al., 2004) of its intermediate/paratenic
hosts from the Indian Ocean. It was recently recognized using RFLP-
PCR of the ITS rDNA in the flatfish Platichthys flesus captured in central
Portuguese waters of the NE Atlantic Ocean (Marques et al., 2006), and
only rarely in some fish caught along the North African coast of the
Mediterranean Sea (Farjallah et al., 2008). SSCP-based identification of
Anisakis spp. larvae, using genetic markers in the ITS-2 rDNA, detected
A. typica larvae in fish from China waters (Zhu et al., 2007) (Table 2.5;
Fig. 2.1).

Anisakis sp. 1: Recently, a new gene pool, referred to as Anisakis sp. 1
was genetically detected by both allozyme and mtDNA analysis, at the
larval stage, as a parasite of the fish Nemipterus japonicus caught off the
Malaysian coast (Berland and Mattiucci, unpublished data). This new
taxon is genetically distinct from all the known species of Anisakis but
most closely related to A. typica from central Atlantic waters. Although
known only at the larval stage, the third-stage larva of this undescribed
taxon is a type Ilarva (sensu Berland, 1961). The preliminary results appear
to indicate that this taxon may be a sibling species of A. typica occurring in
central Pacific waters (Berland and Mattiucci, unpublished data).

A. ziphidarum Paggi, Nascetti, Webb, Mattiucci, Cianchi and Bullini,
1998: A. ziphidarum was first described, both genetically and morphologi-
cally, as an adult in the beaked whales Mesoplodon layardii and Ziphius
cavirostris from the South Atlantic Ocean (off the South African coast).
Subsequently, it has also been recorded in the Mediterranean Sea, also in
Z. cavirostris. Since its first morphological description and genetic charac-
terization (Paggi ef al., 1998b), it has recently been identified genetically as
an adult in other species of beaked whale, such as M. mirus and M. grayi,
in South Atlantic waters and in Mesoplodon sp. and Z. cavirostris in Carib-
bean waters (Mattiucci and Nascetti, 2006). Thus, its geographical range
appears to be wide (Fig. 2.1) and related to that of its definitive hosts. Only
scanty data are available concerning its infection in fish and/or squid, but
itis responsible for a low prevalence of infection in some fish species, such
as in Merluccius merluccius (see Mattiucci et al., 2004) and Aphanopus carbo
(see Pontes et al., 2005; Saraiva et al., 2007) in central Atlantic waters.
However, it seems that this species may involve other intermediate
hosts, such as squid, rather than fish in its life cycle, as these represent
the main food source of beaked whales.

Anisakis sp. of Valentini et al. (2006): This species has been detected
only at a larval stage (L4) in the beaked whales Mesoplodon mirus and
M. grayi from South African and New Zealand waters (Mattiucci and



74 Simonetta Mattiucci and Giuseppe Nascetti

Nascetti, 2006) (Fig. 2.1; Table 2.4). The gene pool was found to be
reproductively isolated from the sympatric species A. ziphidarum occur-
ring in the same hosts and geographical region. It is genetically very
distinct from the other species of Anisakis, but is most closely related to
A. ziphidarum (see Section 5.1; Table 2.8). The third-stage larva of this
undescribed taxon is apparently of type I and has on rare occasions
been identified in the fishes (see Mattiucci et al., 2007a; Saraiva et al.,
2007) caught in North East Atlantic waters. Conversely, this species has
been genetically identified, at the larval stage, heavily infecting the squid
Moroteuthis ingens in Tasman Sea waters (our unpublished data). This
appears to support the hypothesis that this species involves squid rather
than fish in its life cycle. Recently, Pontes et al. (2005) detected the occur-
rence of a new taxon at larval stage in Aphanopus carbo and Scomber
japonicus from Madeira waters (Atlantic Ocean) indicated as Amnisakis sp.
A, genetically closely related to A. ziphidarum. However, the exact corre-
spondence between this taxon and Anisakis sp. of Valentini ef al. (2006) has
not yet been assessed.

3.1.2. Anisakis spp. included in clade Il

Three species and one new gene pool of Anisakis so far comprises this
clade, as clearly demonstrated by allozymes (Mattiucci et al., 2005) and
mtDNA cox2 sequence analysis (Valentini et al., 2006). They are A. physe-
teris, A. brevispiculata and A. paggiae, which represent a complex of sibling
species readily recognized genetically at both nuclear and mitochondrial
levels. The existence of A. physeteris clustering with A. brevispiculata in the
same clade, as a sister group to the other species included in the clade I,
was also supported by rDNA ITS sequence phylogenetic analysis (Nadler
et al., 2005) (see also Section 4.1). As far as is known, all these species share
at the third larval stage the morphology known as type II (sensu Berland,
1961). A summary of each follows, including a synopsis of some ecologi-
cal aspects of each species in relation to their known geographical distri-
bution and both definitive and intermediate/paratenic hosts (Tables 2.4
and 2.5).

A. physeteris (Baylis, 1920): A population of this species was first
genetically characterized in its main definitive host, the sperm whale,
Physeter macrocephalus, from Mediterranean waters (Mattiucci et al.,
1986); no genetically identified adults have been recorded in other ceta-
cean hosts. Type Il larvae of A. physeteris have been genetically identified,
occurring rarely in only a very few fish host species (Mattiucci et al., 1986,
2001, 2004), except for the swordfish, Xiphias gladius, from Mediterranean
and Atlantic waters in which it represents the main Anisakis species
(Mattiucci et al., 2007a) (Tables 2.4 and 2.5; Fig. 2.1). Despite the fact that
the swordfish might only represent an accidental host in the life cycle of
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Anisakis spp., acquiring the infection by preying on infected invertebrates
or squid (main prey of the swordfish), suggests that other intermediate
hosts, mainly squids rather than fish are involved in the life cycle of this
parasite.

A. brevispiculata Dollfus, 1966: A population of A. brevispiculata was
initially characterized genetically using allozymes based on material from
a pygmy sperm whale, Kogia breviceps, in South African and North East
Atlantic waters (Iberian coast) (Mattiucci et al., 2001) (Table 2.4; Fig. 2.1).
Reproductive isolation from the morphologically closely related A. physe-
teris was demonstrated, establishing the validity of A. brevispiculata (see
Mattiucci et al., 2001), which has been synonymized with A. physeteris by
Davey (1971). Later, the same species was sequenced at the mtDNA cox2
gene and its genetic relationships with respect to the other Anisakis spp.
was established, confirming that A. brevispiculata clusters well with those
Anisakis species forming the second clade, as also indicated by nuclear
markers (allozymes). A congruent result was inferred from the ITS rDNA
sequence analysis (Nadler et al., 2005) (see Section 4.1). Anisakis larvae of
type II corresponding to A. brevispiculata were recognized by allozyme
markers as a rare parasites of the fish Merluccius merluccius (see Mattiucci
et al., 2004, 2007a) and the swordfish Xiphias gladius in Atlantic waters
(Mattiucci et al., 2007a).

A. paggiae Mattiucci et al. (2005): In the cluster formed by A. physeteris
and A. brevispiculata, this third species has been recently demonstrated by
both allozymes (Mattiucci et al., 2005) and mtDNA cox2 sequence analysis
(Valentini et al., 2006) (Fig. 2.1). A. paggiae was first genetically character-
ized and described morphologically as an adult parasite of the pygmy
sperm whale, Kogia breviceps, and the dwarf sperm whale, K. sima, from off
both Florida and the South African Atlantic coast (Mattiucci et al., 2005).
Scanty data are so far available regarding the identification of the inter-
mediate hosts in the life cycle of A. paggiae. A very few larvae of type II
have been identified as belonging to these species in fish from Atlantic
waters (i.e. M. merluccius and X. gladius) (see Mattiucci et al., 2007a,
unpublished data), thus suggesting that other hosts, not yet detected,
are involved in the life cycle of this Anisakis species.

Anisakis sp. 2: A further gene pool, referred to as Anisakis sp. 2, has
been detected genetically by means of allozyme markers and mtDNA cox2
sequence analysis based on larvae of type II from the swordfish X. gladius
in the equatorial area (Mattiucci et al., 2007a, unpublished data). The new
taxon was shown to be genetically distinct from all the other Anisakis
species, and that it is mostly closely related to A. physeteris. Preliminary
phylogenetic analysis showed that it clusters with the clade formed by
A. physeteris, A. brevispiculata and A. paggiae, thus suggesting that this
new gene pool might represent an undescribed sibling species belonging
to this same complex.
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The high genetic heterogeneity of the Anisakis spp. is now also sup-
ported by some differential morphological features detected in the species
belonging to this genus, where the two major clades can be delineated as
follows: (i) the ventriculus, in the adult stage, is short, never sigmoid and
broader than long in A. physeteris, A. brevispiculata and A. paggiae (see
Mattiucci et al., 2005), and longer than broad and often sigmoid in shape
in those species included in clade I (the species of the A. simplex complex,
A. typica and A. ziphidarum) (see Mattiucci et al., 2005; Paggi et al., 1998b);
(ii) male spicules that are short, stout and of similar length can be
observed in A. physeteris, A. brevispiculata and A. paggiae (Mattiucci et al.,
2005) but are long and often unequal (equal in A. ziphidarum; see Paggi
et al., 1998b) in species of clade I; and (iii) type II larval morphology (sensu
Berland, 1961) is characteristic of A. physeteris, A. brevispiculata, A. paggiae
and Anisakis sp. 2 (Mattiucci et al., 2001, 2004, 2005, 2007a) (clade II),
whereas a type I morphology (sensu Berland, 1961), can be found in all
the species of the A. simplex complex, A. typica, A. ziphidarum and Anisakis
sp. and Anisakis sp. 1 (clade I).

While no morphological characters are so far known which help in
distinguishing the sibling species of the A. simplex complex, some mor-
phological features, of diagnostic value, available in male and female
adult specimens, were used to help in distinguishing A. paggiae from
A. physeteris and A. brevispiculata (see Mattiucci et al., 2005). Indeed a
morphological key to the recognized adults of Anisakis spp. so far
included in clade II was provided by Mattiucci et al. (2005).

3.2. The current taxonomy of Pseudoterranova decipiens
(sensu lato)

The species decipiens was first described as Ascaris decipiens by Krabbe
(1878). A. decipiens was later linked with Terranova Leiper and Atkinson,
1914 (a genus erected for parasites of elasmobranchs) by Baylis (1916),
because of the presence of an intestinal caecum. Subsequently, Baylis
linked this species within Porrocaecum Railliet and Henry, 1912 (a group
of ascarids now mainly restricted to terrestrial birds), because he consid-
ered it as a senior synonym of Terranova. Terranova was resurrected at
full generic level by Johnston and Mawson (1945) and as a subgenus
by Karokhin (1946), the latter being the first to use the combination
T. decipiens. T. decipiens was accepted by Mozgovoi (1951, 1953), Hartwich
(1957) and Yamaguti (1961). However, because Terranova included spec-
ies maturing in different definitive hosts (elasmobranchs, reptiles, marine
mammals), Myers (1959) erected Phocanema (with decipiens as the type and
only species) for those species included in Terranova which were para-
sites of marine mammals on the base of some morphological features
at the cephalic end (structure of the labia) and the male caudal end.
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Accordingly, the species decipiens and Terranova kogiae Johnston and
Mawson, 1945 (described from the pygmy sperm whale, Kogia breviceps)
were included in Phocanema. Later, Gibson (1983) considered Phocanema
as a synonym of Pseudoterranova, previously erected by Mozgovoi (1951;
listed in Mozgovoi, without indication) for parasites from sperm whales,
and decipiens was transferred to this genus (combination first used in
Gibson and Colin, 1982). According to the same authors, the group of
species of Pseudoterranova from marine mammals included P. kogise
(Johnston and Mawson, 1945), P. ceticola (Deardoff and Overstreet, 1981)
and P. decipiens.

This is the status quo which has been widely accepted. Although
several nominal species related to Pseudoterranova decipiens (i.e. occurring
in seals and possessing only an intestinal caecum) having been described,
these species have tended to be considered as synonyms of P. decipiens.
This species appeared to have a low host specificity, with up to 18 seal
species been recorded as definitive hosts (e.g. Hartwich, 1975; King, 1983;
Myers, 1959), and exhibited some morphological variation between speci-
mens collected from the bearded seal, Erignathus barbatus, in Canadian
waters (Baylis, 1916).

Population genetic analysis, first performed by allozyme markers, on
specimens of P. decipiens (s.l.) recovered from 10 fish species, and from
four seal species, collected at several locations of the North Atlantic Ocean
from the Canadian Atlantic eastwards to the Barents Sea, demonstrated
the existence of a remarkable genetic heterogeneity with striking variation
in allele frequencies among the samples (Paggi et al., 1991). Indeed, the
observed genotype frequencies at various loci showed significantly devia-
tions from those expected using the Hardy—-Weinberg equilibrium, with a
complete absence or marked deficiency of various heterozygous classes in
material recovered from several sites and also between worms recovered
from one host individual. The only possible explanation was that three
distinct biological species occurred sympatrically in the samples of
P. decipiens (s.l.) collected in seals hosts from those geographical areas,
with no gene flow between them: the three taxa genetically recognized
were thus provisionally designated as P. decipiens A, P. decipiens B and P.
decipiens C (see Paggi et al., 1991). Morphological analysis carried out on
male specimens identified by allozyme markers as P. decipiens A and B
allowed the detection of significant differences in a number of characters
between these two members; on the basis of such differences the nomen-
clature designation for P. decipiens A and P. decipiens B was proposed (see
Paggi et al., 2000). The names Pseudoterranova krabbei Paggi et al., 2000 and
P. decipiens (s.s.) were proposed, respectively, for species A and B, and a
formal description of the two taxa was provided (see Paggi et al., 2000).

The name of P. bulbosa (Cobb, 1888) was proposed for the taxon
P. decipiens C (see Mattiucci et al., 1998), as the latter taxon was demonstrated
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to correspond morphologically with Ascaris bulbosa described by Cobb
(1888) from the collection of Dr. Kukenthal collected from the bearded
seal, Erignathus barbatus, at Spitzbergen (NE Atlantic Ocean). Further-
more, a sample of P. decipiens C from that same locality was studied
both genetically and morphologically by Paggi et al. (1991, 2000). Previ-
ously, Ascaris bulbosa had been considered a synonym of Phocanema
decipiens [later included in Pseudoterranova by Gibson and Colin (1982)]
by Myers (1959). Therefore, Mattiucci et al. (1998) proposed the name
P. bulbosa (Cobb, 1888) n. comb. for P. decipiens C.

A further taxon, provisionally designated as P. decipiens D (see
Mattiucci et al., 1998), was later included in the P. decipiens complex; this
was detected by exhibiting several fixed differences at some enzyme loci
with respect to P. decipiens A, P. decipiens B and P. decipiens C. It was found
to occur sympatrically with P. bulbosa in the same geographical areas
(Japanese waters) and occasionally in the same definitive host, the
bearded seal Erignathus barbatus, from which it was demonstrated to be
reproductively isolated (Mattiucci et al., 1998). P. decipiens D was found to
correspond to the measurements and tail drawing of Porrocaecum azarasi
Yamaguti and Arima, 1942, a species described by Yamaguti and Arima
(1942) based on specimens recovered in the ribbon seal Phoca (=Histrio-
phoca) fasciata on the islands of Sakhalin and Hokkaido. This taxon was
synonymized by Margolis (1956) with ‘Phocanema decipiens’. Therefore,
Mattiucci et al. (1998) proposed the name Pseudoterranova azarasi
(Yamaguti and Arima, 1942) n. comb. for species P. decipiens D.

Using allozyme markers on larval and adult population of P. decipiens
(s.l.) collected from four fish species and the Austral fur seal, Otaria
byronia, in the SE Pacific Ocean, a further member of the P. decipiens
complex has been shown to exist (George-Nascimento and Llanos,
1995). In the formal description, this taxon was named P. cattani George-
Nascimento and Urrutia, 2000.

A summary of the sibling species P. decipiens (s.l.) recognized by using
several molecular genetic methodologies are reported below with ecolog-
ical data on their host preference (Table 2.5) and geographical range
(Fig. 2.1).

P. decipiens (Krabbe, 1868) (sensu stricto) (=P. decipiens B): This species
was initially recognized as P. decipiens B by Paggi et al. (1991); its formal
description was later given based on morphological features considered
to be of diagnostic value with respect to the other members included in
the P. decipiens complex (see Paggi et al., 2000). Its geographical range
appears to be wide and mainly in the Arctic and sub-Arctic regions,
including the North East Atlantic (comprising Scottish, Faroes, southern
Icelandic and Norwegian waters), the Canadian Atlantic (including New-
foundland waters and the Gulf of S. Lawrence) (Brattey and Stenson,
1993; Paggi et al., 1991) and the Canadian Pacific waters (Mattiucci ef al.,
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1998; Nadler et al., 2005; Paggi et al., 1998c). Areas of sympatry between P.
decipiens (s.s.) and other species of the P. decipiens complex have been
detected; in the North Eastern Atlantic waters in mixed infections with
both P. krabbei and P. bulbosa and in Canadian Atlantic waters with P.
bulbosa (see Paggi et al., 1991) (Fig. 2.1). P. decipiens (s.s.) was recognized,
using genetic markers, as a parasites at the adult stage in the common
seal, Phoca vitulina, grey seal, Halichoerus grypus, in both North and West
Atlantic waters, and in Phoca vitulina richardsii and Zalophus californianus
in northern Pacific waters (Paggi ef al., 1998¢). Its larval forms have been
identified in some gadoid fish species of the North Atlantic Ocean
(Mattiucci et al., 1998; Paggi et al., 1991) (Table 2.6).

P. krabbei Paggi, Mattiucci et al., 2000: This species was previously
referred to as P. decipiens A (Paggi et al., 1991). To date it has been found
only in the North-East Atlantic (including off Scotland, the Faroes, south-
ern Iceland and Norway) (Fig. 2.1). It is mainly an adult parasite of the
grey seal, Halichoerus grypus, and the common seal, Phoca vitulina, often in
mixed infections in the same individual host with P. decipiens (s.s.)
(Table 2.6). However, in the eastern Atlantic waters, when detected in
sympatry with P. decipiens (s.s.), P. krabbei prevails in the grey seal rather
than in the common seal. The ecological significance of this finding is
discussed in Section 7. P. krabbei has been recognized genetically at the
larval stage as a parasite of Gadus morhua, Melanogrammus aeglefinus and
Pollachius virens (see Paggi et al., 1991) (Table 2.6; Fig. 2.1). P. krabbei
exhibits, in male specimens with respect to P. decipiens (s.s.), the following
diagnostic morphological features: shorter spicules; a proximal papilla
(nomenclature according to Fagerhom, 1989) smaller than d1 versus the
same papilla size in P. decipiens (s.s.); distal papillae 1, 2 and 4 closer
to each other; and caudal plates of a similar width and narrower than in
P. decipiens (s.s.) where plates (wp) 1 (wpl) and 2 (wp2) are of a similar
width but plate 3 (wp3) is narrower (Paggi et al., 2000).

P. bulbosa (Cobb, 1888): Previously referred to as P. decipiens C (Paggi
et al., 1991) (see Mattiucci et al., 1998), this species has been recorded from
the Barents and Norwegian Seas, the Canadian Atlantic and the Sea of
Japan, between 40°N and 80°N (Brattey and Stenson, 1993; Mattiucci et al.,
1998; Paggi et al., 1991). Its main definitive host so far detected is the
bearded seal, Erignathus barbatus. In this phocid host from the Otaru Sea
(Sea of Japan), P. bulbosa has been identified as occurring in mixed infec-
tions with P. azarasi (see Mattiucci et al., 1998). The benthic flatfishes
Hippoglossoides platessoides and Reinhardtius hippoglossoides are reported
as its intermediate hosts (Paggi et al., 1991) (Table 2.6; Fig. 2.1).

P. bulbosa differs from the other members of the P. decipiens complex in
having the following morphological features in adult male specimens:
longer spicules; caudal plates (wp) of unequal width, with plate 2 (wp2)
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TABLE 2.6 Definitive and intermediate/paratenic hosts so far detected, by molecular genetic markers, for the Pseudoterranova decipiens
species complex

P. krabbei P. decipiens (s.s.) P. bulbosa P. azarasi P. decipiens E P. cattani
Pinnipeds
Otariidae
Eumetopias jubatus - - - NWP, - -
JA
Otaria byronia - - - - - SEP
Zalophus californianus - NEP - NWA - -
Phocidae
Phoca vitulina richardsii - NEP - NWA - -
Phoca vitulina NEA NEA, NWA, - - - -
NEP
Erignathus barbatus - - NEP, NEA, NWP, - -
LS JA
Halichoerus grypus NEA NEA, NWA - - - -
Cystophora cristata - NWA, NEA - - - -
Mirounga angustirostris - NEP - - - -
Leptonychotes weddellii - - - - AN -
Fishes
Channichthydae
Chaenocephalus aceratus - - - - AN -

(continued)
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TABLE 2.6 (continued)

P. krabbei

P. decipiens (s.s.)

P. bulbosa

P. azarasi

P. decipiens E

P. cattani

Cottidae

Myxocephalus scorpius

Myxocephalus
quadricornis
Gadidae
Gadus morhua
macrocephalus
Gadus morhua
Gadus ogac
Pollachius virens
Melanogrammus
aeglefinus
Boreogadus saida
Lotidae
Brosme brosme
Merluccidae
Merluccius gayi
Ophidiidae
Genypterus maculatus
Osmeridae
Osmerus eperlanus

NEA

FI
FI

NWA

NWA

NEA

NWA

NWA

NWA

NEA

NEA

NWP

NWP

BE,
NWP

]A/
NWP

SEP

SEP

(continued)



TABLE 2.6 (continued)

P. krabbei

P. decipiens (s.s.)

P. bulbosa

P. azarasi

P. decipiens E

P. cattani

Notothenidae
Notothenia coriiceps
Notothenia neglecta
Trematomus newnesi
Paralichthydae
Paralichthys microps
Pleuronectidae
Hippoglossus hippoglossus

Hippoglossoides
platessoides
Reinhardtius
hippoglossoides
Scophthalmidae
Psetta maxima

NEA

NEA

NEA

NWP

BS

NWA

BE,
NWP

AN
AN
AN

SEP

Codes: AN: Antarctica; BE: Bering Sea; BS: Barents Sea; FI: Faeroe Islands; JA: Japan Sea; LS: Labrador Sea; NEA: North-East Atlantic; NEP: North-East Pacificc NWA: North-
West Atlanticc NWP: North-West Pacific; SEP: South-East Pacific (Chilean coast) (data from George-Nascimento and Llanos, 1995; George-Nascimento and Urrutia, 2000;
Mattiucci et al., 1998; Nadler et al., 2005; Paggi et al., 1991, 1998c; Zhu et al., 2002). Hosts listed by alphabetical order of the family.
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narrower than 1(wp1l) and 3 (wp3); and a different pattern of distal caudal
papillae, with d2 far apart from d4 (Mattiucci et al., 1998).

P. azarasi (Yamaguti and Arima, 1942): This species was previously
referred to as P. decipiens D (see Mattiucci ef al., 1998). Its main definitive
host has been identified as the Steller’s sea lion, Eumetopias jubatus. Its
geographical distribution appears limited to Japanese and Sakhalinese
waters of the North Pacific Ocean (Mattiucci et al., 1998) (Table 2.6;
Fig. 2.1).

Both P. bulbosa and P. azarasi were resurrected, on both allozyme and
morphological bases (see Mattiucci ef al., 1998), from synonymy with
P. decipiens (see Margolis, 1956; Myers, 1959). P. azarasi differs from the
other members of the P. decipiens complex in having shorter spicules;
caudal plates (wp) of increasing width from 1 to 3; and a different pattern
of distal papillae (sensu Fagerholm, 1989), with d2 closer to d4 than in
P. bulbosa but more distant than in P. krabbei and P. decipiens (s.s.) (see
Mattiucci et al., 1998).

P. decipiens E of Bullini et al., 1997. This taxon was genetically detected
in the Antarctic Weddell seal, Leptonychotes weddellii (see Bullini et al.,
1997). Scanty data are so far available in relation to the nature of its
intermediate host, although larvae corresponding to this sibling species
were found as parasites of benthic fish hosts in subantartic waters (see
Section 7.2) (Table 2.6).

P. cattani George-Nascimento and Urrutia, 2000: As stated above, this
species was found as an adult in Otaria byronia on the Chilean coast
(Table 2.5; Fig. 2.1). Using molecular markers in the internal transcribed
spacers of ribosomal DNA (ITS-rDNA), this species was recently shown
to cluster with the P. decipiens complex (Zhu et al., 2002) (Section 4.2).

3.3. The current taxonomy of Contracaecum species
from pinnipeds

Contracaecum was originally defined by Railliet and Henry (1912) based
on the morphology of the oesophago-intestinal region. C. spiculigerum
(Rudolphi, 1809) (=Ascaris spiculigerum, Rudolphi, 1809) was designated
as the type-species. The original type-material was later identified as
C. microcephalum (Rudolphi, 1809) by Hartwich (1964), and this species
was accordingly defined as the new type-species of the genus. Presently,
the genus comprises some 50 nominal species, most of which are adults in
pinnipeds and fish-eating birds. Hartwich (1975) defined the genus based
on morphological details; important features are the presence of interlabia
and the position of the excretory pore at the base of the ventral interla-
bium. However, several later authors suggested that the genus should be
divided or amended. Mozgovoi (1951) had previously divided the genus
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into three subgenera: Contracaecum (Erschovicaecum) [clearly representing
Hysterothylacium (see Deardoff and Overstreet, 1980) and including spe-
cies maturing in fish], Contracaecum (Contracecum) and Contracaecum
(Ornitocaecum). These two new subgenera were considered as synonyms
of Contracaecum by Hartwich (1975). Phocascaris Host, 1932 included the
following definition ‘interlabia present, reduced or absent . .. . parasites of the
digestive tract of seals’, P. phocae being the type-species of the genus.
According to that definition, Berland (1964), when describing P. cysto-
phorae from the seal Cystophora cristata, suggested that the species of
Contracaecum ‘with opposite caeca from seals’ should be transferred to
the genus Phocascaris. His proposal was to retain within Contracaecum
species from fish-eating birds. Berland’s (1964) hypothesis was mainly
based on the life-cycle patterns of these anisakid nematodes and their
definitive hosts, irrespective of their morphological phenotype. However,
a taxonomic proposal based on those biological features was not generally
accepted by taxonomists, and Hartwich (1975) did not take into account
that observation when he produced the ‘Key of Ascaridoidea’, still con-
sidering a morphological character (relating to the presence/absence of
interlabia) as a valid criterion for distinguishing the species belonging to
Contracaecum and Phocascaris.

Several years later, the same morphological character was shown to be
inconsistent and not of useful systematic value for differentiating the two
groups of species included in Contracaecum. Indeed, based on allozymes
(22 enzyme loci), Orecchia et al. (1986b) and Nascetti ef al. (1990) used
species Contracaecum from seals and fish-eating birds to show that of all the
species of the Contracaecum osculatum complex (see Section 4.3) are geneti-
cally much more closely related to species of Phocascaris (i.e. Phocascaris
phocae and P. cystophorae) from seals than to the congeneric species from
fish-eating birds, demonstrating high levels of differentiation (Contracae-
cum species from pinnipeds share no alleles in common with those from
fish-eating birds). Clustering methods based on allozyme markers showed
that P. phocae and P. cystophorae form a clade with the species of Contrac-
aecum from seals (Nascetti et al., 1990) (Section 4.3), suggesting an evolu-
tionary hypothesis for the systematic status of these species. Nadler et al.
(2000), based on nuclear rDNA sequence data of several taxa of the genera
Contracaecum and Phocascaris, demonstrated the validity of the evolution-
ary hypothesis previously suggested by allozyme markers. A phyloge-
netic hypotheses based on different clustering analyses of the ITS-TDNA
(Nadler et al., 2000) and the mtDNA cytochromoxidase-2 (mtDNA cox2)
(Mattiucci et al., 2008b) sequences data strongly supported the hypothesis
based on allozymes, according to which species of Phocascaris are nested
within the clade formed by the Contracaecum species hosted by phocid
seals and are thus closely related to species of the Contracaecum osculatum
complex. All of the phylogenetic analyses also support the hypothesis
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advanced by Berland (1964), based on the biology of these anisakid nema-
todes, in terms of the monophyly of the species of Contracaecum and
Phocascaris from phocids (see also Section 4.3).

On the other hand, the molecular genetic approach has been demon-
strated to be very fruitful in the detection of sibling species and disclosing
new taxa of Contracaecum parasites of fish-eating birds (Bullini et al., 1986;
D’Amelio et al., 1990, 2007; Li et al., 2005; Mattiucci et al., 2002b, 2008c¢),
which are not however treated in details in this review.

3.3.1. The Contracaecum osculatum species complex

To date, five members of the C. osculatum complex have been recognized
genetically by the use of allozyme markers. They are the three Arctic
sibling species referred to as C. osculatum A, C. osculatum B and C. oscula-
tum (s.s.) (see Nascetti ef al., 1993), and the two Antarctic members,
C. osculatum D and C. osculatum E (see Orecchia et al., 1994).

C. osculatum A of Nascetti et al. (1993): This species occurs in the
Norwegian and Barents Seas, Canadian Atlantic, Icelandic, Canadian
Pacific waters and the Sea of Japan, between 40°N and 80°N. Its main
definitive host is the bearded seal, Evignathus barbatus, in both eastern and
western part of the North Atlantic Ocean, but the grey seal, Halichoerus
grypus, has also been recorded as a host (Brattey and Stenson, 1993;
Nascetti et al., 1993). Subsequently, it has been detected genetically in
the Steller’sea lion, Eumetopias jubatus, in the Western Pacific Ocean (Sea
of Japan) (Mattiucci et al., 1998; Paggi et al., 1998c). Its larvae have been
identified in the gadoid fish Theragra chalcogramma from the Sea of Japan
(Mattiucci et al., 1998) (Table 2.7; Fig. 2.1).

C. osculatum B of Nascetti et al. (1993): This species was first detected
genetically as an adult in the phocid seals Pagophilus groenlandicus, Phoca
vitulina and Halichoerus grypus from the North-eastern and north-western
Atlantic Ocean (Brattey and Stenson, 1993; Nascetti et al., 1993); reproduc-
tive isolation was demonstrated by allozyme markers between this spe-
cies and the other two Arctic members of the C. osculatum complex
(Nascetti et al., 1993). Later, it was identified based on diagnostic allozyme
markers as a parasite of the Phoca vitulina and Zalophus californianus in
northern Pacific waters (Mattiucci et al., 1998) (Table 2.7; Fig. 2.1).

C. osculatum (Rudolphi, 1802) (sensu stricto): This species, named
C. osculatum C by Nascetti et al. (1993), was genetically characterized
from the grey seal, Halichoerus grypus; its reproductive isolation from C.
osculatum B was shown in the sympatric situation of individual seal hosts
(i.e. the grey seal) from Iceland waters (Nascetti ef al., 1993). It is the only
species of the C. osculatum complex present in the Baltic Sea. So far, this
species has not been reported from the western part of the Atlantic or
from Pacific waters (Table 2.7; Fig. 2.1).



TABLE 2.7 Definitive and intermediate/paratenic hosts so far detected, by molecular genetic markers, for the Contracaecum spp. from pinnipeds

C.oscu- C.oscu- C oscula- C. oscula- C. oscula- C.o. C. ogmor-
latum A latumB  tum (s.s.) tum D tum E baicalensis C. radiatum C. mirounga hini (s.s.) C. margolisi
Pinnipeds
Phocidae
Phoca vitulina - NWA, - - - - - - - -
NEP,
JA, BE
Pagophilus - NEA, - - - - - - - -
groenlandicus NWA,
JA, BS
Phoca sibirica - - - - - BL - - - -
Erignathus NEP, BS - - - - - - - -
barbatus NWA,
NEA,
JA, BS
Mirounga - - - - - - - AN - -
leonina
Eumetopias - NEP - - - - - - - -
jubatus
Halichoerus NWA, NWA, BS, NEA, - - - - - - -
grypus NEA NEA NWA,
BA
Leptonychotes — — - - RS, WS RS, WS - RS, WS - - -
weddellii
Cystophora - NWA - - - - - - -
cristata
Otariidae
Zalophus - - - - - - - - - NEP

californianus
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Arctocephalus
australis
Arctocephalus
pusillus
Fishes
Bathydraconidae
Gymnodraco
acuticeps
Cygnodraco
mawsonii
Channichthydae
Cryodraco
antarcticus
Chionodraco
hamatus
Pagetopsis
macropterus
Chaenodraco
wilsoni
Cottidae

Gadidae
Gadus morhua
macrocephalus
Theragra
chalcogramma
Notothenidae

BE

BE

RS

RS

RS

RS

RS

RS

RS

RS -

RS -

RS -

RS -

Myoxocephalus
quadricornis

AR

AR

SA, AU

BS

(continued)



TABLE 2.7 (continued)

C.oscu- C.oscu- C oscula- C. oscula- C. oscula- C.o. C. ogmor-
latum A latumB  tum (s.s.) tum D tum E baicalensis C. radiatum C. mirounga hini (s.s.) C. margolisi

Notothenia
neglecta

Trematomus
bernacchii
Trematomus - - - RS RS _ _ _ _ _
pennelli

Pleuronectidae
Hippoglossus ~ BE - - - - - _ _
hippoglossus

Sampling locality codes: AN: Antarctica; AR: Argentine coast; AU: Australian coast; BA: Baltic Sea; BE: Bering Sea; BL: Baikal Lake; BS: Barents Sea; JA: Japan Sea; NEA: North-East Atlantic;
NEP: North-East Pacificc NWA: North-West Atlantic; NWP: North-West Pacific; RS: Ross Sea; SA: South Atlantic Ocean (off South Africa coast); SEA: South-East Atlantic; SWA: South-West
Atlantic; WS: Weddell Sea (data from Mattiucci and Nascetti, 2007; Mattiucci et al., 1998, 2003, 2008b; Nadler et al., 2000, 2005; Nascetti et al., 1993; Orecchia et al., 1994; Paggi et al., 1998c). Hosts
listed by alphabetical order of the family.
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C. osculatum D and C. osculatum E of Orecchia et al. (1994): The Antarc-
tic members of the C. osculatum complex, C. osculatum D and C. osculatum
E were demonstrated to be reproductively isolated by allozyme markers.
They occur sympatrically in the same definitive host, the Weddell seal,
Leptonychotes weddellii, and have so far been reported from both the
Weddell and the Ross Seas (Antarctica) (Orecchia et al., 1994). The larval
stages of the two sibling species have been identified by allozyme markers
from several fish species belonging to the families Channicthydae, Bath-
ydraconidae and Nototheniidae, in which a differential distribution of the
two sibling species is reported (Mattiucci and Nascetti, 2007; see also
Section 7.2) (Table 2.7; Fig. 2.1).

3.3.2. The Contracaecum ogmorhini species complex

The pinniped parasite Contracaecum ogmorhini Johnston and Mawson,
1941, first described from the leopard seal, Hydrurga leptonyx, in South
Australian waters, was later synonymized with C. osculatum (see Johnston
and Mawson, 1945). However, it was considered valid by Fagerholm and
Gibson (1987). The species was found to be genetically heterogenous
using allozyme markers (18 enzyme loci), indicating the existence of
two reproductively isolated taxa (sibling species) included within the
morphospecies. A formal description of the two taxa was given by
Mattiucci et al. (2003), and they were named C. ogmorhini Johnston and
Mawson (1941) (sensu stricto) and C. margolisi Mattiucci et al. (2003). A
morphological description of C. ogmorhini (s.s.) from Arctocephalus austra-
lis was given by Timi ef al. (2003). C. ogmorhini (s.s.) has been detected as
an adult in the otariid seals Arctocephalus pusillus pusillus, A. pusillus
doriferus and A. australis in the Austral region, while C. margolisi was
detected in the otariid Zalophus californianus in the Boreal region
(Table 2.6; Fig. 2.1) (see also Section 4.3). To date, the allopatric distribu-
tion of these two sibling species appears to be related to that of their
definitive hosts, ranging from 20 to 55°N in Boreal Pacific waters, but
from 20 to 50°S in South Atlantic and South Pacific waters.

3.3.3. Validity of species of Contracaecum, parasitic in seals,
using molecular markers

C. osculatum baicalensis Moszgovoi and Ryzhykov, 1950: The specific
status of C. osculatum baicalensis was established genetically using allo-
zyme markers (22 enzyme loci) with respect to the species of the
C. osculatum complex listed above (D’Amelio et al., 1995). It was found
to be genetically well distinct from the other members of this complex, as
well as from the other congeneric taxa (Mattiucci ef al., 2008b). C. oscula-
tum baicalensis is an adult parasite of the freshwater Baikal seal, Phoca
sibirica, endemic to Lake Baikal. The genetic relationships between
C. osculatum baicalensis and other congeneric taxa were inferred from
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LSU rDNA sequences (Nadler et al., 2000) and from the mtDNA cox2
sequence (Mattiucci et al., 2008b) analyses. Both phylogenetic analyses
were congruent with the allozyme clustering in showing C. osculatum
baicalensis nested within the clade formed by the species of the C. oscula-
tum complex (see Section 4.3). The genetic relationships found between
C. osculatum baicalensis and the members of the C. osculatum complex sug-
gest that the evolutionary divergence of this taxon likely took place fol-
lowing its host’s isolation during a Pliocene-Pleistocene refuge (Deméré
et al., 2003). At a larval stage, C. osculatum baicalensis was recognized by
allozymes in the endemic fish species Cottomephorus grewingki, C. inermis,
Comephorus baicalensis, Coregonus lavaretus, C. autumnalis migratorius and
Thymallus arcticus, which represent prey items of Phoca sibirica in Lake
Baikal (our unpublished data).

C. radiatum (v. Linstow, 1907) Baylis, 1920: The taxonomic status of this
species was confirmed genetically by Arduino et al. (1995) on the basis of
24 enzyme loci. Several allozymes were found to be diagnostic between
C. radiatum and the other taxa so far characterized as belonging to Con-
tracaecum species from seals (Arduino et al., 1995; Mattiucci et al., 2008b,
unpublished data). Reproductive isolation from the two Antarctic mem-
bers of the C. osculatum complex (i.e. C. osculatum D and C. osculatum E)
occurring sympatrically in the same definitive hosts (the Weddell seal)
was proved by the lack of F1 hybrids and recombinant or introgressed
individuals between the Antarctic taxa in the sympatric areas of the
Weddell and Ross Seas (Arduino et al., 1995). The genetic relationships
between C. radiatum and other congeneric taxa were later inferred from
LSU rDNA sequences (Nadler et al., 2000) and mtDNA cox2 sequence
analyses (Mattiucci et al., 2008b). Morphological distinction between C.
radiatum and C. osculatum (s.I.) was given by Kloser and Plotz (1992). C.
radiatum has been genetically identified as an adult in Leptonychotes wed-
dellii and as a larva in the pelagic channichthyd fishes Chionodraco hamatus
and Criodraco antarcticus (see Arduino et al., 1995). This finding supports a
previous report by Kloser et al. (1992), according to which C. radiatum has
become adapted to a pelagic food web. Other definitive hosts recorded for
this species in Antarctic waters are the leopard seal, Hydrurga leptonyx,
and the Ross seal, Ommatophoca rossi (see Baylis, 1937; Dailey, 1975).
Genetic investigations on this parasite of Antarctic seals are needed in
order to determine any host preference of this species.

C. mirounga Nikolskii, 1974: The taxonomic status of the species was
confirmed genetically by allozyme markers (20 enzyme loci) (Mattiucci
et al., 2008b, unpublished data). It was detected genetically as an adult in
Mirounga leonina from the Antartic and sub-Antarctic area (Mattiucci et al.,
2008b) and also in the otariid Arctocephalus australis (see Mattiucci et al.,
2003). Several allozymes were found to be diagnostic between C. mirounga
and other Contracaecum species from seals (Mattiucci et al., 2008b,
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unpublished data). Reproductive isolation from the two Antarctic mem-
bers of the C. osculatum complex (i.e. C. osculatum D and C. osculatum E)
occurring sympatrically in the same definitive host (the Weddell seal),
and from C. ogmorhini (s.s.) which occurs syntopically in the same host
(the fur seal, Arctocephalus australis), was demonstrated by the lack of F1
hybrids and recombinant or introgressed individuals. The genetic rela-
tionships between C. mirounga and other congeneric taxa were later
inferred from LSU rDNA sequences (Nadler et al., 2000) and from the
mtDNA cox2 sequences analyses (Mattiucci et al., 2008b). No data on the
larvae of this species which have been identified genetically are available.

4. PHYLOGENETIC SYSTEMATICS OF
ANISAKID NEMATODES

Allozyme data, typically consisting of allele frequencies obtained from
starch gel electrophoresis of proteins, are an important source of charac-
ters for understanding the genetic structure of a population of anisakid
nematodes and, consequently, for reconstructing phylogenies among
conspecific populations and closely related species. Despite the increasing
use of DNA sequence data in phylogenetics, allozyme data remain widely
used in systematic and evolutionary studies of anisakid nematodes and
have some advantages. For example, allozyme data consist of multiple
unlinked nuclear loci, with each locus providing independent estimate of
the species differentiation and phylogeny. Therefore, in contrast to results
of nuclear and mitochondrial DNA data sets, allozyme data are less likely
to be systematically missed by mismatches between gene trees and spe-
cies trees. Furthermore, it is relatively cheap and easy to survey allozyme
variation for a large number of individual anisakid nematodes. A prob-
lematic aspect using allozyme data, however, is that there is a long-
standing and continuing controversy as to the preferred method for
their phylogenetic analysis. Doubt remains as to the validity of allozyme
data as a basis for inference of genetic relationship among related taxa.

Although this issue is still debated in the literature, aspects could be
addressed with empirical data recently obtained for anisakid nematodes.
Genetic relationships inferred from allozyme markers have been largely
obtained, in this group of parasites, by different methods such as pheno-
grams from genetic distance methods, Neighbour Joining (NJ) from
genetic matrix distances, spatial representation [Multidimensional Scale
Ordination (MDS), Principal Component Analysis (PCA)] based on dis-
tance values or allele frequencies data, between several conspecific ani-
sakid nematodes.

From a phylogenetic point of view, anisakid species have been re-
cognized based upon evidence of independent evolutionary lineages
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reflected in the form of character states unique to the same individuals of
a species. Indeed, genetically defined clades, corresponding to distinct
evolutionary lineages, are consistent with their recognition as separate
species. Congruence studies so far carried out on anisakid nematodes
provided, in general, that clades supported by many different lines of
evidence (allozymes, DNA sequences) can effectively be considered to be
"known’ clades (as determined and supported by Felsenstein, 1985). As it
has been presented in previous paragraphs, several molecular systematic
studies of anisakid nematodes have employed more than one gene to
define the taxonomic status of the species so far known. Indeed, generally,
concordant evidence from independent gene analysis inspires much more
confidence than the patterns that reflect separate lineage (and, thus,
species existence) inferred from data obtained from a single gene.
Congruence and incongruence evidences between allozyme data sets
and not-allozyme data (i.e. DNA sequence analysis at both nuclear and
mitochondrial genes) in anisakid nematode phylogenies are here
reviewed. The opportunity to compare independent data sets supporting
a given clade could affirm the existence of the clade with greater author-
ity. In other words, shared hypothetical phylogenetic history seems to be
the most likely explanation when congruence between diverse genetic
data sets is observed. In this sense we are revising the phylogenetic
relationships so far attempted for each group of anisakid nematodes
belonging to the genera Anisakis, Pseudoterranova and Contracaecum.
Indeed, phylogenetic analysis of partial 285 (LSU) sequences carried out
by Nadler et al. (2005) of Anisakis, Pseudoterranova and Contracaecum taxa
revealed strong support for the monophyly of the Anisakinae, Contracae-
cum plus Phocascaris, Pseudoterranova and Anisakis. Parsimony and ML
analyses indicated that the Raphidascarididae, Contracaecum plus Phocas-
caris, and the Anisakinae (here considering only Pseudoterranova and
Anisakis) are each monophyletic, the latter two groups with consistently
strong bootstrap support at MP and ML analyses (Nadler et al., 2005).

4.1. Genetic relationships between Anisakis spp.

Work performed on the phylogenetic studies within this genus was done
initially using the unweighted pair group method using arithmetic
averages (UPGMA phenograms) on the studied populations and species
of Anisakis based on distance values inferred from Dxyy; (Nei, 1972) and Dc
(chord distance by Cavalli-Sforza and Edwards, 1967). Among the first
extensive UPGMA phenograms were those generated by Mattiucci et al.
(1997, 2001) and Paggi et al. (1998b) showing the genetic relationships
between the species of Anisakis. This suggested that Anisakis is polyphy-
letic and highly heterogeneous, with a high genetic differentiation of
A. physeteris and A. brevispiculata from the rest of the Anisakis taxa
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recognized genetically. Other elaborations to infer genetic relationships
between seven taxa of Anisakis (i.e. the A. simplex complex, A. typica, A.
ziphidarum, A. brevispiculata and A. physeteris) included the MDS
(Guttman, 1968) from chord-distance values (D¢, Cavalli-Sforza and
Edwards, 1967), demonstrating that A. physeteris and A. brevispiculata are
forming a well-distinct clade with respect to that formed by A. simplex
complex, as well as from both A. typica and A. ziphidarum (see Mattiucci
et al., 2002a). A consensus NJ tree was later inferred from Cavalli-Sforza
and Edwards chord-distance values estimated at 19 enzyme loci between
eight Anisakis taxa, including the new species A. paggiae (see Mattiucci
et al., 2005). This showed consistently the existence of two distinct clades
supported by high bootstrap values, including, respectively: (1) the three
members of A. simplex complex, A. typica and A. ziphidarum within clade I
and (2) A. physeteris, A. brevispiculata and A. paggiae within clade II
(Fig. 2.2). Both A. ziphidarum and A. typica form two distinct subclades,
closely related to the A. simplex species complex (Mattiucci et al., 2005).
Maximum parsimony (MP) analysis of the ITS data set of 724 char-
acters in seven taxa out of those genetically recognized in Anisakis, was
performed by Nadler et al. (2005). This produced a strict consensus of the
MP trees which also depicted A. physeteris plus A. brevispiculata as the
sister group to the remaining Anisakis taxa. This clade was well supported
in the MP bootstrap tree. According to this analysis, the remaining
ingroup Anisakis were monophyletic in maximum likelihood (ML) and
MP consensus trees, with 100% bootstrap support (Nadler et al., 2005).
Later, Valentini ef al. (2006) provided a phylogenetic hypothesis for all
the nine taxa currently recognized species in Anisakis, using MP, NJ and
Bayesian analysis (BA) inferred from mtDNA cox2 sequences data
(629 bp). Phylogenetic trees generated show high congruence with the
UPGMA and NJ trees obtained from allozyme data sets performed on the
same species of Anisakis. An overall high congruence was indeed found
between the tree topologies obtained from consensus NJ inferred from
mtDNA cox2 sequence data and consensus NJ tree generated from allo-
zyme data sets of the same taxa (Fig. 2.2). Both depicted the species
A. physeteris, A. brevispiculata and A. paggiae as a sister group, highly
supported, with respect to the other Anisakis taxa. In addition, A. paggiae
appears to share a common ancestor with A. brevispiculata, and this is well
supported by the NJ allozyme data. In addition, allozyme tree topology
clearly demonstrated that Amnisakis sp. formed a monophyletic group
with A. ziphidarum; this was supported by the MP, BI and NJ of mtDNA
cox2 sequences (Valentini et al., 2006) (Fig. 2.2). Finally, consistent tree
topologies were observed between nuclear gene products and mitochon-
drial genes for the position occupied by A. typica as forming a separate
clade—as depicted by mtDNA cox2-derived NJ (Valentini et al., 2006),
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FIGURE 2.2 Genetic relationships among Anisakis spp. depicted by (A) neighbour-joining (N)) tree inferred from chord-distance values

(Dc, Cavalli-Sforza and Edwards, 1967) from allozyme data; (B) NJ inferred from K2P distance values obtained by mtDNA cox2 sequences analysis
(data from Valentini et al., 2006). Bootstrap values >60 are shown at the internal nodes. Pseudoterranova ceticola as outgroup. The two data
sets are congruent in depicting the existence of two main clades: (I) includes the A. simplex species complex [A. pegreffii, A. simplex (s.s.),

A. simplex C], A. typica, A. ziphidarum and Anisakis sp.; (Il) comprises the species A. physeteris, A. brevispiculata and A. paggiae. The species
included in the two main clusters show a different larval morphology: type I (sensu Berland, 1961) in the first group and type Il in the second one.
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allozyme data, and inferred from ITS rDNA sequence analysis (Nadler
et al., 2005) (Fig. 2.2).

Therefore, phylogenies inferred from different sets of nuclear and
mitochondrial data (i.e. allozymes, ITS rDNA sequences, mtDNA cox2)
(Mattiucci et al., 2005; Nadler et al., 2005; Valentini et al., 2006) supported
the group of species formed by A. physeteris, A. brevispiculata and
A. paggiae as sister group to the remaining Anisakis taxa. Finally, the
clade formed by the sibling species of the A. simplex complex received
strong support in all the phylogenetic elaborations from allozymes (NJ),
ITS-rDNA (MP) and mtDNA cox2 sequences (MP, NJ, Bl). They were
concordant to show a sister-group relationship for A. simplex (s.s.) and
A. pegreffii, with A. simplex C as a sister to this clade (Mattiucci and
Nascetti, 2006; Nadler et al., 2005; Valentini et al., 2006) (Fig. 2.2).

4.2. Genetic relationships between Pseudoterranova spp.

Genetic relationships between Pseudoterranova species have included ana-
lyses based on allozyme genetic distance methods (Bullini et al., 1997,
Paggi et al., 1991, 1998c). The allozyme analysis inferred from Dc chord-
distance values between the five sibling species of the P. decipiens complex
indicated the following topology: [P.decipiens (s.s.), P. azarasi, P. krabbei,
P. bulbosa, P. decipiens E], with a close genetic relationship between
P. decipiens (s.s.) and P. azarasi (Fig. 2.3).

An UPGMA phenogram of uncorrected ITS rDNA distances (Zhu
et al., 2002) was also produced for individual specimens, previously
characterized by allozymes, belonging to the taxa: P. decipiens (s.s.),

P, krabbei

P, decipiens (s.s.)

P azarasi

P, bulbosa

P, decipiens E

r T T T T 1 Nei's D
1.00 0.80 0.60 0.40 0.20 0.00

FIGURE 2.3 Genetic relationships among Pseudoterranova spp. depicted by neighbour-
joining (NJ) tree inferred from chord-distance values (D¢, Cavalli-Sforza and Edwards,
1967) from allozyme data (redrawn from Bullini et al., 1997).
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P. krabbei, P. bulbosa, P. azarasi, P. cattani, and a taxon indicated as
P. decipiens Cal. This analysis showed the following relationship:
[P. decipiens (s.s.), P. azarasi, P. bulbosa, P. cattani, P. krabbei, P. decipiens
Cal]. Zhu et al. (2002) also suggested that, because of the geographical
origin, the P. decipiens Cal from Chaenocephalus aceratus, it is likely to
correspond to P. decipiens E, but this correspondence has not been verified.

An overall congruence was found between the topology produced by
the allozyme phenogram (except for the absence of P. cattani from the
allozyme analysis) produced by Bullini et al. (1997) and that obtained by
both MP and ML analyses of ITS rDNA sequences by Nadler et al. (2005)
performed on all the P. decipiens species complex. These topologies were
congruent in depicting the close relationship between P. decipiens (s.s.)
and P. azarasi. Nadler et al. (2005) showed that P. cattani and P. decipiens
Cal are not closely related and they do not represent sister taxa with
respect to the other taxa. According to those authors, this finding suggests
a more complex evolutionary scenario than might be explained by a
simple biogeographical scenario of their definitive hosts.

4.3. Genetic relationships between Contracaecum spp.

A first phylogenetic hypothesis of the species included in the genus
Contracaecum was that attempted using allozyme data on several species
of Contracaecum from pinnipeds and fish-eating birds as definitive hosts,
plus Phocascaris phocae and P. cystophorae (see Nascetti et al., 1990; Orecchia
et al., 1986b). It was shown that Contracaecum species from seals were
genetically most similar to each other rather than to the avian Contracae-
cum, with no alleles found in common between the two groups of species.
In addition, it was clearly demonstrated that species of Phocascaris (i.e.
P. phocae and P. cystophorae), despite their morphological characters (inter-
labia absent and /or reduced), were clustering within the clade formed by
the species of the C. osculatum complex (interlabia present), which now
includes five sibling species [C. osculatum A, C. osculatum B, C. osculatum
(s.s.), C. osculatum D and C. osculatum E] (Nascetti et al., 1993; Orecchia
et al., 1994) (see also Section 3.3.)

Nadler et al. (2000) supported this first phylogenetic hypothesis using
the nuclear-encoded large subunit ribosomal DNA sequences (LSUrDNA)
for several taxa of Contracaecum (including seven species from pinnipeds
and seven from fish-eating birds) and Phocascaris (two taxa), previously
identified by allozyme markers. These data provided high support for the
monophyly of all Contracaecum and Phocascaris of phocid seals. This
finding is consistent with Berland’s hypothesis (1964) that such species
form a group sharing the same life-cycle pathway. However, Berland’s
proposal to recognize all species in phocid seals as Phocascaris, with all the
species from birds as Contracaecum, was not congruent, according to
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Nadler et al. (2000) with the inferred 285 rDNA trees produced, because it
would result in a paraphyletic Contracaecum. Moreover, that phylogenetic
elaboration, with respect to Berland’s hypothesis, would not depict avian
parasites as monophyletic; some of them, for instance C. rudolphii species
A and B, cluster in the same clade with the otariid parasite C. ogmorhini
(see Nadler et al., 2000, 2005).

A phenetic clustering (UPGMA), inferred from the allozyme data set
(22 enzyme loci) only in Contracaecum spp. using pinnipeds as definitive
hosts, showing their genetic relationship was produced by Nascetti et al.
(1993). Later Arduino et al. (1995) and Bullini ef al. (1997) produced a
phenetic tree (UPGMA) showing the genetic relationships among six taxa,
including the species of the C. osculatum complex [C. osculatum A,
C. osculatum B, C. osculatum (s.s.), C. osculatum D, C. osculatum E] and
C. radiatum. This depicted C. radiatum as the basal species of the first
group of Contracaecum plus Phocascaris. Other graphical representations
of the genetic relationships among the same group of Contracaecum taxa
were those produced by MDS ordination obtained from Dc values in
Orecchia et al. (1994) and the PCA analysis in Arduino et al. (1995), also
including C. radiatum.

A phenogram depicting the genetic differences observed in the entire
ITS rDNA among specimens genetically identified previously by allo-
zyme markers as belonging to the five taxa of the C. osculatum complex
[i.e. C. osculatum A, C. osculatum B, C. osculatum baicalensis, C. osculatum
(s.s.), C. osculatum D and C. osculatum E] was produced by Zhu et al.
(2000b). This cluster analysis showed that C. osculatum A, C. osculatum D,
C. osculatum E and C. osculatum baicalensis were genetically more similar to
C. osculatum B than each was to C. osculatum (s.s.). Moreover, Zhu et al.
(2000b) found C. osculatum (s.s.) the most genetically distinct taxon from
the other members of the complex. This latter finding was concordant with
that previously presented in Nascetti et al. (1993) and Orecchia ef al. (1994).
However, in the same genetic studies and phylogenetic representation,
Zhu et al. (2000b) did not find any genetic differentiation in the ITS rDNA
sequence analysis between C. osculatum D and C. osculatum E, previously
detected by allozymes (Orecchia et al., 1994). Similarly, the lack of
unequivocal nucleotide differences in any of three mtDNA sequences
analysed (mtDNa cox1, sstTRNA and IsrrRNA) between C. osculatum D
and C. osculatum E was also shown by Hu et al. (2001). These findings are
inconsistent with allozyme data analysis (MAE) which, on the contrary,
clearly demonstrated the reproductive isolation between C. osculatum D
and C. osculatum in sympatry, with several allozyme loci fixed for alterna-
tive alleles in the two species. Moreover, the specific status of C. osculatum
D and C. osculatum E was confirmed by the phylogenetic analysis, inferred
from mtDNA cox2 sequences, which depicted the two taxa as two separate
lineages (phylogenetic units) (Mattiucci et al., 2008b) (Fig. 2.4).
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FIGURE 2.4 Genetic relationships between species of Contracaecum and Phocascaris from pinnipeds depicted by (A) NJ tree inferred from
chord-distance values (D¢, Cavalli-Sforza and Edwards, 1967) from allozyme data and (B) NJ inferred from mtDNA cox2 sequences analysis.
Bootstrap values >60 are shown at the internal nodes. Pseudoterranova ceticola as outgroup. The two data sets are congruent in depicting the
existence of two main clades: (1) includes the species of C. osculatum complex, Phocascaris cystophorae, C. radiatum, C. mirounga; (Il) comprises
C. ogmorhini (s.s.) and C. margolisi. The two phylogenetic trees show P. cystophorae nested in the subclade formed by the species of

C. osculatum complex.
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The overall concordant results with the allozyme data sets have been
found in the tree topology inferred from the mtDNA cox2 sequences data
(519 bp) ascertained for all the Contracaecum plus Phocascaris taxa so far
recognized by allozyme markers [i.e. C. osculatum A, C. osculatum B,
C. osculatum (s.s.), C. osculatum D, C. osculatum E, C. osculatum baicalensis,
C. radiatum, C. mirounga, C. ogmorhini (s.s.), C. margolisi, Phocascaris cysto-
phorae] (see Mattiucci et al., 2008b) (Fig. 2.4). A high congruence in the
topology of the trees generated by a consensus NJ tree inferred from
mtDNA cox2 sequences and that produced by a NJ based on Dc chord
distance from allozyme markers was observed (Fig. 2.4). They are highly
consistent in showing the existence of two well-supported clades: (1) one
including the species of the C. osculatum complex, Phocascaris cystophorae,
plus C. radiatum and C. mirounga (clade I), with the last two taxa being
genetically closely related and forming a supported subclade; (2) the
second clustering of the species C. ogmorhini (s.s.) and C. margolisi (clade
IT). Moreover, both elaborations from different data sets showed that
the species P. cystophorae is nested in the subclade of the species of the
C. osculatum complex. This is despite its morphological differences from
the species of the C. osculatum complex. Allozyme NJ elaboration clearly
depicted the species C. ogmorhini (s.s.) and C. margolisi as sister taxa with
respect to the other Contracaecum taxa, and this was also shown by the
mtDNA cox2 data. In addition, the Antarctic taxon C. osculatum D forms a
monophyletic group with the other Antarctic member C. osculatum E,
from which it was also found to be clearly genetically distinct
(Table 2.10 and Fig. 2.4; see also Section 6).

An overall congruence of this phylogenetic analysis was with that
produced by Nadler et al. (2000) based on the LSU rDNA sequences
analysis of seven Contracaecum species from pinnipeds [i.e. C. osculatum
A, C. osculatum B, C. osculatum (s.s.), C. osculatum baicalensis, C. radiatum
and C. mirounga). Indeed, both NJ tree inferred from the full alignment
data set using log-determinant distances and MP produced by Nadler
et al. (2000) demonstrated the monophyly of Contracaecum plus Phocascaris
from phocids. A strong support in all bootstrap trees also indicated for the
subclades formed by C. radiatum and C. mirounga and that formed by C.
osculatum A and C. osculatum baicalensis (see Nadler et al., 2005). These
subclades were shown to be highly supported at MP and NJ analyses
inferred from mtDNA cox2 sequences analysis (Mattiucci et al., 2006,
2008b) (Fig. 2.4). Furthermore, the trees inferred by all the methods,
were congruent in demonstrating that Phocascaris spp. are clustering
with the C. osculatum complex group of species and are well nested in
the clade including the Contracaecum from phocids (see Mattiucci ef al.,
2008b; Nadler et al., 2000, 2005) (see also Section 6). Meanwhile, C. ogmor-
hini (s.s.) and C. margolisi cluster in a separate clade (Mattiucci et al.,
2008b).
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5. GENETIC DIFFERENTIATION IN ANISAKIDS

Although the level of genetic differentiation is not a suitable parameter or
a measurement for establishing species delimitation, values of genetic
differentiation between taxa of anisakid nematodes inferred from nuclear
loci analysis (19-22 enzyme loci) were found to be of a similar order. In
sympatric or partially sympatric sibling species of anisakid nematodes, a
significant deficiency or complete lack of some heterozygote classes at
polymorphic loci strongly suggests that the sample being dealt with
comprises distinct gene pools. This was widely demonstrated in samples
of A. simplex (s.l.), P. decipiens (s.l.), and C. osculatum (s.l.) (see Mattiucci
et al., 1997; Nascetti et al., 1986, 1993; Paggi et al., 1991). In allopatric
anisakid nematodes, allozymes have provided reliable information on
their specific status, with clear evidence of alternative and unique allo-
zymes existing in allopatric populations. As the most common mode of
speciation of endoparasites is the peripatric model (sensu Mayr, 1963, 1976),
the build up of genetic divergence is generally a better predictor of
whether two allopatric populations will interbreed upon recontact, than
is conventional morphology. Indeed, according to the peripatric model of
speciation, this involves geographical isolation of small populations whose
genetic structure begins to differ from that of the parental population
since the beginning of the process by genetic drift phenomena. In the
Anisakis simplex complex and Contracaecum osculatum complex of species,
genetic data strongly support the notion that adaptation to different hosts
and speciation is strictly related to the geographical isolation of the hosts
(see also Section 6.1).

At least, in the case of anisakid nematodes, when Nei’s (1972) genetic
distance between populations reaches values of ~0.2-0.3, gene exchange
is interrupted by intrinsic reproductive isolating mechanisms (RIMs). On
the other hand, in anisakid nematodes, conspecific populations generally
show similar allele frequencies, even when located thousands of kilo-
metrers apart. Accordingly, their Dy,; values are quite low (0.0001-
0.002). Average genetic distance values inferred from allozymes within
and among species of the genera are given in Tables 2.8-2.10.

5.1. Genetic differentiation at interspecific level

Between sibling species of anisakid nematodes (sympatric and allopatric),
the genetic differentiation, estimated at the nuclear level (allozymes),
ranges on average, from values of Nei’s (1972) standard genetic distance
(Dpjei) Dnei = 0.20 (as observed between the Arctic taxon C. osculatum A
and the Antarctic species C. osculatum E) (Table 2.10) to Dpe; =~ 0.90 (as
found between the Antarctic taxon P. decipiens E vs the other species of



TABLE 2.8 Average of standard genetic distance by Nei (1972, Dn.;, below the diagonal) inferred from 20 enzyme-loci, and by Kimura-
2-parameter (Kimura, 1980, K2P, above the diagonal) inferred from 629bp of mtDNA cox2 between the species of Anisakis so far genetically
detected

A.simplex A A.simplex A A Anisakis ~ A. A A

Species (s.s.) pegreffii  C typica  ziphidarum  sp. physeteris  brevispiculata  paggiae
A. simplex (s.s.) 0.05 0.06 0.14 0.12 0.13 0.14 0.17 0.14
A. pegreffii 0.40 0.06 0.14 0.12 0.13 0.14 0.17 0.14
A. simplex C 0.36 0.37 0.14 0.13 0.14 0.14 0.17 0.15
A. typica 1.16 1.45 1.14 0.13 0.12 0.15 0.18 0.15
A. ziphidarum 1.64 1.99 1.62 1.67 0.09 0.13 0.14 0.12
Anisakis sp. 2.04 2.63 1.92 1.62 0.68 0.15 0.16 0.13
A. physeteris 6.90 8.30 7.40 477 0o (%) 0.11 0.12
A. brevispiculata  4.10 6.11 5.54 3.49 00 00 0.95 0.13
A. paggiae 00 00 00 00 00 00 1.06 0.79

(Data from: Mattiucci et al., (2001, 2002a, 2005), Mattiucci and Nascetti, 2006; Paggi et al., 1998b, and Valentini et al., 2006).
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TABLE 2.9 Average values of genetic distance, Dn,; (1972), between species of the
Pseudoterranova decipiens complex

Species P. krabbei P. decipiens (s.s.) P. bulbosa P. azarasi

P. decipiens (s.s.) 0.51

P. bulbosa 0.93 0.60
P. azarasi 0.56 0.38 0.64
P. decipiens E 0.91 0.96 0.97 0.93

Data from Bullini et al. (1997), Mattiucci et al. (1998, unpublished data), Paggi et al. (1991, 1998c).

P. decipiens complex), or Dy,; = 0.93 (as between P. krabbei and P. bulbosa)
(Table 2.9). Similar high values were those observed in the comparison of
Arctic members of the C. osculatum complex [i.e. C. osculatum D vs C.
osculatum (s.s.), Dn.; = 0.70] and between members of the A. physeteris
complex (i.e. A. physeteris vs A. paggiae and A. brevispiculata) (Dy,; =~ 0.90)
(see Mattiucci ef al., 2005) (Table 2.8).

The highest interspecific differentiation is that found at the allozyme
level in the comparison of anisakid species that are morphologically
distinct, such as the A. simplex complex and A. ziphidarum (see Paggi
et al., 1998b) or the A. physeteris complex (Mattiucci et al., 2005). In the
last group of species, spicule length of male specimens and the ventricu-
lus are significantly shorter than those of the members of A. simplex
complex. Moreover, in A. paggiae, the spicule length and ventriculus
shape were demonstrated to be of diagnostic level not only from the
members of A. simplex complex, but also with respect to genetically
closely related species, that is, A. physeteris and A. brevispiculata (see
Mattiucci et al., 2005).

Analogously, a high genetic divergence at the allozyme level was also
found between members of the C. osculatum complex with respect to C.
mirounga (on average, Dn,; ~ 1.05) (Mattiucci et al., 2008b) and to the C.
ogmorhini species complex (on average, Dn.; =~ 1.30) (Mattiucci et al., 2003,
2008b), which are morphologically distinct. The highest level of differen-
tiation at allozyme level was found between the A. simplex species com-
plex with respect to the A. physeteris species complex (Mattiucci et al.,
2005) (Table 2.8).

Nuclear and mitochondrial DNA polymorphisms among species of
anisakid nematodes demonstrate significantly high genetic variation
among sibling species and morphospecies of those anisakid nematodes
previously characterized genetically by allozyme markers. Indeed, it has
recently been shown that most of the genetic diversity is strongly
structured between species rather than within species. Pairwise compar-
isons were estimated of the level of sequence differences at the ITS rDNA
between 14 Anisakis samples by Nadler et al. (2005). Sequence differences



TABLE 2.10 Average of standard genetic distance by Nei (1972, Dy.;, below the diagonal) inferred from 20 enzyme-loci, and by Kimura-
2-parameter (Kimura, 1980, K2P, above the diagonal) inferred from 519 bp of mtDNA cox-2 between Contracaecum spp. from pinnipeds.

Species COSA COSB COSS COSD COSE CBAI PCYS CRAD CMIR COGM CMAR
C. osculatum A (COSA) 0.09 0.10 0.09 0.09 0.06 0.09 0.14 0.13 0.16 0.15
C. osculatum B (COSB) 0.41 0.09 0.09 0.10 008 010 0.14 0.13 0.15 0.15
C. osculatum (s.s.) (COSS) 0.57 0.80 0.11 0.10 010 0.07 0.16 0.15 0.14 0.15
C. osculatum D (COSD) 0.23 0.38 0.64 0.05 0.09 011 013 0.13 0.16 0.16
C. osculatum E (COSE) 0.20 0.36 0.53 0.25 0.09 011 015 0.13 0.14 0.15
C. baicalensis (CBAI) 0.30 0.27 0.41 0.60 0.50 0.09 0.16 0.12 0.15 0.16
P. cystophorae (PCYS) 0.45 0.83 0.46 0.68 0.51 0.64 0.15 0.15 0.16 0.16
C. radiatum (CRAD) 0.72 0.76 1.30 0.78 0.67 0.79  0.96 0.09 0.14 0.15
C. mirounga (CMIR) 1.00 1.06 1.13 1.15 0.86 1.20 1.07 095 0.14 0.15
C. ogmorhini (s.s.) (COGM)  1.30 1.35 1.37 1.40 1.48 1.70 190 1.60 1.81 0.05
C. margolisi (CMAR) 1.35 1.40 1.42 1.39 1.45 1.70 189 175 1.80 0.30

(Data from: Nascetti et al., 1993; Orecchia et al., 1994; Mattiucci et al., 2008b and unpublished).
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(absolute differences) of 0-7 existed among individuals belonging to the
same species, whereas it ranged from 37 to 149 between individuals
belonging to distinct species (Nadler et al., 2005). At the mtDNA level,
the genetic divergence estimation among the nine Anisakis taxa, previ-
ously characterized on the basis of allozyme data, was calculated at
Kimura-2-parameters distance values (K2P) inferred from sequence anal-
ysis (629 bp) of the mtDNA cox2 gene by Valentini et al. (2006) (Table 2.8).
The mtDNA cox2 fragment in all the Anisakis was found to be A+T rich
(60.7%, 64.9% and 74.7% at the first, second and third positions, respec-
tively). The lowest level of interspecific genetic distance was found
between sibling species of the Anisakis simplex complex (on average, K2P
~ 0.05). Whereas, values of K2P = 0.14 and 0.13 were observed when
comparing the A. simplex complex, on average, with A. typica and A.
ziphidarum. Similar values (on average K2P ~ 0.13) were obtained when
A. physeteris, A. brevispiculata and A. paggiae are compared to A. ziphidarum
(see Valentini ef al., 2006) (Table 2.8). At the amino acid level, a total of 31
variable positions were identified in the mtDNA cox2 gene for Anisakis
spp- The average variation ranged from 2.4% between the sibling species
of A. simplex complex to as high as 7.7% between morphologically distinct
species (i.e. A. physeteris, A. brevispiculata and A. paggiae vs the A. simplex
complex (Valentini ef al., 2006)).

Single strand conformation polymorphism (SSCP) analysis of the ITS
rDNA, performed by Zhu et al. (2002), has revealed that, while no varia-
tion in single stranded ITS profiles existed within each of the five sibling
species of P. decipiens complex (with the exception of a slight microheter-
ogeneity evidenced in P. bulbosa and P. cattani), SSCP analysis of the ITS-2
amplicons allowed significant differentiation between them (Zhu et al.,
2002). Pairwise comparison of the ITS sequences revealed nucleotide
differences ranging from 0 to 6.8%, which were within the range observed
in other complex members (0-2.3% in the C. osculatum complex) (see Zhu
et al., 2000b).

Sequence variation at the same internal transcribed spacers of ribo-
somal DNA (ITS-rDNA) within and among members of the Contracaecum
osculatum complex and SSCP was used to screen the ITS-1 and ITS-2
amplicons separately for sequence variation within and among indivi-
duals (Zhu et al., 2000b). The G+C contents of the sequences obtained
were 45.7% (ITS-1) and 42.0-43.5% (ITS-2). However, no variation in
single-strand profiles was detected between/among samples represent-
ing a taxon by Zhu et al. (2000b), except for slight nucleotide polymor-
phism detected in the ITS for C. osculatum A and C. osculatum B. Indeed,
there was no variation in the length of the ITS-1 (499 bp) or ITS-2 (262 bp)
sequence for any of the individuals examined, and no-intraspecific varia-
tion in the sequence was observed. Whereas, significant inter-taxon
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differences in SSCP profiles were detected between C. osculatum A,
C. osculatum B, C. osculatum C and C. osculatum baicalensis. This revealed
a reliable genetic differentiation of these taxa from one another, except in
the case of C. osculatum D versus C. osculatum E, which exhibited identical
sequences (Zhu et al., 2000b). Each of the other four taxa had distinct
sequences with interspecific differences ranging from 0.3 to 2.3% (Zhu
et al., 2000b). C. osculatum (s.s.) was the most distinct taxon with respect to
all the other members. Comparison among the taxa revealed 22 variable
nucleotide positions in the ITS sequence. Each of the taxa could be identi-
fied by the presence of 1-10 fixed nucleotide differences, except in the
case of C. osculatum D and C. osculatum E, which were found at the ITS
rDNA gene to show the same nucleotide sequence.

At the mitochondrial level, the genetic divergence estimated from
sequence analysis (519 bp) of the cox2 gene was given for the five mem-
bers of the C. osculatum complex [i.e. C. osculatum A, C. osculatum B,
C. osculatum (s.s.), C. osculatum D and C. osculatum E] with respect to
C. osculatum baicalensis, C. radiatum, C. mirounga, Phocascaris cystophorae
and to the otariid parasites, C. ogmorhini (s.s.) and C. margolisi (see
Mattiucci et al., 2008b). Genetic divergence has been shown to range
from K2P = 0.05 (C. osculatum D wvs C. osculatum E) to K2P = 0.11
[C. osculatum (s.s.) vs C. osculatum D] between sibling species of the
C. osculatum complex. Higher values of K2P were those estimated
between morphologically differentiated species such as in the comparison
of C. radiatum and the species of C. osculatum complex (on average K2P ~
0.14), or C. osculatum complex versus C. ogmorhini complex species (on
average K2P ~ 0.15) (Mattiucci et al., 2008b) (Table 2.10). However,
despite morphologically distinct characters between Phocascaris spp. and
the species so far included in the C. osculatum complex, P. cystophorae is
genetically very closely related to this group of species (on average K2P ~
0.10) (Mattiucci et al., 2008b) (Table 2.10) (see also Section 4.3).

The Contracaecumn mtDNA cox2 gene was found to be A+T rich. This,
however, is consistent with that found in other anisakid nematodes, such
as Contracaecum parasites of fish-eating birds (Mattiucci et al., 2008c).
Similar distance values were those estimated at the same mitochondrial
gene (ntDNA cox2) among species of Contracaecum parasitic in fish-eating
birds. Indeed K2P ranged from 0.08 between the two sibling species,
C. rudolphii A versus C. rudolphii B, to ~0.13 between the two sibling species
and species morphologically well differentiated (i.e. the C. multipapillatum
complex) (Mattiucci et al., 2008c, unpublished data).

The genetic divergence among the anisakid taxa so far evaluated at the
mtDNA cox2 locus is of the same order as found between other nematode
species (Anderson et al., 1998; Blouin et al., 1998; La Rosa et al., 2001; Pozio
and Murrel, 2006; Zarlenga et al., 1998).
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5.2. Genetic differentiation at the intraspecific
level and gene flow

In Anisakis spp., most of the genetic diversity has been found within
populations rather than among populations (see also Section 8.2). Indeed,
for instance, at the intraspecific level, the values of Dy,; found between
populations of A. simplex (s.s.) ranged from 0.003 to 0.0038. Such a pattern
of genetic distance is related to that of geographical distance (isolation
by distance). Average Dy, values is ~0.007 among Atlantic populations,
Dyei = 0.015 among Pacific ones, and Dy,; =~ 0.025 between the two groups.
The highest value (Dn,; =~ 0.038) was found between the most distant
populations, from the Baltic Sea and off Hokkaido Island, Japan. This
finding is mainly a consequence of the differences in allele frequencies at
the loci Sod-2, fEst-2, Lap-2 and Pep B in populations of A. simplex (s.s.),
compared with those from the other localities (Mattiucci et al., 1997, 1998).
At the interpopulation level, A. pegreffii showed the lowest values of Gst
(average 0.02, Mattiucci ef al., 1997) and Dyg; is, on average ~ 0.005. This
finding indicates remarkable genetic homogeneity of A. pegreffii through-
out its wide range, from the Austral region to the Mediterranean Sea. A
more consistent intraspecific distance (Dye;, on average, ~0.045; Gst = 0.10)
was found in A. simplex C between the population from the Canadian
Pacific and those from Austral region (South Africa, New Zealand, Tas-
man Sea and sub-Antarctic area) (Table 2.8). This is mainly revealed by the
locus Sod-1, which markedly differentiated the sample from the Canadian
Pacific and those from the Austral region (Mattiucci et al., 1997).

Also in the case of A. typica (s.l.), remarkable genetic homogeneity was
observed in larval and adult samples despite being geographically quite
distant. Interpopulational genetic distances values detected among popu-
lations from Somali, Mediterranean and Brazilian waters were low, rang-
ing from Dy,; = 0004 (eastern Mediterranean vs Somali waters) to Dy,; =
0.010 (Brazilian vs Somali). The average value of Fst among all the popu-
lations was ~0.04 (Mattiucci et al., 2002a). Similar low levels of population
structuring were those found among Boreal and Austral populations of
other taxa, such as Dy, ~ 0.002 within A. ziphidarum (see Paggi et al.,
1998b), Dy = 0.008 and Dy,; = 0.009, respectively, in A. brevispiculata and
A. physeteris (Mattiucci et al., 2001) and, finally Dy,; ~ 0.005 in A. paggiae,
despite the geographical distance between the samples, indicating high
levels of gene flow in all of these Anisakis taxa (Table 2.8).

Similar values, at the intraspecific level, were found in the comparison
of populations belonging to the sibling species of the P. decipiens complex.
The four members of this complex from the Arctic Boreal region showed
Dye.; among populations ranging from, on average 0.001 (in P. krabbei) to
Dy = 0.005 [in P. decipiens (s.s.)]. Indeed, the lowest genetic heterogeneity
was found within P. bulbosa, despite the geographical isolation of the
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populations (NE and NW Atlantic, Pacific) with an average of 0.004. The
highest intraspecific differentiation was detected within P. azarasi, for
example, the sample from Anadyr (Bering Sea) showed a value of
Dnei = 0.026 with respect to conspecific Japanese samples (Mattiucci
et al., 1998; Paggi et al., 1998c). Both P. decipiens (s.s.) and P. azarasi showed
a strict correlation between geographical and genetic distance, whereas
higher levels of gene exchange were detected within P. bulbosa.

Analogous average values and ranges of genetic diversity between
conspecific populations were reported for the members of the C. osculatum
complex, from both Arctic and Antartic regions. At the intraspecific level,
the values of Dy,; within C. osculatum A ranged from 0.002 to 0.017, with an
average of Dy,; = 0.009. Average Dy,; values were 0.004 within Northern
Atlantic populations, while they were 0.008 among the conspecific popula-
tions and 0.018 between the two groups (Mattiucci ef al., 1998; Paggi et al.,
1998c¢). This demonstrates a geographical pattern in the genetic variation,
although less marked than that observed in A. simplex (s.s.). Among conspe-
cific populations of C. osculatum B, a lower level of differentiation was found
Dnei = 0.005 on average, with a range of values from 0.001 to 0.014, the last
value being reported among Pacific and Atlantic populations (Paggi et al.,
1998c). A lower degree of interpopulational genetic differentiation was
found between populations of the two Antarctic taxa, C. osculatum D and
C. osculatum E, detected in definitive and fish hosts from the Weddell and
Ross Seas, on average, Dy, =~ 0.003 and Dy,; ~ 0.002, respectively.

The highest levels of interpopulational distance between anisakid
populations were those found within the otariid parasite C. ogmorhini
(s.s.), ranging from Dy,; = 0.021 to Dy, = 0.029 between samples from
Argentine, South African and New Zealand waters (on average, Dy, =
0.024) (Mattiucci et al., 2003). Similar values are generally found among
races in different organisms (Ayala, 1975; Bullini and Sbordoni, 1980).

Allozyme data sets have indicated that genetic variation of anisakids is
generally not structured in geographical races or subspecies. Such low
values of Nei’s D between populations located thousands of kilometres
apart are likely to be caused by the homogenizing effects of gene flow,
enhanced by the high dispersal capacity of intermediate/paratenic and
definitive hosts. Indeed, levels of interpopulational gene flow, indirectly
estimated from allele frequencies and Fst values, have been reported in
these marine ascaridoid nematodes to be at high levels (Table 2.11).
Despite the geographical distance between sampling locations, high
rates of gene flow were detected within species belonging to three genera.
The highest values were those observed in the species included in the
Anisakis simplex complex. As we have illustrated above (Section 3.1), these
worms mature in several species of ‘oceanic dolphins” whose large geo-
graphical distribution could maintain the high level of gene flow
observed in these anisakid nematodes (Table 2.11). Similarly, the high
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TABLE 2.11 Values of intraspecific gene flow, estimated in anisakids from the
standardized variance of allele frequencies, F,; (Crow and Aoki, 1984; Slatkin and Barton,
1989); m is the fraction of immigrant individuals in a population of effective size N

Gene
Species flow (Nm) References
A. simplex (s.s.) 8.00 Mattiucci et al., 1997
A. pegreffii 15.00 Mattiucci et al., 1997
A. simplex C 9.00 Mattiucci et al., 1997
A. typica 6.00 Mattiucci et al., 2002
A. physeteris 5.10 Unpublished data
A. brevispiculata 6.20 Unpublished data
P. krabbei 4.38 Mattiucci et al., 1998; Paggi et al., 1991
P. decipiens (s.s.) 3.66 Mattiucci et al., 1998; Paggi et al., 1991
P. bulbosa 9.36 Mattiucci et al., 1998; Paggi et al., 1991
C. osculatum A 5.20 Mattiucci et al., 1998; Nascetti et al., 1993
C. osculatum B 4.90 Nascetti et al., 1993
C. osculatum (s.s.) 3.90 Nascetti et al., 1993
C. osculatum D 4.60 Orecchia et al., 1994, unpublished data
C. osculatum E 6.10 Orecchia et al., 1994, unpublished data
C. ogmorhini (s.s.) 4.10 Mattiucci et al., 2003

mobility and dispersal capacity of their intermediate/paratenic hosts
(fish) could enhance the high degree of gene exchange. Such figures are
similar to those found for the Arctic-Boreal members belonging to the C.
osculatum and P. decipiens complexes maturing in pinnipeds (Table 2.11).

These findings confirm that the complex life cycle of these nematodes
does not limit gene exchange, but enhances it through the high mobility of
the different hosts, such as fish and marine mammals (see also Section 7).
On the other hand, the possible correlation between gene exchange and
host mobility has also been suggested for other nematodes with different
life cycles, as inferred by other genetic markers (Anderson et al., 1998;
Blouin et al., 1995, 1998; Criscione et al., 2005).

6. HOST-PARASITE COPHYLOGENY

Uncovering the phylogenetic history of anisakid parasites and their hosts
represents a steadily advancing part of their systematics and ecology.
Thus, cophylogeny mapping has become a recent development in the
study of the relationships among and between ecologically related anisa-
kid nematodes with respect to their hosts. Generally, in cophylogeny
studies, a dependent phylogeny, such as that of a taxonomic group of



Anisakid Nematodes and Host—Parasite Co-evolutionary Processes 109

parasites, is mapped onto an independent one, such as that of their hosts.
Co-evolutionary studies mostly rely on morphological or molecular data
which are now becoming increasingly available in both parasites and
their hosts, allowing detailed comparison of parasite phylogenies with
those proposed for their hosts. Results of such studies have demonstrated
how the phylogeny of the parasites comes to ‘mirror” that of their hosts
(sensu Eichler, 1948; Fahrenholz, 1913). In cophylogeny mapping, the map is
constructed to provide the best possible explanation for the phylogenies
and thus determine whether the parasites have co-diverged with their
hosts, or whether they have undergone host switching, duplication by
independent speciation or even whether parasites had extinction events
(Charleston, 2003; Desdevises, 2007). Another method of uncovering
ancient associations between dependent and independent taxonomic
groups is the ‘biogeographical method” also known as Brooks” Parsimony
Analysis (Brooks, 1990; Brooks and Hoberg, 1981). In this model, hosts are
considered as ‘geographical regions’ and their parasites are their
‘endemic species’, undergoing codivergence in vicariant speciation, loss
by extinction, ‘missing the boat” (sensu Paterson et al., 1993), sympatric
speciation and horizontal transfer by migration.

Similar investigations have been made into host-parasite associations
between anisakid nematodes and their definitive hosts. Phylogenetic
trees, mostly inferred from molecular genetic data sets, are now available
for these parasites and for some taxonomic groups of their definitive
hosts. Comparison of these trees has allowed identification of cophyloge-
netic events.

Mattiucci and Nascetti (2006) have recently provided evidence for
such cophylogenetic events in the host—parasite systems of Anisakis spp.
and cetaceans (their main definitive hosts). The presence of the two main
clades, as presented in the phylogenetic relationships between Amnisakis
spp. (Section 4.1), is supported also by ecological data and specific host-
parasite relationships. Phylogenetic relationships proposed elsewhere
and here revised for species of Anisakis ‘mirror’, in several host—parasite
associations, that of their definitive hosts (Arnason et al., 2004; Cassens
et al., 2000; Milinkovitch, 1995; Nikaido et al., 2001). The sperm whales,
Physeter catodon, Kogia breviceps and K. sima are the main definitive hosts
for A. physeteris, A. brevispiculata and A. paggiae, respectively (Mattiucci
and Nascetti, 2006; Mattiucci et al., 2001, 2005) (Figs. 2.2 and 2.5). Several
oceanic dolphins in the Delphinidae, Arctic dolphins in the Monodonti-
dae and porpoises in the Phocoenidae (Table 2.4) are hosts of the species
of the A. simplex complex and of A. typica (see Mattiucci et al., 1997, 2002a,
2005). The beaked whales Ziphius cavirostris, Mesoplodon layardii, M. mirus
and M. grayi are hosts of A. ziphidarum (see Paggi et al., 1998b) and
Anisakis sp. (see Valentini et al., 2006) that are partitioned in clade I in
the parasite phylogenetic tree (Fig. 2.3). The phylogeny of cetaceans
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representing all extant cetacean families has recently been proposed by
Milinkovitch (1995) based on mtDNA genes (12S, 165 and cytb partial
sequences) and on myoglobin sequences; by Cassens et al. (2000) inferred
from sequence analyses of 125, 16S and cytb; by Nikaido et al. (2001) based
on retroposon analysis and by Arnason et al. (2004) based on analyses of
complete mitochondrial genomes. According to the phylogenetic hypoth-
esis proposed by Arnason et al. (2004), the Cetacea group splits into
monophyletic Mysticeti (baleen whales) and monophyletic Odontoceti
(toothed whales). The Odontoceti diverged into the four extant lineages,
Physeteridae (sperm whales: represented by the sperm and pygmy sperm
whales), Ziphiidae (beaked whales), Platanistidae (Indian river dolphins)
and Delphinoidea (encompassing the families Iniidae, Monodontidae,
Phocoenidae and Delphinidae). Phylogenetic trees provided by Nikaido
et al. (2001) and Arnason et al. (2004) were congruent in depicting the
branching order of the extant cetacean lineages, where the sperm whale
and the pygmy sperm whales (belonging to the families Physeteridae and
Kogiidae) represent basal taxa, followed by the beaked whales (belonging
to the family Ziphidae) and the freshwater and marine dolphins as the
most derived (Fig. 2.5). In accordance with those analyses, the branching
order so far proposed for the Anisakis taxa showed that nematodes from the
sperm whale and pygmy sperm whales (i.e. A. physeteris, A. brevispiculata
and A. paggiae) always occupy a basal lineage, always well supported,
followed by those parasitizing the beaked whales (A. ziphidarum and
Anisakis sp.). The species of the A. simplex complex and A. typica, parasites
of delphinoids, are the most derived (Mattiucci and Nascetti, 2006)
(Fig. 2.5). Elaboration of these empirical results to assess the global con-
gruence between host and parasite trees gained by ParaFit (Legendre et al.,
2002) was statistically significant (P < 0.05). Individual host—parasite asso-
ciations which contributed more to the cophylogenetic cetacean—Amnisakis
spp. mapping were represented by those between A. physeteris—Physeter
catodon, A. brevispiculata—Kogia breviceps and A. ziphidarum—Mesoplodon
spp., suggesting host—parasite co-speciation events. Whereas, a lower
significant contribute to the total test was that formed by the host—parasite
association A. simplex (s.s.)-Balenoptera acutorostrata, suggesting a possible
host-switching event (our unpublished data).

Such parallelism between host and parasite phylogenies is also
attempted for the group of Contracaecum taxa and their definitive hosts,
the pinnipeds of the Families Phocidae and Otariidae. The presence of the
two main clades, as presented in the phylogenetic relationships among
Contracaecum spp. (Fig. 2.4), is also supported by the ecological data
concerning host preference (see also Section 7.1) and specific host—parasite
relationships. Phylogenetic relationships so far proposed and here
reviewed for species of Contracaecum parallel that recently reported for
their definitive hosts based on molecular data (Arnason et al., 1995;
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Deméré et al., 2003). Several phocid seals (true seals) in the Phocinae are
hosts of the species of the C. osculatum complex and Phocascaris spp. in the
Arctic Boreal region. Moreover, seals in the Monachinae are hosts for
C. mirounga and C. radiatum in the Antarctic and sub-Antarctic region.
These anisakids are included in clade I in the parasite phylogenetic tree
(Mattiucci et al., 2008b) (Figs. 2.4 and 2.6). Whereas, the otariid species
in the Otariinae (sea lions) Zalophus californianus, and in the Arctocephali-
nae (fur seals) Arctocephalus spp. are hosts of the C. ogmorhini species
complex [C. margolisi and C. ogmorhini (s.s.)]. These anisakids are included
in clade Il in the parasite phylogenetic tree (Mattiucci et al., 2008b) (Figs. 2.4
and 2.6). Although a complete species-level phylogeny for pinnipeds
including fossil and extant taxa is as yet, unavailable, a molecular assess-
ment of pinniped relationships was performed by Arnason et al. (1995)
using the complete sequences of the mitochondrial cytochrome b gene
(mtDNA cytb) of the Phocidae, Odobenidae and Otariidae. Later,
Deméré et al. (2003) used a composite tree inferred from the basic topology
of generic level, morphological and molecular data, fossil taxa and con-
sensus phylogeny of the phocid subfamilies to propose an integrated
hypothesis for pinniped evolutionary biogeography. According to that
data elaboration, the Pinnipedia includes three major monophyletic
clades: (1) the Otariidae (fur seals and sea lions), (2) the Odobenidae, and
(3) the Phocidae (true seals), plus the extinct desmatophocids. In this
combined tree, the fur seals and sea lions comprising the Otariinae (Zalo-
phus californianus) and the Arctocephalinae (Arctocephalus spp. from the
southern hemisphere), are represented as well-supported basal groups
(Arnason et al., 1995; Deméré et al, 2003). In accordance with that analysis,
the branching order so far proposed for the Contracaecum taxa showed that
nematodes from the Otariidae [i.e. C. ogmorhini (s.s.) from Arctocephalus
spp.- and C. margolisi from Zalophus californianus] always occupy a basal
lineage of the parasite phylogenetic tree, with the species of the C. oscula-
tum complex from the Phocinae (true seals) as the most derived (Fig. 2.6).

Speciation of the members of C. osculatum complex is apparently
related to their geographical isolation, through that of their hosts, as
well as to a rapid host-parasite adaptation and co-evolution. Such pro-
cesses apparently occurred in different times during the Plio-Pleistocene,
when extreme climatic variation took place. The genetic relationships
found between the members of the C. osculatum complex suggest that
the evolutionary divergence of the most differentiated species [C. oscula-
tum (s.s.)] started more than 3 million years ago, in a Pleistocene refuge
(the Baltic Sea). As to the other C. osculatum species, their evolutionary
divergence probably took place during the Pleistocene, when the complex
achieved a distribution over both polar regions. This process involved
two distinct colonizations of the marine Antarctic region by ancestors of
the northern hemisphere, giving rise to C. osculatum D and C. osculatum E,
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both parasites of Leptonychotes weddellii (see Bullini et al., 1997). This
hypothesis seems to fit with the evolutionary biogeography of a pinnipe-
dimorph hypothesis based on both dispersal and vicariant events in the
context of a species-level phylogenetic framework proposed by Deméré
et al. (2003). This hypothesis supports an eastern North Pacific origin
during the late Oligocene coincident with start of glaciation in Antarctica.
During the late Miocene, pinnipedimorphs remained restricted to the
eastern North Pacific, where they began to diversify. Fur seals remained
restricted to the North Pacific until the late Pliocene, with a dispersal and
rapid speciation in the Southern Ocean during the Pleistocene. The pho-
cine seal diversification took place in the Arctic and North Atlantic during
the late Miocene with a subsequent dispersal into the Paratethys and
Pacific during the Pleistocene. Finally, the monachine seals, including
Mirounga leonina and Leptonychotes weddellii, seem to have the southern
hemisphere as the centre of diversification (Deméré et al., 2003).

The mode of speciation which apparently fits well with the anisakid
nematodes is the peripatric model proposed by Mayr (1963, 1976) (see also
Section 5). This involves the geographical isolation of small populations
whose genetic structure begins to differ from the parental one by different
genetic mechanisms. In the case of the Anisakis spp., and the C. osculatum
and P. decipiens species complexes, molecular genetic data strongly sug-
gest that adaptation to different hosts and speciation is related to the
geographical isolation of the hosts. Such processes apparently occurred
in different times from the lower Miocene to Pliocene, and Pleistocene,
when extreme climatic variation took place. During glacial maxima
(a period also of lowest sea level), smaller populations of hosts and their
endoparasites would have remained isolated in marine refuges, promot-
ing genetic divergence and co-adaptation. Then during interglacial peri-
ods, geographical ranges might have expanded, favouring host range
expansion (Bullini et al., 1997). Similar co-evolutionary processes have
been proposed by Hoberg (1992, 2005) for other host-parasite interac-
tions, involving Holarctic cestodes and their definitive hosts (fish-eating
birds and marine mammals).

7. HOST PREFERENCE, ECOLOGICAL
NICHE AND COMPETITION

Molecular genetic markers of the so far genetically characterized species
of anisakid nematodes provide a rapid, precise means to screen and
identify several marine mammals, fish and squids that serve as their
definitive and intermediate and or/paratenic hosts. These data give
important information regarding the life-history traits and epizootiologi-
cal aspects of these parasites.
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Marked differences in definitive and intermediate host preferences
were detected among the species belonging to Anisakis, members of
Pseudoterranova decipiens complex and species of Contracaecum from pin-
nipeds. They have shown distinct host preferences, with respect to their
definitive and intermediate hosts, often exhibiting differential distribu-
tion in various host species and/or with different ecology. Patterns of
differential distribution are the product of ecological processes and there-
fore interactions between parasite populations could promote and even
enhance the complexity of multi-species assemblages observed in a given
host (definitive and intermediate). Such differences in the life history and
host preference between related species of anisakid nematodes appear to
be due to differential host-parasite co-adaptation and co-evolution as
well as to interspecific competition. This acts either in reducing the
range of potential hosts or promoting a differential use of resources
from a single individual host in sympatric conditions. In other words,
the realized niche in some anisakid species could be more restricted than
the fundamental niche. Some examples of such ecological processes have
been found in anisakids of the P. decipiens complex and C. osculatum
complex and are described below.

In the North Atlantic and Pacific Oceans (Fig. 2.7), P. bulbosa is the only
species present in the bearded seal, Erignathus barbatus, both in the eastern
and western parts of the Atlantic Ocean, and also in the Pacific (Table 2.5),
whereas in the North Eastern Atlantic waters P. decipiens (s.s.) and
P. krabbei occur sympatrically as adults and often also syntopically in
the same individual host in the common seal, Phoca vitulina, and in the
grey seal, Halichoerus grypus (see Mattiucci et al., 1998; Paggi et al., 1991).
However, statistically significant differences in relative numbers have
been observed between P. decipiens (s.s.) and P. krabbei identified by
genetic markers (allozymes) in those hosts, where P. decipiens (s.s.) pre-
dominates about tenfold in the common seal, while P. krabbei is the main
prevalent species in the grey seal. On the other hand, in the western
Atlantic, where P. krabbei is absent, P. decipiens (s.s.) occurs in equal
proportions in both grey and common seals (Nascetti, 1992; Paggi and
Bullini, 1994) (Fig. 2.7). This finding was also observed by Brattey and
Stenson (1993), using the same genetic markers (diagnostic allozymes), to
identify to species level anisakid nematodes in seal hosts from New-
foundland and Labrador. The bearded seal was found to be parasitized
by P. bulbosa (under its former name, P. decipiens C, by Brattey and
Stenson, 1993), while both the grey and common seal were found heavily
infected by P. decipiens (s.s.) (under its former name, P. decipiens B, by
Brattey and Stenson, 1993). This finding could reflect differential adapta-
tion of the two parasites, which have evolved allopatrically. After their
secondary contact and, consequently, their sympatric occurrence in the
North East Atlantic seal hosts, interspecific competition between the two
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Pseudoterranova species could have led to a niche subdivision, evolving by
character displacement (Bullini et al., 1997; Nascetti, 1992).

Another example of niche subdivision is represented by the two Ant-
arctic members of the C. osculatum complex, that is, C. osculatum D and
C. osculatum E. The two sibling species share the same definitive host, the
Weddell seal, Leptonychotes weddellii, in both the Weddell and Ross Seas,
of Antarctica. However, the two anisakid species appear to be adapted in
this sympatric area to pelagic and benthic food webs, respectively. Larval
individuals (n = 1306) of C. osculatum D and C. osculatum E, genetically
identified to the species level by allozymes, were found to be heavily
infecting fish species in the Ross Sea (Mattiucci and Nascetti, 2007, unpub-
lished data). Statistically significant differences were detected in the rela-
tive proportions of the two Antarctic species of the C. osculatum complex
in benthic and mesopelagic fish intermediate host species. Indeed,
C. osculatum D outnumbers C. osculatum E in channichthyid fish (i.e.
Chionodraco hamatus, Pagetopsis macropterus) and in bathydraconids (i.e.
Gymmnodraco acuticeps, Cygnodraco mawsoni); while, higher relative propor-
tions of the infection by C. osculatum E were observed in nototheniid fish
(Trematomus bernacchii, T. pennellii, T. newnesi and Notothenia neglecta)
(Fig. 2.8). The last group of nototheniid fish are bottom living and feed
on benthic invertebrates, such as benthic amphipods (Daniels, 1982;
Foster and Montgomery, 1993; Vacchi et al., 1994), whereas channichthyid
and bathydraconid fish have a pelagic/mesopelagic mode of life (Daniels,
1982). In the sibling species C. osculatum D and E, competition in the
intermediate hosts could be avoided by spatial separation in the pelagic
and benthic components of food webs in the Antarctic marine ecosystem.

On the other hand, Kléser et al. (1992) suggested that C. radiatum in
Antarctic waters uses a pelagic food web. This was also confirmed by the
genetic identification of larval stages of C. radiatum, at a high prevalence,
in pelagic channichthyid fish (i.e. Chionodraco hamatus) (Arduino et al.,
1995).

Life-history differences in anisakid nematodes genetically recognized
at the species level were also reported in the case of the P. decipiens species
complex. In the northern hemisphere, P. bulbosa is a parasite at adult stage
of the bearded seal both in the North Atlantic and Pacific Oceans, and
at larval stage it occurs in the flatfishes Hippoglossoides platessoides, Rein-
hardtius hippoglossoides and Hippoglossus hippoglossus, in Myoxocephalus
quadricornis, and, rarely, in Gadus morhua macrocephalus (see Brattey and
Davidson, 1996; Bristow and Berland, 1992; Mattiucci et al., 1998). The
hosts so far detected for P. bulbosa are specialized benthic species, with the
exception of G. morhua which is benthopelagic (Paggi et al., 1991, 1998c).
This supports the hypothesis that P. decipiens (s.l.) in the northern hemi-
sphere has a benthic life cycle (Bristow and Berland, 1992). A similar
benthic life-history pathway can be suggested for P. azarasi in Pacific
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FIGURE 2.8 Relative proportions of larval specimens of the Antarctic anisakids
Contracaecum osculatum D and C. osculatum E, genetically identified from fish hosts. It
depicts differential distribution of the two species in pelagic, mesopelagic and benthic
fish hosts respectively, in Antarctica.

waters. It was detected genetically at the adult stage in the benthic feeding
Steller’s sea lion, Eumetopias jubatus, and also in mixed infections with
P. bulbosa in the bearded seal; and at larval stage in the flatfish Hippoglossus
hippoglossus (see Mattiucci et al., 1998; Paggi et al., 1998c).

Benthic and benthopelagic fish species (i.e. Chaenocephalus aceratus,
Notothenia coriiceps, N. neglecta, Trematomus newnesi) are found infected
by the Antarctic taxon P. decipiens E (our unpublished data), confirming
the suggestion of Palm et al. (1994), according to which P. decipiens (s.1.)
completes its life cycles in the Weddell Sea environment in organisms of
the benthic food web.

Interactions in seals between anisakid species of different genera are
likely to exist, since they often co-occur in the same host individual. As
anisakine nematodes become numerous in seal stomachs, they may be
increasingly prone to the consequences of intra- and inter-specific competi-
tion. These effects could provoke high mortality rates in one species, retard
its maturity or result in lower uterine egg counts in female worms.
McClelland et al. (1985) and Burt (1994) speculated that P. decipiens (s.1.)
abundance in seal stomachs may be limited as a consequence of ‘competi-
tive exclusion’ by the related nematode C. osculatum (s..). McClelland et al.
(1985) suggested that C. osculatum (s.l.) interfered with the proliferation of
P. decipiens (s.l.), since seasonal and geographical reductions in the numbers
of P. decipiens (s.l.) in grey seals often coincided with increases in the
abundance of C. osculatum (s.I.). This negative correlation between the
abundance of the two anisakid nematodes was not supported by the data
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of Brattey and Stenson (1993) according to which, these changes could be
equally well due to differences in diet among grey seals, as these tend to
acquire infection with larval P. decipiens (s.I.) by preying more on benthic
fish (McClelland et al., 1990); whereas others feed more on pelagic fish
species, such as capelin, Mallotus villosus, or cod, Gadus morhua, that har-
bour larvae of C. osculatum (s.I.) (see Palsson and Beverly-Burton, 1984).
Marcogliese (1997), remarking on the relatively small size and low uterine
egg counts of female P. decipiens (s.l.) in grey seals from Anticosti Island,
suggested that P. decipiens may be suppressed as a consequence of competi-
tive pressure from C. osculatum. McClelland (2002) suggested, however, that
significant negative correlation between the abundance of the two nema-
tode species, P. decipiens and C. osculatum, could result when samples taken
in a given area also include migrant seals acquiring infections in other areas.
However, when members of the P. decipiens and C. osculatum complexes
infest the same seal host, a differential use of resources could take place, as
the former occupy the seal intestine when the stomach (which is probably
the suitable microhabitat for both anisakids) is highly parasitized by
C. osculatum (s.l.) (see Berland, 1964; Kloser et al., 1992; Paggi and Bullini,
1994; Mattiucci and Nascetti, unpublished data).

Berland (1964) speculated that C. osculatum competes with and displaces
Phocascaris spp. from the stomach of harp Pagophilus groenlandicus, and
hooded seal Cystophora cristata. This result was later confirmed by genetic
identification (allozymes) of several individuals of C. osculatum B and Pho-
cascaris spp. It is likely that C. osculatum B is a better competitor than
Phocascaris phocae or P. cystophorae during syntopic occurrence, at the adult
stage, in the same individual seal host. Marked differences were indeed
observed in their relative proportions when they occur syntopically in the
harp and common seals. In these cases, the stomach is mostly occupied by
C. osculatum B, while P. phocae and P. cystophorae are displaced to the upper
intestine. In contrast, the hooded seal has always been found parasitized
solely by P. cystophorae/ P. phocae in both sites (stomach and intestine). In this
seal, Phocascaris spp., in the absence of a better competitor, usually occupies
the stomach. These phenomena of niche subdivision, promoting character
displacement, could reduce the inter-specific competition between two
closely related anisakid species (i.e. C. osculatum B and P. phocae/P. cysto-
phorae) for a trophic resource (Nascetti, 1992; Paggi and Bullini, 1994).

8. ANISAKIDS AS BIOLOGICAL INDICATORS

In recent years, marine parasites have been widely used in biological and
ecological surveys of marine ecosystems as biological indicators of food
chain structure (Thompson et al., 2005), pollution (Sures, 2004), global



120 Simonetta Mattiucci and Giuseppe Nascetti

climate changes (Brooks and Hoberg, 2007; Poulin, 2006), anthropogenic
impacts and environmental stresses (Marcogliese, 2005), fish stock assess-
ment (MacKenzie, 2002) and of general ‘ecosystem health” (Marcogliese,
2005).

Anisakid parasites are an integral part of aquatic ecosystems. They are
indeed important components of any ecosystem. Not only do they play
key roles in population dynamics and community structure, they can
provide important information about the general biodiversity of the
ecosystem.

Recent data on the possible use of anisakid nematodes are presented in
this section as biological indicators of (i) the definition of fish stocks
within a multidisciplinary approach, (ii) integrity and stability of trophic
webs and (iii) habitat disturbance.

8.1. Anisakis spp. larvae as biological tags of fish stocks

One of the major goals of the last decade in the study of the parasite fauna
of aquatic organisms has been, among the others, the assessment of fish
stocks, their movement and recruitment. Indeed, the use of parasites to
discriminate fish host populations has been one of the most useful
approaches in a multidisciplinary study of fish stock detection and char-
acterization. Nowadays, the modern concept of ‘fish stock” integrates all
the information gathered from a broad spectrum of techniques, ranging
from morphology (morphometrics, meristic, otolith microchemistry) to
biology (life-history characteristics, mark-recapture, parasites) and
genetic structure (allozymes, microsatellites, DNA sequences) of the fish
hosts throughout their geographical range. In this ‘holistic approach’ to
the definition of fish stock (Begg and Waldman, 1999), among the
biological approaches, the use of parasites as ‘biological tags’ has become
a useful tool, mainly concerning species with a high commercial value in
fisheries. Trends in the use of parasites as biological tags in population
studies of marine fish species was recently reviewed (MacKenzie, 2002).
Among the parasite species that have been used in fish stock definition,
the larval anisakid nematodes of the genus Anisakis represent one of the
best biological tags (MacKenzie, 2002). Allozyme markers were first
used to differentiate populations of herring, Clupea harengus L., in the
North Atlantic, on the basis of different allele frequencies observed
at one enzymatic locus in Anisakis larvae (Beverly-Burton et al., 1977).
The application of diagnostic genetic markers in the identification of
larval Anisakis to species level, and the biogeographical aspects of Anisakis
spp., have, in recent years, allowed the fish stock identification of several
demersal and pelagic species (Mattiucci et al., 2007a). A parasitological
survey carried out on several fish specimens of the European hake,
Merluccius merluccius, from 14 localities in the North East Atlantic and
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Mediterranean Sea included in the range of distribution of the fish spe-
cies, has allowed detection, by allozyme markers, of the occurrence of
different biological species of larval Anisakis (n = 1950). Indeed, seven
species of Anisakis were genetically recognized [A. pegreffii, A. simplex
(s.5.), A. typica, A ziphidarum, A. physeteris, A. brevispiculata and A. paggiae]
showing statistically significant differences in their distribution in the
hake sampled from Mediterranean and Atlantic waters (Mattiucci et al.,
2004) (Fig. 2.9). This indicated that (i) two stocks of M. merluccius from
Mediterranean and Atlantic waters exist; (ii) in the North Atlantic area, at
least two different population units of European hake are present; one
northern and another from off the Atlantic coast of Morocco; and (iii)
some sub-structuring in the Mediterranean population was also recog-
nized (Mattiucci et al., 2004). These findings are in accordance with
genetic results obtained from allozyme markers on the same fish host
samples, demonstrating that Atlantic and Mediterranean populations of
M. merluccius belong to two different stocks. These two populations are
separated at the Almeria-Oran front (Cimmaruta et al., 2005), as this front
has been proved to be the boundary between Atlantic and Mediterranean
stocks of several marine organisms (Pannacciulli ef al., 1997; Rios et al.,
2002). In this area a strong inflow transports surface Atlantic waters
into the Alboran Sea, creating an Atlantic domain within the Mediterra-
nean, and a partial isolation of the Albordn with respect to the other
Mediterranean water masses. It was also demonstrated that salinity and
temperature are responsible for maintaining the genetic differentiation
between the two fish population groups through selective processes
(Cimmaruta et al., 2005).

In the case of horse mackerel, Trachurus trachurus, different popula-
tions can be distinguished according to the spatial distribution of the two
most dominant parasite species, genetically recognized as A. simplex (s.s.)
and A. pegreffii. Indeed, the significant differences indicated by their
relative proportions between the samples from the Mediterranean Sea
(excluding the Alboran Sea) in comparison with the Atlantic ones seem to
indicate the discrete sub-structuring of populations of T. trachurus in
Mediterranean and Atlantic waters. Moreover, in Atlantic waters, the
differences found in the proportion of A. pegreffii between the southern
horse mackerel samples and those remaining seem to suggest a possible
existence of a ‘southern’ sub-population of T. trachurus readily distin-
guished from a ‘northern” one. The samples of T. trachurus from the
Alboran Sea were closer to the southern populations of the Atlantic than
to the other samples from the Mediterranean Sea. This finding, and
particularly the presence of A. simplex (s.s.) in some individual hosts
from the Alboran Sea, suggests that these populations could be the result
of a migration of this small pelagic fish species from Atlantic waters into
this extreme western area of the Mediterranean Sea, and also possibly
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FIGURE 2.9 Relative proportions of larval specimens of Anisakis spp. from different
fish hosts: (A) Merluccius merluccius; (B) Trachurus trachurus; (C) Xiphias gladius
throughout their range of distribution. It shows the use of biogeographical aspects of
Anisakis spp., genetically identified to species level, as biological tags for their fish stocks
definition in European waters.
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mixing with Mediterranean populations. This, in turn, is related to the
possible Almeria—Alboran boundary in Mediterranean waters. Further-
more, the high percentage of fish exhibiting infection by A. simplex (s.s.)
from this area was in accordance with the high dispersal capacity of this
small pelagic fish (Mattiucci et al., 2008a) (Fig. 2.9). This is in agreement
with the high genetic variability values shown for T. trachurus, at the
nuclear level (allozymes), in the same fish samples (Cimmaruta et al.,
2008). However, in contrast with the parasitological findings, a substan-
tial genetic homogeneity, inferred from allozyme markers on the same
fish samples, was found between the Atlantic and Mediterranean popula-
tions of horse-mackerel; a partial sub-structuring of T. trachurus observed
between the far eastern and western Mediterranean Sea has been reported
(Cimmaruta et al., 2008).

As for the swordfish, Xiphias gladius, it has been recently demon-
strated, using different molecular genetic markers and biological data,
that the Mediterranean population is separated from the Atlantic one
(Cimmaruta et al., 2006; Kotoulas et al., 2006; Lu et al., 2006; Reeb and
Block, 2006). The existence of a further separation between northern
and southern populations of swordfish in the Atlantic has been also sug-
gested (Alvarado-Bremer et al., 2006). The occurrence of different species
of Anisakis spp. larvae in Mediterranean and Atlantic swordfish popula-
tions was recently shown (Mattiucci et al.,, 2007a). In particular, the
absence of A. simplex (s.s.) in the Mediterranean swordfish samples
seems to support the idea that the Mediterranean population of X. gladius
is separated from the Atlantic one. Moreover, in Atlantic waters, the
possible existence of two populations, one northern and one southern,
has been suggested (Mattiucci et al., 2007a) (Fig. 2.9). This is also sup-
ported by population genetics data obtained from the swordfish sampled
in this area, indicating a possible boundary of the two stocks between
0°N and 5°S in Atlantic waters (Alvarado-Bremer et al., 2006).

Recently, it has been shown that the polymorphism observed in
mtDNA coxI gene sequences, analysed for several samples of A. simplex
(s.5.) collected between and within spawning seasons of its fish host (the
herring, Clupea harengus), exhibited a high degree of temporal stability
(Cross et al., 2007). This underlines the potential use of this species as a
biological tag, and mtDNA cox1 as a suitable genetic marker for future
investigation in fish host stock structure definition (Cross et al., 2007).

8.2. Anisakids as indicators of trophic web stability and
habitat disturbance of marine ecosystems

Food webs are networks of trophic relationships which map the location
of energy flow in a community. Despite the increasing details that have
been incorporated into marine food webs, some functional groups remain
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neglected. Among these are the parasites and host-parasite interactions
that are known to affect, among others, community structure and trophic
relationships (Marcogliese, 2001, 2005; Poulin and Morand, 2004). The
transmission pathways of parasites with indirect life cycles are fully
included in food webs of aquatic ecosystems. In other words, just as
food webs have exerted strong selective pressure on the evolution of
parasite transmission strategies, parasites are now shaping some of the
ecological properties of existing food webs.

The transmission routes of anisakid nematodes follow closely the
trophic relationships among their successive hosts, and thus they are
parasites embedded in food webs. As a consequence, the completion of
life cycles as complicated as those of anisakid nematodes requires a stable
trophic web. As a result, the life cycle of anisakid nematodes in marine
ecosystems with various degrees of habitat disturbance could be affected
by changes in host population size. Indeed, when the population size of
the hosts participating in the life cycle of these parasites is reduced due to
different causes (pollution, by-catch of marine mammals, viral diseases
of marine mammals, overfishing, etc.) (Fig. 2.10), the population size of
their anisakid endo-parasites could also be reduced. This would result
in a higher probability of genetic drift in the parasite gene pools and,
consequently, a decrease in their genetic variability values.

It has recently been shown (Mattiucci and Nascetti, 2007) that the
distribution of the genetic variability of anisakid nematode populations
in geographical areas with different levels of environmental stress is
likely to reflect the influence of a range of factors that could promote
their genetic diversity. These include a large effective parasite population
size, the wide range, availability, and population size of their hosts, and
the stability of marine trophic webs. The values of the genetic variability
[estimated at the parameters of percentage of polymorphic loci (P), mean
number of alleles per locus (A) and expected heterozygosity per locus
(He)], obtained at 19 allozyme loci, were compared among 53 populations
of anisakid nematodes belonging to 20 species of Anisakis, Pseudoterranova
and Contracaecum from several hosts in the Boreal and Austral regions
(Mattiucci and Nascetti, 2007). Austral populations of species belonging
to these three genera exhibited significantly higher genetic variability
values than those from the Boreal regions [expected mean of heterozygos-
ity per locus, He = 0.19 (in Austral populations) and He = 0.09 (in Boreal
populations) (P < 0.01)] (Fig. 2.11). A more remarkable difference in their
genetic variability values was observed when only Antarctic and sub-
Antarctic populations were compared directly with Arctic and sub-Arctic
populations [He = 0.23 and He = 0.07 (P < 0.001), respectively] (Mattiucci
and Nascetti, 2007). One conclusion is that the observed values of genetic
variability could be related to extreme latitudes, a parameter often con-
sidered as relevant (Nevo ef al., 1984). However, the data suggested that a
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FIGURE 2.10 Relationship between habitat disturbance and host population size. It
depicts causes of habitat disturbance (right) that can affect the population size of definitive
and intermediate hosts (at different trophic levels of a marine food web) involved in
speculative life-cycle pathways of anisakid nematodes of the genera Anisakis,
Pseudoterranova and Contracaecum (includes only species from pinnipeds). (Modified
from Mattiucci and Nascetti, 2007, with permission from Elsevier.)

significantly higher level of genetic variability found in the Antarctic
members considered (i.e. C. osculatum D, C. osculatum E, C. radiatum,
P. decipiens E, A. simplex C and A. pegreffii populations from sub-Antarctic
regions) coincide with a lower degree of habitat disturbance (e.g. over-
fishing, by-catch of cetaceans, hunting and diseases mortality of seals, sea
water pollution and acidification). This would allow host species to reach
higher population sizes, resulting in higher anisakid population sizes,
with a reduced probability of genetic drift phenomena in the parasite
gene pools. Consequently, a higher level of genetic diversity in the
Antarctic populations of these nematodes was observed.

Likewise, a much higher abundance and intensity of infection was
observed in the Antarctic and sub-Antarctic populations and species of
anisakid nematodes, where more than 10° individual worms were typi-
cally collected from a single host, compared to <10* from Arctic and
sub-Arctic hosts (Beverly-Burton, 1971; Brattey and Stenson, 1993;
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FIGURE 2.11 Distribution of the genetic diversity (expected mean heterozygosity per locus, He) (in white coloured cells) among anisakid
populations from Boreal (in light grey coloured cells) and Austral regions (in dark grey coloured cells). The arrows represent the mean values of
He in Boreal and Austral populations. The genetic variability of anisakid populations is higher in the Antarctic region than in other geographical
areas, whether they be similar or ecologically differentiated. Such difference can be explained by the lower habitat disturbance of the Antarctic
region, which permits the maintenance of more stable trophic webs in this ecosystem (redrawn from Mattiucci and Nascetti, 2007).
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Kloser et al., 1992; Mattiucci and Nascetti, 2007; McClelland et al., 1983)
(Tables 2.12 and 2.13). The data are consistent with biotic factors, such
as host density of those suitable definitive and intermediate hosts for
the anisakid nematodes in the Antarctic and sub-Antarctic areas, main-
taining the high genetic diversity in the anisakid gene pools. In support
of this hypothesis, a high density of marine mammal populations has
been documented in these geographical areas (Wickens, 1995), relative
to populations from the Arctic-Boreal regions (Read et al., 2006). For
example, in Antarctic waters, the Weddell seal (main definitive host of
C. osculatum D and C. osculatum E, see Section 3.3) has not suffered a
reduction in its population numbers in recent years (Kendall et al., 2003).
This is contrary to the phocids of the Arctic-Boreal region, whose popu-
lation size has decreased due to different causes of habitat disturbance
(hunting, by-catch, viral diseases, etc.) (Andersen ef al., 2006; Barron et al.,
2003; Di Guardo et al., 2005; Pastor et al., 2004). Similarly, the Antarctic
fish species examined here and utilized as intermediate hosts by these
nematodes have not been subjected to the population reduction from
over-fishing that has occurred in the host fish species from the Boreal
region (i.e. Gadus morhua) (Anon, 1997; Cook et al., 1997). Various causes of
habitat disturbance (pollution, capture, overfishing, global climate
change) possibly place undue stress on the trophic webs involving differ-
ent species of marine mammals, fish and invertebrates (suitable as defini-
tive and intermediate hosts of anisakid nematodes). This in turn could
adversely affect the population size of their endoparasitic anisakid
nematodes and, consequently, their genetic variability. Small anisakid nem-
atode burdens tend to have a lower genetic diversity, as smaller populations
lose diversity more quickly than large populations, due to genetic drift.
Large populations of anisakid nematodes, such as those from the Antarctic,
show higher levels of genetic diversity. These data fit well into the pattern
which has recently been demonstrated for a range of other parasitic nema-
tode species, showing that low levels of genetic diversity are often positively
associated with low levels of infection (Webster et al., 2007).

It is likely that elevated host density in the Antarctic and sub-Antarctic
areas will lead to an increase in anisakid parasite prevalence and abun-
dance in both suitable definitive and intermediate hosts. The high levels
of parasitic infection reported for the C. osculatum (s.l.) complex in Ant-
arctic fish species, which are prey for the Weddell seal, are consistent with
the high integrity and stability of the food webs in this marine ecosystem.
This, in turn, facilitates the completion of the life cycles of Antarctic and
sub-Antarctic anisakid nematodes (Mattiucci and Nascetti, 2007). These
results support the hypothesis that parasite infections give indications
about the hosts that are available to them (Hudson et al., 2006; Poulin,
2006).
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TABLE 2.12 Prevalence (P, %), Intensity (/) and Abundance (A) of the infection with the
species Contracaecum osculatum (s.l) in intermediate/paratenic (fish) and definitive
(pinnipeds) hosts from the Boreal and Antarctic regions

Host species/
geographic origin Parasite P I (min-max) A

Intermediate host

Boreal region
Gadus morhua C. osculatum B 50 (4-20) 4.0
(NE Atlantic)
Hippoglossoides C.osculatum A 260  (2-10) 1.2
platessoides
(NE Atlantic)

Antarctic region
Gymmnodraco C. osculatum D 100.0 (53-554) 308.7
acuticeps (Ross Sea)
Cygnodraco C.osculatum D 100.0 (60-520) 210.0
mawsoni (Ross Sea)
Cryodraco C. osculatum D 100.0 (86-619) 342.8
antarcticus
(Ross Sea)
Chionodraco C. osculatum D 100.0 (30-209) 105.1
hamatus (Ross Sea)
Trematomus C. osculatum E 100.0 (20-350) 110.2
bernacchii
(Ross Sea)

Definitive host

Boreal region
Pagophilus C. osculatum B 97.7  (13-2351) 321.9
groenlandicus
(NE Atlantic)
Halichoerus grypus C.osculatum B~ 80.7  (44-2783)  528.5
(NE Atlantic)
Phoca vitulina C. osculatum B 100.0 (1-543) 76.8
(NE Atlantic)
Erignathus barbatus C.osculatum A  100.0 (48-1223) 313.7
(NE Atlantic)

Antarctic region

Leptonychotes C. osculatum 100.0 (20671- 42270.2
weddellii (s.l) 130200)

(Weddell Sea)

Leptonychotes C. osculatum 100.0  (6300- 25310.1
weddellii (Ross sea) (s.) 32500)

Modified from Mattiucci and Nascetti (2007, with permission from Elsevier).
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TABLE 2.13  Prevalence (P,%), intensity (/) and abundance (A) of parasitic infection levels
by Anisakis pegreffii in different definitive and intermediate hosts from the Boreal and
Austral regions

Host species/geographic origin P I (min—max) A

Definitive host
Boreal region

Tursiops Mediterranean Sea 10.0 (1-15) 10.5
truncatus
Stenella Mediterranean Sea 2.0 (1-30) 15.0
coeruleoalba
Delphinus delphis ~ Mediterranean Sea 2.0 (1-22) 20.0
Austral region
Caperea SE Atlantic Ocean - - 100.5
marginata (South Africa
coast)
Cephalorhynchus SE Atlantic Ocean - 1204
haevinsedi (South Africa
coast)
Tursiops SE Atlantic Ocean - - 250.9
truncatus (South Africa
Intermediate host coast)
Boreal region
Trachurus Mediterranean Sea 44.4 (1-50) 10.5
trachurus
Merluccius Mediterranean Sea 85.0 (1-130) 25.0
merluccius
Lepidopus Mediterranean Sea 80.0 (10-120) 20.0
caudatus
Engraulis Mediterranean Sea 17.7 (1-10) 1.8
encrasicolus
Micromesistius Mediterranean Sea 48.5 (1-12) 51
poutassou
Austral region
Merluccius SE Atlantic Ocean 98.0 (10-130) 90.5
capensis (South Africa
coast)
Lepidopus SE Atlantic Ocean 100 (30-250) 212.0
caudatus (South Africa
coast)

(continued)
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TABLE 2.13 (continued)

Host species/geographic origin P I (min—max) A
Etrumeus SE Atlantic Ocean 100 (20-120) 80.8
whiteheadi (South Africa
coast)
Thyrsites atun SE Atlantic Ocean 100 (20-360) 205.1
(South Africa
coast)
Merluccius SW Atlantic Ocean 95.0 (30-170) 90.5
hubbsi (Falklands
Islands)

Modified from Mattiucci and Nascetti (2007, with permission from Elsevier).

The Antarctic ecosystem is generally considered ‘pristine’ (Battaglia
et al., 1997). Existing results on the genetic variability of anisakid nema-
todes have shown that, despite the ‘extreme’ ecological conditions of
marine Antarctic ecosystems, the genetic diversity of the host—parasite
system formed by ascaridoid worms in fish and marine mammals is higher
in the Antarctic region than in other geographical areas whether they
be similar or ecologically differentiated. Such difference can be explained
by the lower habitat disturbance of the Antarctic region, which permits
the maintenance of more stable trophic webs in this ecosystem (Mattiucci
and Nascetti, 2007).

9. CONCLUSIONS AND IDENTIFICATION OF GAPS IN
OUR KNOWLEDGE OF ANISAKIDS TO BE FILLED BY
FUTURE RESEARCH

The objective of this review was to compile current knowledge on the
anisakid species of Anisakis, Pseudoterranova and Contracaecum acquired
since the introduction of molecular markers as an aid to their systematics.
Thus, we have attempted to detail the advances in their taxonomy, epide-
miology, geographical distribution, population genetics and phylogenetic
relationships, highlighting ecological implications and co-evolutionary
processes. New insights into our knowledge of anisakids have been
developed, but several questions still need to be addressed. This section
thus highlights some of the main gaps which, in our opinion, will present
new perspectives and opportunities for future research on anisakid
nematodes.
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9.1. Molecular systematics

From a taxonomic point of view, we have collected examples of, and
evidence for, criteria useful for the species diagnosis of anisakid nematodes.

Describing reproductive isolation is crucial for speciation and the use
of allozyme markers, and (by MAE) is particularly useful for this aim
because (1) they are co-dominant markers (homozygotes are distinguish-
able from heterozygotes), (2) the polymorphisms which they can reveal
are representative of the genetic variation of an anisakid population, and
(3) they allow a more complete understanding of Mendelian inheritance
of these polymorphisms. Starting from these landmarks we have seen
that, in the case of anisakid species, MAE could be the best choice, as a
first genetic approach, to define the taxonomic status of a species follow-
ing the BSC, because they are able to demonstrate the absence of gene
flow and, thus, the reproductive isolation between taxa. They are also
able to distinguish possible F1 hybrids between related taxa and/or
introgressed individuals, where other molecular markers (for instance,
RAPDs and/or other not co-dominant markers) may fail to demonstrate
them. Moreover, it has been shown that once anisakid species have been
designated by allozymes, phylogenetic systematics inferred from other
molecular markers (both nuclear and mitochondrial) were congruent and
corroborated those results. On the other hand, phylogenetic systematics
of anisakid nematodes based on DNA gene sequence analysis has been
shown, in most cases and with few exceptions, to be congruent with
allozyme data sets establishing their taxonomic status and depicting
phylogenetic relationships between related taxa of anisakids. It has also
been useful for comparison with phylogenies postulated for their defini-
tive hosts. Among the PCR-DNA methods, the mitochondrial gene of the
cytochromoxidase 2 (mtDNA cox2) has been demonstrated to be useful
both for species identification distinguishing all the anisakid taxa so far
detected, and also for their phylogenetic study. This also underlines the
utility of being able to infer phylogenetic hypotheses for anisakid nema-
todes based on data concerning large and varied characters.

Thus, allozymes from MAE and/or DNA-based markers (barcodes)
are recommended as rapid and precise tools for the identification of
anisakid nematodes and for their cataloguing (barcoding). In the near
future, this will allow the comparison of new samples and taxa with
deposited DNA material and sequences (obtained from well-established
taxa of anisakids) as well as from type-material in museums, to avoid the
future synonymy of anisakid taxa.

It is also expected to have, as much as possible, an integrated approach
in the study of anisakid nematode systematics, with a reconciliation of
genetics with morphology, after the genetic recognition of a biological
species. Indeed, in some of the anisakids detected genetically, the formal
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description of the species is still lacking (i.e. for the C. osculatum species
complex). Molecular systematics will in the future clarify the taxonomic
status of some species still waiting to be genetically characterized among
those considered as inquirendae and will help to establish their genetic
relationships with related taxa.

9.2. Identification of human infections

The precise and easy identification to species level of anisakid nematodes
has a significant implication for the diagnosis of human anisakid infec-
tions (anisakidosis) and, therefore, it is an important component of disease
surveillance. To date, PCR-DNA methods have shown that human infec-
tions in Italy are attributable to A. pegreffii (see D’Amelio et al., 1999;
Mattiucci et al., 2007b), while in Japan infections are mainly due to
A. simplex (s.s.), despite the reported occurrence of A. pegreffii in fish
from the southern Sea of Japan (Umehara et al., 2007). The DNA-based
diagnostic techniques have an advantage when an anisakid larva is
extracted by endoscopy, because only very small portion of the larva is
required for its specific identification and anisakid larvae in any case
afford scant features for identification to species level. PCR-DNA markers
to recognize larval anisakids in eosinophilic granulomas, after their surgi-
cal removal, could be also applied in future for diagnosis of human cases.

The collection of basic information on human infections by anisakids is
important in the assessment of their relative epidemiological role, espe-
cially where different species are sympatric and even syntopic in the same
fish species. This becomes more relevant when the fish are of high com-
mercial value and are used for human consumption. This will in future
allow us to show distinct differences between the diseases caused by
different anisakid species. For instance, the clinical syndrome in human
infections with Pseudoterranova larvae is different in Japan from that
reported in the USA (Oshima, 1987). While the nature of the pathogenic
role is not yet fully understood, Desowitz (1986) has suggested that
various clinical aspects of human infections might be caused by different
‘strains’ of P. decipiens in the two different geographical areas. As different
sibling species of P. decipiens are distributed in fish from these areas
(P. azarasi and P. bulbosa in Japan, but P. decipiens (s.s.) and P. bulbosa in
USA), the correct identification in the future of human infections caused
by these anisakid species may be of particular importance.

9.3. Molecular ecology and life cycle

Genetic markers have proved to be an essential tool for basic ecological
studies where the ranges of anisakid species overlap. This allows us to
investigate patterns of their differential distribution in both definitive and
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intermediate/paratenic hosts in order to clarify whether they are the
result of ecological processes such as competition and adaptation. In
fact, despite the numerous observations on the definitive and intermedi-
ate hosts so far collected for the different genetically identified anisakid
species, further studies are required to confirm the host range and the
geographical distribution of several anisakid species. In addition, studies
need to be extended to other areas where anisakids of uncertain taxo-
nomic designation are reported but have not been fully investigated.
Anisakid specimens have been recorded from these areas but data
concerning their definitive and intermediate hosts are still patchy (for
instance, for the species indicated in this review as Anisakis sp., Anisakis
sp.1 and Anisakis sp. 2).

Other aspects related to possible life-history pathways speculated for
different anisakid species are still scanty and need to be fully demon-
strated. This may include, for instance, proof that A. physeteris has a life
cycle with squid rather than fish as suitable intermediate hosts. This was
suggested by Mattiucci et al. (2001, 2004), taking into account the finding
that other cephalopods have been reported to be infected by this anisakid
species (but not genetically identified) in Pacific waters. These included
Onychoteuthis borealis japonica (see Nagasawa and Moravec, 2002) and
other squid species (i.e. Todarodes japonicus, Doryteuthis bleekeri and
Ommastrephes bartrami) (see Smith and Wootten, 1978). Similarly, accord-
ing to the high rates of prevalence found in several pelagic and demersal
fish species of A. simplex (s.s.) and A. pegreffii, it seems that these parasites
use pelagic and mesopelagic food chains to complete their life cycles.
However, although this was anticipated by several authors (Klimpel
et al., 2007; Mattiucci et al., 1997, 2004; Pontes et al., 2005), further investi-
gations are required to confirm these hypotheses. These would include
the molecular identification of anisakid larval stages from invertebrate
species adapted to benthic or pelagic food chains and involved as first
intermediate hosts in these anisakid life cycles. Indeed, despite several
invertebrate species having been recorded as first intermediate hosts for
Anisakis simplex (s.l.) and Pseudoterranova decipiens (s.l.) (Hurst, 1984;
Marcogliese, 1993; Smith and Mooney Snyder, 2005), no data are so far
available on the specific identification of the larval anisakids recovered
from those hosts.

9.4. Host—parasite co-evolutionary aspects

The long history of host-anisakid associations could have led to recipro-
cal adaptations in the hosts and their parasites (classical co-adaptation) as
well as contemporaneous events in the two lineages (co-speciation). The
available host historical biogeography mapped onto the phylogenetic
trees postulated for the anisakid nematodes of the genera Anisakis and
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Contracaecum have made possible reconstructions of co-evolutionary
scenarios. However, other genetically unstudied taxa of anisakid nema-
todes belonging to Anisakis, Pseudoterranova and Contracaecum from ceta-
ceans and pinnipeds should be investigated, and their phylogeny mapped
onto that of their definitive hosts as inferred from other molecular
markers.

Comparative phylogenetics should also be studied to address the
identification of temporal links between host and parasite phylogenies,
and thus provide an internal time calibration for comparative studies of
rates of evolution in the two groups. Moreover, in a parasite clade that
shows evidence for host-switching, further studies will determine
whether there are geographical, morphological or ecological correlates
of host-switching. Indeed reconstruction of the biogeography history of
host-switching events may reveal whether colonization of new hosts by
anisakid nematodes was simply ‘opportunistic’ or whether the parasite is
acquiring a particular resource in that host taxon which is not itself
correlated with host phylogeny.

Co-adaptation and co-evolution in anisakid nematodes will also be
addressed in the future by further examination of the host—parasite
assemblages already attempted in the group of Contracaecum spp. from
fish-eating birds (Mattiucci et al., 2008c).

9.5. Genetic variability of anisakids as an indicator
of habitat disturbance

It has recently been shown in several organisms that natural and anthro-
pogenic environmental changes could affect the genetic structure of ani-
mal populations causing ‘genetic erosion’ (loss of number of alleles per
locus, decrease in heterozygosity and polymorphism rates) in their gene
pools. Different mechanisms such as population fragmentation and size
reduction, gene flow interruption and genetic drift can be invoked for
this. Thus, we may assume that habitat disturbance of marine ecosystems
and food webs can have considerable long-term effects on the genetic and
demographic viability of the parasite populations due to a reduction of
host population numbers. Indeed, assuming that habitat disturbance and
fragmentation reduce the local effective population size (N) or migration
rate (m) or both, increased genetic drift should redistribute genetic diver-
sity, such that variation within populations is reduced and variation
between populations is increased. In a small and isolated population,
the average heterozygosity decreases at a constant rate per generation,
so that small populations have a higher probability of losing genetic
diversity than larger and continuously distributed populations. The
extent to which a species could be affected by habitat disturbance is
determined by its degree of specialization and dispersal potential.
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Two of the main factors influencing the genetic variability of a population
are the amount of gene flow between populations and the population size.
In nematode parasites, gene flow is largely determined by the dispersal of
host animals (Blouin et al., 1995) and parasite abundance (as a proxy for
parasite population size) which are strongly correlated with host density
(Arneberg et al., 1998). As a consequence, variation in host dispersal and
density could lead to differences in the patterns of genetic diversity
distributed among parasite populations (Criscione and Blouin, 2005;
May, 1993).

Two complementary strategies have generally been used to examine
the genetic effects of habitat disturbance (anthropogenic impact) on the
genetic diversity (variability) of a population: (1) comparison of genetic
variability of different sets of populations inhabiting disrupted ecosys-
tems (space dimension) and/or (2) comparison of the genetic variability
of a particular data set of populations from the same geographical area at
different times (time dimension).

As for the first point, it has been shown that the existence of a correla-
tion between genetic variability values and parasitic infection levels of
anisakid populations, from different geographical areas of the Boreal and
Austral hemispheres, have different levels of habitat disturbance (i.e.
Arctic vs Antarctic ecosystems). Could anthropogenic changes such as
habitat disturbance provoke the reduction of host population size? In turn
this would mean a reduction in habitats for their anisakid nematodes that
could lead to a reduction in the genetic variability of the parasites’ gene
pools, resulting in a loss of genetic polymorphism in some genes. Future
efforts could be directed towards testing this hypothesis by monitoring
genetic diversity (variability) of anisakid populations over time. Now-
adays, the ‘genetic monitoring’ definition encompasses the quantification
of temporal changes in population genetic data generated using suitable
molecular genetic markers such as allozymes, microsatellites, single
nucleotide polymorphisms (SNPs), amplified fragment length polymor-
phism (AFLP) and single-strand polymorphisms (SSCPs) (Schwartz
et al., 2006).

Preliminary data on the ‘genetic monitoring’ of anisakid populations
through time seem to indicate that the possible phenomenon of the loss of
polymorphism could have affected their gene pools. This has been
observed in populations of Anisakis pegreffii, a sibling species of the
A. simplex complex widespread in the Mediterranean Sea but also occur-
ring in the Austral region. Loss of observed heterozygosity at some
polymorphic allozyme loci has been found in the Mediterranean popula-
tions of A. pegreffii collected from fish hosts in recent years, as compared
with that estimated in samples collected earlier in the genetic studies
on these parasites (Fig. 2.12). In contrast, the Austral populations of
A. pegreffii have maintained the same level of heterozygosity at the same



136 Simonetta Mattiucci and Giuseppe Nascetti

35
"
25 |
[" W 6Pgdh
20+ M
'1! Aat-2
1547
1047 | Mpi
0 LW
® =
(3] —
6 & 3 L
s ¢ n 2 &)
Al O ] c ‘© ‘.6
R 2 08 & g
—L5 O®8 ©9¢c &
5 -t ©8 £ K¢
2 o N & 5 %
k] 5 Q 3 o
S @ 5 = 2}
= = Q
= 2

FIGURE 2.12 Temporal variation in the distribution of the genetic diversity (expected
heterozygosity, he) at three allozyme loci (6Pgdh, Aat-2 and Gpi) in populations of
Anisakis pegreffii from the Mediterranean Sea and South Pacific Ocean. Loss of observed
heterozygosity (genetic erosion) at some polymorphic allozyme loci has been found in
recent Mediterranean populations of A. pegreffii with respect to those estimated from
the same populations in previous years and from the Austral region.

gene loci through time, despite the high level of gene flow observed. It is
possible that this finding in Mediterranean waters could be related to a
reduced population size in A. pegreffii. This in turn could correlate to
habitat disturbance-mediated reductions in population sizes of their
definitive and intermediate hosts. Clearly, further comparative genetic
analyses of these parasite populations and their levels of abundance over
time need to be undertaken to investigate this possibility.

Molecular genetic markers, other than allozymes, could provide esti-
mates of intraspecific genetic variation of these populations over time.
Among these, those which have been demonstrated to show high genetic
nucleotide variation in nematode populations (such as mitochondrial
genes) (Blouin, 2002; Blouin et al., 1998; Hu and Gasser, 2006; Hu et al,
2004; Kim et al., 2006) could be promising for gathering data from earlier
anisakid populations in museum collections.

Thus, monitoring of the genetic diversity of anisakid nematodes and
their abundance levels in hosts from different geographical areas, over time
and space, could be used in the future as a tool for monitoring trophic web
stability and for assessing the general biodiversity of marine ecosystems.
Given that many of the anisakid nematodes are host specific, an ecosystem
rich in their hosts should also be the one rich in anisakid parasites.
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We could thus conclude with a “paradox of anisakid’: A healthy marine
ecosystem is one with high level of infections by anisakid nematodes!
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