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Abstract

Genetic variation at 21 gene-enzyme systems was studied in a sample of an adult population of Anisakis typica
(Diesing, 1860) recovered in the dolphin Sotalia fluviatilis from the Atlantic coast of Brazil. The characteristic
alleles, detected in this population, made it possible to identify as A. typica, Anisakis larvae with a Type I morphol-
ogy (sensu Berland, 1961) from various fishes: Thunnus thynnus and Auxis thazard from Brazil waters, Trachurus
picturatus and Scomber japonicus from Madeiran waters, Scomberomorus commerson, Euthynnus affinis, Sarda
orientalis and Coryphaena hippurus from the Somali coast of the Indian Ocean, and Merluccius merluccius from
the Eastern Mediterranean. Characteristic allozymes are given for the identification, at any life-stage and in both
sexes, of A. typica and the other Anisakis species so far studied genetically. The distribution of A. fypica in warmer
temperate and tropical waters is confirmed; the definitive hosts so far identified for this species belong to delphinids,
phocoenids and pontoporids. The present findings represent the first established records of intermediate/paratenic
hosts of A. typica and extend its range to Somali waters of the Indian Ocean and to the Eastern Mediterranean
Sea. A remarkable genetic homogeneity was observed in larval and adult samples of A. typica despite their
different geographical origin; interpopulation genetic distances were low, ranging from Dy,; = 0.004 (Eastern
Mediterranean versus Somali) to Dy.; = 0.010 (Brazilian versus Somali). Accordingly, indirect estimates of gene
flow gave a rather high average value of Nm = 6.00. Genetic divergence of A. fypica was, on average, Dy, = 1.12
from the members of the A. simplex complex (A. simplex s.s, A. pegreffii, A. simplex C) and Dy,; = 1.41 from
A. ziphidarum, which all share Type I larvae; higher values were found from both A. physeteris (Dye; = 2.77)
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and A. brevispiculata (Dy.; = 2.52), which have Type II larvae (sensu Berland, 1961). Genetic relationships
among these species are shown using multidimensional scaling ordination (MDS). The genus Anisakis appears to
be phylogenetically heterogeneous and includes two distinct groups of species, which are morphologically and

genetically differentiated.

Introduction

Anisakis typica (Diesing, 1860) was described from
the common dolphin Delphinus delphis in the Central
Atlantic Ocean. Davey (1971) considered this taxon
as one of three valid species of the genus Anisakis
Dujardin, 1845, together with A. simplex (Rud., 1809,
det Krabbe, 1878) and A. physeteris Baylis, 1923.
According to Davey, A. tursiopis (Crusz, 1946), re-
covered from Delphinus delphis off Sri Lanka, is a
synonym of A. typica.

A. typica has been so far reported only at the adult
stage, as a parasite of various dolphin species from
warmer temperate and tropical waters, belonging to
the families Delphinidae, Phocoenidae and Pontopori-
dae (Stiles & Hassall, 1899; Shipley, 1905; Baylis,
1929, Kagei, 1967, 1976; Davey, 1971; Forrester &
Robertson, 1975; Smith & Wootten, 1978; Praderi,
1984, 1985; Conti & Frohlich, 1984; Raga & Bal-
buena, 1987; Santos et al., 1996; Andreade et al.,
1997; Zerbini & Santos, 1997; Mignucci-Giannone
et al., 1998). Larval stages of A. typica have not previ-
ously been identified. Bagrov (1982) attempted to link
Anisakis larvae referred to as Type IA, which were
collected from the fish Gempylus serpens in Philip-
pine waters, with A. typica; however, no evidence was
presented for such an identification.

In the present study, an adult population of A. ty-
pica recovered from the dolphin Soralia fluviatilis off
the Atlantic coast of Brazil was analysed for 21 gene-
enzyme systems. A number of allozymes, found to
be characteristic of A. fypica, allowed us to identify
larval samples of this species, collected from various
fish hosts in different geographical areas. The aim of
this paper is: (i) to provide diagnostic allozyme keys
for the identification, at any life-history stage, of A. ry-
pica, but also of other Anisakis species which have
been studied genetically; (if) to compare the genetic
variation of A. typica in adult and larval samples from
different geographical areas and from different hosts;
(iii) to investigate the genetic relationships between
A. typica and the other Anisakis species considered;
and (iv) to give a provisional picture of the life-cycle
and host preference of A. typica.

Materials and methods

The collection data for A. typica adults and Anisakis
spp. L4 and L3 larvae Type I (sensu Berland, 1961) are
given in Table 1. Horizontal starch gel electrophoresis
was performed on homogenates obtained from single
specimens following the same procedures as reported
in previous papers (Nascetti et al., 1986; Mattiucci
et al., 1997, 2001). Eighteen enzymes, putatively en-
coded by 21 loci (Iddh, Mdh-1, Icdh, 6Pgdh, Gapdh,
NADHdh, Sod-1, Sod-2, Np, Aat-2, Adk-2, cEst-1,
fEst-2, Lap-1, Lap-2, PepB, PepC-1, PepC-2, Mpi,
Gpi, Pgm-2), were routinely tested on all the spec-
imens. Buffer systems and staining procedures used
followed Poulik (1957), Selander et al. (1974), Brewer
& Sing (1970), Harris (1966) and Richardson et al.
(1989), and are detailed in a recent paper (Mattiucci
et al., 1997).

Departures from the Hardy-Weinberg equilibrium
were estimated by chi-square test (x2), with Fisher’s
correction for small samples. Genetic divergence
among populations and species was estimated by Nei’s
standard genetic distance, Dy.;, (Nei, 1972), Rogers
genetic distance, D¢, (1972, modified by Wright,
1978) and Cavalli Sforza & Edwards’ (1967) chord
distance, Dc. Genetic relationships among populations
and species was given by multidimensional scaling
ordination (MDS) carried out using the method of
Guttman (1964) from Dc values. The genetic diversity
among populations was estimated with Fst (Wright,
1978). Indirect estimates of gene flow (Nm, where m
is the fraction of migrant individuals in a population
of size N) were obtained from the values of Fstz, with
the formula proposed by Wright (1943, 1951). The
following parameters of genetic variability were es-
timated: proportion of polymorphic loci, by the 0.99
(Pgog) and 0.95 (Pgs) criteria; mean number of alle-
les per locus (A); and expected mean heterozygosity
per locus (He). Data analysis was carried out using
BIOSYS-1 (Swofford & Selander, 1981) and SYSTAT
(Wilkinson & Leland, 1989) software packages.
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Table 2. Diagnostic allozymes allowing the correct identification at the 99% level (*) or at the 95% level (o) of Anisakis typica

from the other Anisakis species studied genetically.

Locus A. typica  A. simplex s.s.  A. pegreffii  A.

simplex C A. ziphidarum  A. physeteris  A. brevispiculata

*Mdh-1 79 100 100 90 78 105 105
*Sod-1 104 92 100 85 98 97 90
oNp 90,100 100 100,90 100 110 60 70
eAat-2 95,110 93,100,88 100,93 110,100 120 97,90,107 85,80
*Adk-2 95 105 100 100 90 97 103
*fEst-2 130,140 100,108 100 100 125 115 90
*Lap-2 85 100,96 100, 98 100,104 105 80 80
*PepC-1 98 90 100,110,94 92 108 105,95 95
*Gpi 88 100 100 100 97 98, 90 98, 90
*Pgm-2 110 100 100 100,106 113 106 106

Results Anisakis species (Mattiucci et al., 1986, 1997, 2001;

Genetic characterisation of A. typica from other
Anisakis spp. and larval identification

The genetic comparison of an adult sample of A. fypica
with populations of other Anisakis species so far stud-
ied genetically (Nascetti et al., 1986; Mattiucci et al.,
1997, 2001) showed alleles at 8 loci (Mdh-1, Sod-1,
Adk-2, fEst-2, PepC-1, Lap-2, Gpi and Pgm-2) not pre-
viously detected in the other Anisakis species. These
enzyme loci allow an easy and reliable identification
of A. typica, at any life-history stage and of both sexes.
Characteristic allozymes for this species, with those
observed in the other Anisakis species considered, are
given in Table 2. These alleles extend the diagnos-
tic keys previously provided for Anisakis species to
include A. typica (see Mattiucci et al., 2001).

By using the above diagnostic markers, the
20 Anisakis L4 larvae recovered from the striped dol-
phin (S. coeruleoalba) (see Table 1) were found to
correspond to A. typica; the 280 Type I L3 larvae
collected from various fish and listed in Table 1 were
identified as: A. typica (120), A. pegreffii (146), A. sim-
plex (sensu stricto) (11) and A. ziphidarum (3). The
different Anisakis species found in the fish hosts exam-
ined are listed in Table 3. A. typica was found in sev-
eral mixed infections: with A. pegreffii in 9 specimens
of M. merluccius from the Sea of Crete; with A. pe-
greffii and A. simplex (s.s). in 4 Trachurus picturatus,
and with A. pegreffii, A. simplex s.s. and A. ziphidarum
in 3 Scomber japonicus from the Atlantic Ocean off
Madeira (Table 3). No F; hybrids, backcrosses or re-
combinant genotypes were found in sympatric areas,
supporting the specific status of A. fypica and the other

Nascetti et al., 1986; Paggi et al., 1998).

Host preferences and geographical distribution of
A. typica

The host fishes of A. typica listed in Table 3 represent
the first record of intermediate/paratenic hosts for this
species.

Considering the definitive hosts of A. typica de-
tected in the present study, the boto cinza dolphin
Sotalia fluviatilis was previously recorded for A. typ-
ica by Santos et al., (1996), while the striped dol-
phin Stenella coeruleoalba was indicated by several
authors (Kagei, 1971; Abril et al., 1986; Raga &
Balbuena, 1987). Other definitive hosts are: the bot-
tlenose dolphin Tursiops truncatus and the rough-
toothed dolphin Steno bredanensis (see Forrester
& Robertson, 1975), the short-finned pilot whale
Globicephala macrorhynchus and the spotted dol-
phin Stenella frontalis (see Raga & Balbuena, 1987,
Mignucci-Giannone et al., 1998), the melon-headed
whale Peponocephala electra (see Cannon, 1977), the
pygmy killer whale Feresa attenuata (see Conti &
Frohlich, 1984; Zerbini & Santos, 1997), the harbour
porpoise Phocoena phocoena (see Stile & Hassall,
1899) and the franciscana river dolphin Pontoporia
blainvillei (see Kagei et al., 1976; Praderi, 1984, 1985;
Aznar et al., 1995; Andreade et al., 1997). These, plus
other dolphin species recorded as definitive hosts of
A. typica, are given in Table 4.

The present findings, based on larval and adult
stages of A. typica, extend the geographical range of
A. typica to Somali waters of the Indian Ocean and to
the Eastern Mediterranean Sea.
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Table 3. Larvae of Anisakis typica and other Anisakis species genetically identified, with their fish host (see Table 1).

Fish species Collecting site n A. typica  A. simplex s.s.  A. pegreffii  A. ziphidarum
Auxis thazard Atlantic Ocean, 30 30 - - -
coast of Brazil
Thunnus thynnus Atlantic Ocean, 9 9 - 99 -
coast of Brazil
Scomber japonicus Atlantic Ocean, off 23 8 6 6 3
Madeira
Trachurus picturatus Atlantic Ocean, off 23 10 5 8 -
Madeira
Euthynnus affinis Indian Ocean, 10 10 - - -
Somali coast
Scomberomorus commerson Indian Ocean, 10 10 - - —
Somali coast
Sarda orientalis Indian Ocean, 4 4 - - -
Somali coast
Coryphaena hippurus Indian Ocean, 5 5 - - -
Somali coast
Merluccius merluccius Eastern Mediterranean Sea, 156 24 - 132 -
off Crete
Merluccius merluccius Eastern Mediterranean Sea, 10 10 - - -
off Cyprus

N, number of Type I larvae identified.

Table 4. Definitive hosts of Anisakis typica so far reported.

Host References

Delphinidae

Santos et al., 1996; Present data

Kagei, 1967; Abril et al., 1986; Raga & Balbuena 1987; Present data
Mignucci-Giannone et al., 1998;

Dollfus, 1968; Raga & Balbuena, 1987

Sotalia fluviatilis
Stenella coeruleoalba
Stenella frontalis

Tursiops truncatus

Delphinus delphis
Globicephala maelena
Globicephala macrorhynchus
Steno bredanensis

Feresa attenuata
Peponocephala electra

Lagenorhynchus obscurus

Phocoenidae

Phocoena phocoena

Pontoporidae

Pontoporia blainvillei

Diesing, 1860; Davey, 1971
Dollfus, 1968; Stipley, 1905

Mignucci-Giannone et al., 1998

Forrester & Robertson, 1975

Conti & Frohlich, 1984; Zerbini & Santos, 1997

Cannon, 1977
Baylis, 1929

Still & Hassall, 1899; Davey, 1971

Kagei et al., 1967; Praderi, 1984; Aznar et al., 1995; Andreade et al., 1997
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Table 5. Allele frequencies at 21 enzyme loci in Anisakis typica samples.

Loci/Alleles BRA MAD EMS SOM Loci/Alleles BRA. MAD EMS SOM
Iddh 95  1.00 1.00 1.00 1.00  fEst-2 130  0.20 0.16 - -
140  0.80 0.84 1.00 1.00
Mdh-1 79 1.00 1.00 1.00 1.00
Lap-1 90  1.00 1.00 1.00 1.00
Icdh 93 092 0.93 1.00 1.00
100 0.08 0.07 - - Lap-2 85 1.00 1.00 1.00 1.00
6Pgdh 86 040 0.50 0.37 0.28 PepB 70 097 1.00 1.00 1.00
93 0.60 0.42 0.39 0.56 80  0.03 - - -
97 - 0.08 0.24 0.18
PepC-1 98  1.00 1.00 1.00 1.00
Gapdh 100 1.00 1.00 1.00 1.00
PepC-2 96  1.00 1.00 1.00 1.00
NADHdh 100  1.00 1.00 1.00 1.00
Mpi 75 0.09 0.08 0.26 0.06
Sod-1 104 1.00 1.00 1.00 1.00 8 029 0.30 0.26 0.12
90 0.20 0.08 0.20 0.35
94  0.18 0.38 0.13 -
Sod-2 100 1.00 1.00 1.00 1.00 97  0.18 0.12 0.04 0.32
104 0.03 0.04 0.04 0.15
118 - - 0.07 -
Np 90  0.96 1.00 0.86 0.92 130  0.03 - - -
100 0.04 - 0.14 0.08
Gpi 80 - 0.03 - 0.05
Aat-2 95 090 0.92 1.00 1.00 88 1.00 0.92 0.96 0.90
110 0.10 0.08 - - 100 - 0.05 0.04 0.05
Adk-2 95 1.00 1.00 1.00 1.00 Pgm-2 98  0.02 - - -
110 0.98 1.00 1.00 1.00
cEst-1 95 035 0.21 0.10 -
100 0.65 0.79 0.90 1.00

BRA, Atlantic coast of Brazil, MAD, Atlantic Ocean, off Madeira; EMS, Eastern Mediterranean Sea; SOM,

Somali coast of Indian Ocean.

Larval and adult samples from the same geographical area were pooled together.

Genetic variation of Anisakis typica

Allele frequencies, observed at 21 enzyme loci in
A. typica samples from different localities and hosts,
are reported in Table 5. No significant differences were
found among larval and adult samples from the same
geographical area; accordingly, their allele frequen-
cies were pooled together. No significant deviations
from the Hardy-Weinberg equilibrium were observed
at the polymorphic loci.

Parameters of genetic variability (A, Pgg, Pos, He)
found in A. fypica samples are given in Table 6. The
obtained values fall within the range reported for the
other Anisakis species previously studied genetically
(Mattiucci et al., 1997, 2001; Paggi et al., 1998).

A. typica populations were found to be genetically
similar, despite being geographically quite distant.
Dp.; ranged from 0.004 between Mediterranean and
Somali samples to 0.010 between Madeiran and So-
mali samples, with an average value of Dy,.; = 0.008.
The average Fst value among all the populations was
0.04. The indirect estimate of gene flow among A. typ-
ica populations studied, given by the parameter Nm
from Fst values (Wright, 1943, 1951), was, on av-
erage, Nm = 6.00. Similar low levels of population
structuring were previously reported in other Anisakis
species (Mattiucci et al., 1997).
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Table 6. Parameters of genetic variability observed in Anisakis typica populations, and compari-
son of mean values observed in species of the genus so far studied genetically (range values in

parentheses).
Populations n A Pgyg Pos He
A. typica (Atlantic coast of 86 1.7 0.45 0.30 0.12
Brazil) +0.3 +0.05
A. typica (Atlantic Ocean, 19 1.6 0.35 0.35 0.12
off Madeira) +0.3 +0.04
A. typica (Somali coast of 25 1.5 0.25 0.25 0.09
Indian Ocean) +0.2 +0.05
A. typica (Eastern 40 1.6 0.30 0.25 0.11
Mediterranean Sea) +0.3 +0.05
Average 1.6 0.34 0.29 0.11
N
A. simplex s.s. 7 2.2 0.49 0.41 0.16
(1.7-2.8) (042-0.67) (0.29-0.54) (0.10-0.22)
A. pegreffii 4 2.1 0.53 0.32 0.11
(1.6-24) (040-0.67) (0.21-0.42) (0.07-0.12)
A. simplex C 4 2.5 0.59 0.59 0.21
(2.1-29) (0.62-0.87) (0.45-0.75) (0.18-0.24)
A. ziphidarum 2 1.2 0.17 0.10 0.03
(1.1-1.3) (0.08-0.25) (0.04-0.17)  (0.02-0.04)
A. physeteris 2 1.6 0.34 0.30 0.09
(0.2-0.3) (0.17-0.52) (0.17-0.43) (0.06-0.12)
A. brevispiculata 3 1.2 0.18 0.13 0.04
(1.1-1.3) (0.13-0.26) (0.04-0.26) (0.01-0.07)

A, mean number alleles per locus, +s.e.; Pgg and Pgs, proportion of polymorphic loci at the 0.99
and 0.95 criteria; He, expected mean heterozygosity per locus, =+ s.e.; n, number of specimens
tested; NV, number of populations considered s.e., standard error.

Data from Mattiucci et al. (1997, 1998, 2001), Paggi et al. (1998) and unpublished.

Genetic relationships between A. typica and other
Anisakis species

The values of genetic identity and distance among
the Anisakis species so far investigated genetically are
given in Tables 7 and 8. Dy,; was, on average, 1.12
between A. typica and the members of the A. sim-
plex complex (A. simplex s.s., A. pegreffii, A. simplex
C) and Dy,; = 1.41 with respect to A. ziphidarum.
Higher values were observed between A. fypica and
both A. physeteris: Dy.; = 2.76 and A. brevispiculata
Dp.i = 2.54 (Table 7).

A spatial representation of the genetic relation-
ships among A. typica and the other Anisakis species
is given by Figures 1 and 2, which show the first two
dimensions of MDS analyses based on Cavalli-Sforza
& Edwards’ (1967) chord distance values. Figure 1
shows that A. typica, the members of the A. simplex
complex and A. ziphidarum cluster well apart from
A. physeteris and A. brevispiculata. Figure 2 zooms

in the species group having larvae of morphotype I
(sensu Berland, 1961) and shows that A. typica is well
differentiated both from the members of the A. simplex
complex and A. ziphidarum.

Discussion

Genetic markers, such as gene-enzyme systems, pro-
vide powerful tools for the molecular systematics of
various nematode groups (e.g. Nascetti et al., 1986;
Beveridge et al., 1995; Chilton et al., 1997; Mattiucci
etal., 1997,2001; Andrews & Chilton, 1999). Among
other things, they enable the identification of anisakid
species of both sexes and at any developmental stage.
Using this approach, it has been demonstrated that
the larval morphotype Anisakis Type I (sensu Berland,
1961) comprises several species: A. fypica (present
data), A. simplex s.s., A. pegreffii, A. simplex C and
A. ziphidarum (see Mattiucci et al., 1997; and unpub-
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Figure 1. Plot of the first two dimensions of a MDS ordination (Guttman, 1964) from chord distance values (D¢, Cavalli-Sforza & Edwards,
1967), showing the genetic relationships between A. typica and other Anisakis species.
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Figure 2. Plot of the first two dimensions of a MDS ordination (Guttman, 1964) from chord distance values (D¢, Cavalli-Sforza & Edwards,
1967), showing the genetic relationships between Anisakis species with Type I larvae (sensu Berland, 1961).



lished data), whereas, Anisakis Type I (sensu Berland,
1961) includes A. physeteris and A. brevispiculata
(Mattiucci et al., 1986, 2001). Routine identification
of Anisakis larvae by allozyme markers is particularly
useful when different Anisakis species occur sympatri-
cally in the same host and/or the same geographical
area.

The fish species reported in the present paper rep-
resent the first record of intermediate/paratenic hosts
of A. typica. Moreover, the present findings extend the
geographical range of this species to include Somali
waters of the Indian Ocean and the eastern Mediter-
ranean Sea. As to the definitive hosts of A. fypica,
most of the cetaceans reported in the literature and in
the present paper, belong to the Family Delphinidae.
The only exceptions recorded so far are the phocoenid
Phocoena phocoena and the pontoporid Pontoporia
blainvillei.

According to the data available, the range of A. ry-
pica extends from 30°S to 35°N in warmer temperate
and tropical waters.

The populations of A. ftypica tested showed a
remarkable genetic homogeneity (average Dy, =
0.008). Similar low values, at the intraspecific level,
were frequently observed in other Anisakis species
and even between populations sampled thousands of
kilometres apart, e.g. A. pegreffii and A. simplex s.s.
(see Mattiucci et al., 1997), A. ziphidarum (see Paggi
et al., 1998), A. physeteris and A. brevispiculata (see
Mattiucci et al., 2001). This indicates high levels of
gene flow in these anisakid nematodes, which can
be explained by the high vagility of the interme-
diate/paratenic and definitive hosts involved in their
life-cycle. A possible exception is A. simplex C, whose
populations from the Canadian Pacific and the South-
ern Oceans are genetically rather well differentiated:
average Dy.; = 0.08 (Mattiucci et al., 1997).

The genetic heterogeneity of the genus Anisakis
is confirmed by the present data. Two groups of
genetically well differentiated species (possibly two
genera) are currently included in this genus: one group
includes A. typica, the members of the A. simplex com-
plex and A. ziphidarum; the second includes A. physe-
teris and A. brevispiculata. The two species groups are
morphologically differentiated both at larval and adult
stage: Type I larvae (sensu Berland, 1961) characterise
the first group, Type II larvae the second one; at the
adult stage, the two species groups show differences in
the length and shape of the ventriculus and in spicule
length (sensu Davey, 1971).
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