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Abstract
Background Studies of parasite communities and patterns in the Antarctic are an important knowledge base with the 
potential to track shifts in ecological relations and study the effects of climate change on host–parasite systems. Endemic 
Nototheniinae is the dominant fish group found in Antarctic marine habitats. Through their intermediate position within the 
food web, Nototheniinae link lower to higher trophic levels and thereby also form an important component of parasite life 
cycles. The study was set out to gain insight into the parasite fauna of Nototheniops larseni, N. nudifrons and Lepidonotothen 
squamifrons (Nototheniinae) from Elephant Island (Antarctica).
Methods Sampling was conducted at three locations around Elephant Island during the ANT-XXVIII/4 expedition of the 
research vessel Polarstern. The parasite fauna of three Nototheniine species was analysed, and findings were compared to 
previous parasitological and ecological research collated from a literature review.
Results All host species shared the parasites Neolebouria antarctica (Digenea), Corynosoma bullosum (Acanthocephala) and 
Pseudoterranova decipiens E (Nematoda). Other parasite taxa were exclusive to one host species in this study. Nototheniops 
nudifrons was infected by Ascarophis nototheniae (Nematoda), occasional infections of N. larseni with Echinorhynchus 
petrotschenkoi (Acanthocephala) and L. squamifrons with Elytrophalloides oatesi (Digenea) and larval tetraphyllidean 
Cestoda were detected.
Conclusion All examined fish species’ parasites were predominantly euryxenous regarding their fish hosts. The infec-
tion of Lepidonotothen squamifrons with Lepidapedon garrardi (Digenea) and Nototheniops larseni with Echinorhynchus 
petrotschenkoi represent new host records. Despite the challenges and limited opportunities for fishing in remote areas, 
future studies should continue sampling on a more regular basis and include a larger number of fish species and sampling 
sites within different habitats.

Keywords Demersal fish · Marine food webs · Antarctic parasites · Southern Ocean

Introduction

The Antarctic Circumpolar Current (ACC) which forms the 
boundaries of the Southern Ocean is the biggest physio-
thermal barrier found in the world oceans [1, 2]. With its 
strong eastward current and thermohaline frontal systems it 
serves as a natural boundary for most organisms inhabiting 

the Southern Ocean which promoted a high degree of end-
emism and adaptation to the distinctive features of this cold 
environment [3].

The Antarctic Peninsula (AP) extends from the Antarctic 
continent towards the southern extension of South America 
(Cape Horn, Chile), and is connected by the Drake Passage 
and the Polar Front found between 56.8° S and 59.3° S [4]. 
The area around Elephant Island (South Shetland Islands) is 
characterised by its high net production as one of the nurs-
ery areas of the keystone species Antarctic krill (Euphausia 
superba DANA, 1850), the region’s most important energy 
resource [5–9]. It belongs to the seasonal pack ice zone, 
which is defined by not being covered by an ice sheet peren-
nially. As a result, the region has a different habitat structure 
compared to high Antarctic areas (from 70° South), such 
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as a steep shelf slope, lack of littoral, vast depth range, and 
unique marine fauna [10]. Average temperatures at the west-
ern AP have increased during the last years of proceeding 
climate change and reached the maximum measured tem-
perature of 18.4 °C, February 6th 2020, measured at Esper-
anza research base [11, 12] (World Meteorological Organi-
zation 2020). The resulting decrease in sea ice is expected to 
severely impact the local ecosystem [5]. Since krill depends 
on ice algae as their winter food, the decrease of ice could 
lead to a shift in the communities of pelagic feeders and all 
dependent organisms [5].

Inshore fish are an essential link for the energy flow 
between invertebrates and higher predators. They are mostly 
consumers of benthos and zooplankton and prey of preda-
tory mammals and birds, which promotes energy transport 
from sea to land. In offshore regions, fish forage on nekton 
and zooplankton and are preyed on by larger fish, because 
they are out of reach for most seals and birds [13]. Despite 
krill being the most important factor for energy flow in off-
shore habitats of the Southern Ocean, demersal fish seem to 
be more important in inshore habitats than krill [13].

The Notothenioidea are the most dominant fish group 
found in the Southern Ocean and the paragon of the adap-
tive radiation of teleosts in the marine environment [14]. The 
Nototheniidae have evolved from strictly benthic ancestors 
characterised by the lack of a swim bladder. Important fea-
tures shared by all Nototheniidae are slow ontogenesis and 
long generation time [2, 10, 15]. Throughout their radiation 
and diversification, some species have evolved to follow a 
benthopelagic lifestyle. The 16 nototheniid species occur-
ring outside the Southern Ocean [16] are all adapted to a 
benthic habitat and possess a different parasite fauna than 
Antarctic Nototheniidae [16–20]. The subfamily Notothenii-
nae exclusively occurs in the Southern Ocean [17]. Nototh-
eniops larseni (LÖNNBERG, 1905), N. nudifrons (LÖNNBERG, 
1905) and Lepidonotothen squamifrons (GÜNTHER, 1880; 
syn. L. kempi) are among the most abundant fish species 
of the West Antarctic Peninsula and Southern Scotia Arc 
[13, 21, 22]. They are distinguished by their depth ranges 
and habitats which results in Nototheniops nudifrons being 
more abundant inshore (e.g. #ords), N. larseni (also occurs 
inshore) and L. squamifrons (exclusively found at the outer 
shelf) being more common in offshore areas [13]. With their 
intermediate position within the food web, these species cre-
ate an important link for energy flow from lower to higher 
trophic levels and play an important part in the life cycles 
of parasites.

The diversity and abundance of parasite infection in a 
host are, among other factors (i.e. host age/size), connected 
to the variability and trophic level of its diet. Infection rates 
of zooplankton and macroinvertebrates with helminth para-
site stages are lower than the parasite prevalence in small 
fish [23–25]. By including higher trophic level organisms 

into its diet, a host is more likely to acquire parasites from 
its food. But parasites can also be used as an indicator of diet 
components of their hosts in addition to stomach content 
analysis, which can only represent the diet at the time of 
sampling. If the parasites’ life cycles are known, infection 
patterns can provide information about the higher trophic 
levels and potential predators of their hosts.

The fundamental research in the field of Antarctic para-
sitology (notably K. Zdizitowiecki and colleagues) has 
provided a knowledge base to track the shift of ecological 
relations in an ecosystem eminently affected by increasing 
temperatures. However, early studies have mostly focused 
on parasite species descriptions, identification keys, and life 
cycles of certain taxa [26–29], while studies on the para-
site communities of the fishes examined [30, 31] are more 
scarce. In this study, we aim to contribute to the monitoring 
of marine communities from the seasonal pack ice zone off 
Elephant Island. Based on parasitological data, collected 
during an expedition of the RV Polarstern, and a literature 
review we intend to gain insight into the ecology of three 
fish species of the subfamily Nototheniinae, Nototheniops 
larseni, N. nudifrons and Lepidonotothen squamifrons, more 
specifically their diet, potential predators and their position 
in the food web.

Materials and Methods

Sampling

Host sampling of Nototheniidae, Nototheniops larseni 
(n = 40), N. nudifrons (n = 40) and Lepidonotothen squa-
mifrons (n = 49), was conducted at the ANT-XXVIII/4 
expedition of the RV Polarstern to the Antarctic Peninsula 
(CCAMLR Subarea 48.1), from March 13th to April 9th, 
2012. Specific sampling locations were situated around 
Elephant Island (Fig. 1, Table S1). Fishing was performed 
through bottom trawling. The catch was sorted, identified, 
measured, weighted and fish samples were stored at − 20 °C 
until further examination.

Host and Parasite Taxonomy

Despite contradictory database entries about the taxo-
nomic status of the fishes examined in this study (the 
online platforms FishBase [32] and World Register of 
Marine Species [33] assign the genus Lindbergichthys) 
this study follows Eschmeyer’s Catalog of Fishes [34] 
referring to the taxonomy proposed by Near et al. [35], 
assigning the genus Nototheniops to both N. larseni and N. 
nudifrons. The taxonomy of Lepidonotothen squamifrons 
follows the findings of Miya et al. [36]. All references 
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agree on the placement of L. squamifrons, N. larseni and 
N. nudifrons into the subfamily Nototheniinae.

Since the parasitological findings from this study need 
to be put into the context of previous research, a list of the 
recorded parasites of Nototheniops larseni, N. nudifrons 
and Lepidonotothen squamifrons, was compiled. This was 
based on the checklist of Antarctic fish parasites by Oğuz 
et al. [37] complemented by the entries in the host–para-
site database of the Natural History Museum London [38] 
and search on Google Scholar. The changes of host tax-
onomy were taken into account by including the known 
synonyms: Notothenia larseni, Lepidonotothen larseni for 
Nototheniops larseni; Notothenia nudifrons, Lepidonoto-
then nudifrons, Lindbergichthtys nudifrons, Notothenia 
mizops nudifrons for Nototheniops nudifrons and Noto-
thenia squamifrons, Lepidonotothen kempi, Notothenia 
brevipectoralis, Notothenia kempi, Notothenia macroph-
thalma for Lepidonotothen squamifrons. Outdated system-
atics of parasite records were revised to recent taxonomic 
classification using the World Register of Marine Species 
[33]. Despite their careful assembly, the lists might not be 
fully exhaustive. The findings were visualised as bipar-
tite networks using R version 4.0.3, following a script by 
Brandl et al. [39].

Host Morphometry and Diet

The fish samples were thawed at room temperature and mor-
phometric measures were taken. The diet of the fishes was 
examined by analysing the stomach contents. Full and empty 
stomach weight was determined, and each food item was 
identified to the lowest possible taxonomic level. The dif-
ferent food organisms were counted and weighted. Trophic 
measures were calculated according to Hyslop [40].

Parasitological Examination

The host fishes were examined for metazoan ecto- and endo-
parasites, using a stereomicroscope (Olympus SZ61) with 
transmitting light (Olympus KL1600 LED, Olympus Corpo-
ration). The body surface and buccal and nasal cavities were 
examined for ectoparasites, and the visceral cavity, organs, 
and alimentary tract were examined for endoparasites. 
Parasites were washed in saline solution or purified water 
(Acanthocephala), determined taxonomically, and counted. 
Parasitological parameters were calculated as stated in Bush 
et al. [41].

Parasite species were identified either by their morpho-
logical (Digenea, Cestoda and Acanthocephala) or molecular 

Fig. 1  Sampling locations of 
bottom trawl fisheries around 
Elephant Island. Haul 188 = red, 
haul 190 = blue, haul 206 = yel-
low. (Projection: South Pole 
Lambert Azimuthal Equal Area, 
WKID: Authority: 102020 
(Esri), Geographic Coordinate 
System: GCS_WGS_1984.) 
(colour figure online)
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characteristics (Nematoda). For morphological identifica-
tion, specimens were treated with 4% Roti-Histofix (Roth) 
and mounted on microscope slides in glycerine. The respec-
tive keys by Zdzitowiecki [42, 43] were used. Pictures were 
taken with an Olympus BX53 microscope and cellSens 
Standard software version 1.14 (Olympus Corporation). 
Specimens of the identified parasites were deposited in the 
scientific collection of the Senckenberg Research Institute 
and Natural History Museum, Frankfurt am Main, Germany, 
Catalogue Number SMF 15198 (Elytrophalloides oatesi), 
15,199 (Lepidapedon garrardi), 15200 (Neolebouria ant-
arctica), 17065 (Corynosoma bullosum) and 17066 (Echi-
norhynchus petrotschenkoi).

Nematodes were identified genetically because larval 
stages often lack distinct morphological features. Due to 
the high number of Nematoda infecting each host species, a 
subsample was taken to reduce sequencing costs. A random 
sub-sample was taken from the morphologically pre-sorted 
samples for molecular species determination. For this rea-
son, the calculation of parasitological parameters according 
to Bush et al. [41] was omitted in the case of Nematoda.

Anisakidae were distinguished using internal transcribed 
spacers (ITS-1, 5.8 s, ITS-2) as described Zhu et al., Shih 
and Klimpel et al. [44–47], using primers NC5 and NC2. 
For Cystidiocolidae specimens primers flanking the riboso-
mal small subunit (SSU) were designed using Geneious 8.17 
software (f 93 5ƍ-CCA ACG TGG ATA ACT GTG GT-3ƍ; r 
880 5ƍ-CTC TCA CGC AGC GAT ACG AA-3ƍ). The PCR 
was performed in 30 cycles with 60 s initiation at 95 °C, 30 
cycles of 45 s denaturation at 94 °C, 45 s hybridisation at 
52 °C, 45 s elongation at 72 °C and a 10 min final exten-
sion at 72 °C. Sanger sequencing was performed at Seqlab 
(Göttingen). A multiple alignment with sequences depos-
ited in NCBI Genbank was performed using nBLAST [48]. 
Sequencing data are given in the supplemental information 
(Data S1).

Results

Host Diet

The digestion stage of the stomach contents of the three fish 
species varied. While there was mostly mucus detected in 
the stomachs of Nototheniops larseni and L. nudifrons, most 
food items of L. squamifrons were assigned to a taxonomic 
group (Table S2).

The sample of N. larseni (n = 40) included 18 stomachs 
with defined contents. The prey predominantly consisted of 
Crustacea (IRI = 18,041). Euphausiacea were identified as a 
food item and one specimen had preyed on fish.

The stomach contents of most samples of N. nudifrons 
(n = 40) were undefined. The contents of 7 stomachs could 

be assigned to a taxon, the rest contained undefined mucus. 
Based on these limited findings, Crustacea (IRI = 6409) were 
the most important food item of N. nudifrons, followed by 
benthic Mollusca (IRI = 3590).

Almost all food items of L. squamifrons (n = 49) could 
be identified. The most important group was Crustacea 
(IRI = 13,379, F = 97.62%), where Amphipoda and Euphau-
siacea were the most frequent (both taxa with F = 59.52%). 
Other rarer food items of L. squamifrons were Isopoda, 
Ostracoda, Mollusca (Gastropoda and Bivalvia), Polychaeta 
and Teleostei.

Parasite Fauna

The parasite fauna of the three Nototheniinae spp. included 
the taxa Digenea, Acanthocephala, Cestoda and Nematoda. 
The three host species shared several parasites with different 
prevalences and intensities (Table 1). The digenean Neole-
bouria antarctica (SZIDAT & GRAEFE, 1967; ZDZITOWIECKI, 
1990), the acanthocephalan Corynosoma bullosum (LIN-
STOW, 1892; RAILLIET & HENRY 1907) and nematode Pseu-
doterranova decipiens E were detected in all host species. 
Photographs of the parasites are shown in Fig. 2. 

Digenea were isolated from the alimentary tract of the 
host specimens. Three different species were identified in 
Lepidonothothen squamifrons, Neolebouria antarctica, 
Lepidapedon garrardi (LEIPER & ATKINSON, 1914; MANTER, 
1926) and Elytrophalloides oatesi (LEIPER & ATKINSON, 
1914; SZIDAT & GRAEFE, 1967). Lepidonotothen squamifrons 
had the highest prevalence and diversity of Digenea. The 
specimens of Nototheniops nudifrons were infected with at 
least two different digenean species, Neolebouria antarctica 
and Lepidapedon garrardi. The lowest number of digeneans 
were isolated from Nototheniops larseni. Here, Neolebouria 
antarctica was identified as well.

Nematoda was the taxon with the highest prevalence and 
intensities in all host species. Nematodes were identified in 
all samples of Nototheniops nudifrons and L. squamifrons. 
Nototheniops larseni was the host with the highest infection 
intensity, one specimen was infected with 52 nematodes. 
The subsample of nematodes used for molecular barcoding 
revealed an infection with P. decipiens E and Contracaecum 
osculatum s.l. in all three host species (Table 2). Ascarophis 
nototheniae (JOHNSTON & MAWSON, 1945) was exclusively 
detected in the stomach of N. nudifrons. Contracaecum 
osculatum D was identified in L. squamifrons.

Cestoda only occurred in one host species. Unidentified 
tetraphyllidean larvae were isolated from two host specimens 
of L. squamifrons.

Acanthocephala were the second most frequent para-
site taxon in all hosts, preceded by the Nematoda. Nototh-
eniops nudifrons had the highest prevalence, followed by 
L. squamifrons and N. larseni. The parasites occurred as 
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adults (Echinorhynchus petrotschenkoi (RODJUK, 1984, ZDZI-
TOWIECKI, 1989) and Metacanthocephalus spp.) or cystacanth 
stages (Corynosoma spp.).

Each fish species had some parasites that were either 
exclusive in the sample or occurred more frequently than in 
the other host species, especially from the group Acantho-
cephala. With an infection of Echinorhynchus petrotschenkoi 
in the stomach, N. larseni was the only host species infected 
by this parasite. Nototheniops nudifrons had the highest 
prevalence and infection intensities by the genus Metacan-
thocephalus, which occurred in the pyloric caeca and intes-
tine. The highest prevalence of Corynosoma bullosum was 
detected in L. squamifrons.

Parasite records of Nototheniops larseni, N. nudifrons 
and Lepidonotothen squamifrons and host spectrum of the 
identified parasites collated from literature are presented in 
Figs. 3 and 4, references of the records are stated in Tables 
S3 and S4.

Discussion

Prey organisms can vary with the habitat of the fish and 
determine which parasites they ingest through their diet. 
Both the life cycles and infestation patterns of the parasites 
are used to gain insight into the ecology of the fish studied. 

Table 1  Parasites of 
Nototheniops larseni, N. 
nudifrons and Lepidonotothen 
squamifrons from the SSI

Quantity = n, Prevalence = P [%], (mean) Intensity = (m)I, mean Abundace = mA 
Taxon groups are underlined to better distinguish the parasitological parameters of the whole group from-
parasitological parameters of specimens that were not identified to a more specific taxon

Host Parasite n P [%] I mI mA

Nototheniops larseni Digenea 5 5 1–2 2.5 0.125
(n = 40) Digenea indet 3 5 1–2 1.5 0.075

Neolebouria antarctica 2 2.5 2 2 0.05
Nematoda 499 97.5 1–52 12.79 12.48
Acanthocephala 49 60 1–6 2.04 1.225
Acanthocephala indet 1 2.5 1 1 0.025
Corynosoma spp. 27 42.5 1–5 1.59 0.675
C. bullosum 6 15 1 1 0.15
Echinorhynchus petrotschenkoi 4 7.5 1–2 1.33 0.1
Metacanthocephalus spp. 11 15 1–6 1.83 0.275

Nototheniops nudifrons Digenea 11 7.5 1–4 3.67 0.275
(n = 40) Digenea indet 5 5 2–3 2.5 0.125

Lepidapedon garrardi 1 5 1 1 0.05
Neolebouria antarctica 4 2.5 4 4 0.1
Nematoda 503 100 1–38 12.58 12.58
Acanthocephala 226 90 1–34 6.28 5.65
Acanthocephala indet 51 50 1–7 2.55 1.275
Corynosoma spp. 10 12.5 1–4 2 0.25
C. bullosum 1 2.5 1 1 0.025
Metacanthocephalus spp. 164 82.5 1–34 4.97 4.1

Lepidonotothen squamifrons Digenea 78 59.2 1–11 2.69 1.591
(n = 49) Digenea indet 50 40.8 1–11 2.5 1.02

Elytrophalloides oatesi 1 2.04 1 1 0.02
Lepidapedon garrardi 17 16.3 1–6 2.13 0.346
Neolebouria antarctica 10 14.3 1–34 1.43 0.204
Nematoda 437 100 1–36 8.92 8.92
Cestoda 8 4.08 2–6 4 0.163
Acanthocephala 298 89.8 1–19 6.77 6.081
Acanthocephala indet 19 22.4 1–3 1.72 0.387
Corynosoma spp. 142 73.5 1–19 3.94 2.897
C. bullosum 127 73.5 1–10 3.53 2.591
Metacanthocephalus spp. 10 16.3 1–3 1.25 0.204
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Fig. 2  Parasites of notothenioid 
fishes from Elephant Island. 
A Elytrophalloides oatesi, 
B Lepidapedon garrardi, C 
Neolebouria antarctica, D 
Cestode cercoid with bilocular 
acetabula, E Echinorhynchus 
petrotschenkoi, F Corynosoma 
bullosum (colour figure online)
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We here discuss aspects of diet and parasitisation patterns 
of Antarctic fish (Nototheniinae), focusing on the three spe-
cies, Nototheniops larseni, N. nudifrons and Lepidonotothen 
squamifrons and the results gained through our sampling and 
a current literature review.

Diet

Dietary analyses depend on the food consumed directly 
before and digestion degree at the point of sampling. Indi-
gestible components, bones, exoskeletons, shells, bristles, 
etc., can be used for morphological identification. Fish 
from the same size group caught in a single haul usually 
contain similar food items and digestion stages.

In this study, the stomach contents of Nototheniops 
larseni and N. nudifrons were in an advanced digestion 
stage, which resulted in a low sample and statistically 
unreliable calculations of dietary parameters, overesti-
mating proportions and importance of food components. 
However, the few food items identified did not contradict 
previous findings.

Stomach contents of N. larseni were mostly identified 
as Euphausiacea and Teleostei (rare). These findings agree 
with the reported main food source of N. larseni being krill 
(Euphausia superba), amphipods (Probolisca ovata, Gitano-
psis squamosa, Oradarea bidentata, Prostebbingia gracilis, 
P. brevicornis, Paramoera spp.) and copepods [49–51]. The 
food composition (krill, hyperiids, copepods, young fish), 
reports of benthic amphipoda and stones in the stomach of 
N. larseni indicate an epibenthic lifestyle [13, 51]. A positive 
connection between fish size and increasing consumption of 
Mysida (e.g. Antarctomysis maxima) and hyperiid Amphi-
poda (Parathemisto gaudichaudii) has been observed [50].

The discovered food items of N. nudifrons from this study 
point to a benthic feeding strategy, agreeing with previous 
research [13]. Other studies described the diet composition 
of N. nudifrons as a typical secondary consumer with an 
increasing number of different prey taxa with increasing 
total length [52, 53]. Previous research suggests an ontoge-
netic shift of the diet from cyclopoid and calanoid copepods 

(e.g. Paraeuchaeta antarctica and Pleuromamma. gracilis) 
and Mysida to benthic invertebrates, amphipods, polychaetes 
and isopods, but also krill (E. superba), and shrimp (Cran-
gon antarcticus, Chorismus antarcticus) [13, 50, 52, 54, 55].

A variation of food components at different sites has been 
described for N. larseni and N. nudifrons, adapting to the 
availability of food items, related to the respective habitat 
conditions [52, 56–60].

The stomach contents of L. squamifrons were preserved 
best in this study, hence the highest diversity of food items. 
The higher variety of food organisms in adult specimens 
compared to subadult samples of L. squamifrons from this 
study indicate a size and maturity-related ontogenetic shift in 
feeding behaviour, as previously observed in other Notothe-
niinae [52]. Other studies found the diet of L. squamifrons to 
be similar to N. larseni [61]. Both fishes feed predominantly 
on krill, with a lower proportion of benthic invertebrates and 
L. squamifrons also feed on fish [61]. The reported feeding 
behaviour of L. squamifrons includes demersal and pelagic 
hunting [13]. Salps have been reported to be a component 
of L. squamifrons diet [13], which could be advantageous 
in the light of a growing salp population due to the increase 
of water temperatures [5, 62–64].

Krill is a dominant diet component of demersal fish 
summer diet at the South Shetland Islands region, and its 
biomass is positively correlated with demersal fish abun-
dance. The reported distribution of krill in the water column 
reaches the bottom, which agrees with a demersal lifestyle 
of krill consuming fish species [61, 65–68]. The proportion 
of Amphipoda and krill in the demersal fish diet varies sea-
sonally, more energy-rich Amphipoda are consumed during 
winter and krill during summer [13]. Our data support the 
importance of krill and amphipods in the diet of all exam-
ined fish species. Literature data agree with diet variations 
depending on size (ontogenetic shift) and between different 
sampling sites.

Table 2  Nematoda subsamples from Nototheniops larseni, N. nudifrons and Lepidonotothen squamifrons, stating number of hosts, number of 
parasites and NCBI-Accession numbers (Ref. ID)

Host Ascarophis noto-
theniae

Contracaecum 
osculatum s.l

Contraceacum osculatum D Pseudoterranova decipiens E

n Ref. ID n Ref. ID n Ref. ID n Ref. ID

Nototheniops larseni (n = 27) – – – – 7 KY275507.1, MG787548.1 27 KF017610.1, KX378173.1, 
KX378174.1

Nototheniops nudifrons (n = 20) 13 DQ094172.1 3 KY275507.1 – – 6 KX378173.1, KX378174.1
Lepidonotothen squamifrons 

(n = 19)
– – 5 MT258528.1 2 KY275507.1, MG787549.1 12 KF017610.1, KX378173.1, 

KX378174.1
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Parasites of the Examined Nototheniinae

Digenea

In our study, infections with Digenea were rare in Nototh-
eniops larseni and N. nudifrons and more frequent in Lepi-
donotothen squamifrons. Most known digeneans found in 
the Southern Ocean infect fish hosts associated with a ben-
thic habitat. An increase in infection intensity of fish hosts 
with digeneans, but a site effect with a decrease in taxon 
diversity has been described in coastal areas compared to 
offshore sites [29].

Elytrophalloides oatesi (Hemiuridae) is frequently 
detected in Antarctic fish (e.g. N. nudifrons) [31] but it is 
not endemic to the Southern Ocean [69] and the reported 
host range is wide [37, 69, 70]. It is not host-specific to 
Nototheniidae and it does not imply a restriction of the host 
to the Southern Ocean. Elytrophalloides oatesi could be 
considered an indicator of a benthopelagic fish host, the life 
cycle of Hemiuridae includes a pelagic intermediate host 
[71, 72]. This is supported by our findings on the diet and 
parasitisation of L. squamifrons.

The general distribution and ecology of Lepidapedon gar-
rardi (Lepocreadiidae) is similar to E. oatesi, as it occurs in 
Notothenioidei and is found throughout the Southern Ocean 
and Sub-Antarctic regions [29, 70]. The genus includes 30 
species [72, 73]. In contrast to our findings, L. garrardi was 
the dominant digenean of Nototheniops nudifrons at Admi-
ralty Bay, occurring with high intensities to 131 parasites 
per host [31]. This difference could be owed to a site effect 
between King George Island and Elephant Island. This effect 
had been described for L. garrardi infection of T. bernacchii, 
which could also apply to L. garrardi and N. nudifrons in 
this study [74].

Neolebouria antarctica (Opecoelidae) was detected in all 
host species examined in this study and is frequently found 
in Notothenioidei and Liparididae (Table S4, [29]). Its distri-
bution covers West Antarctica and South Georgia, while its 
congener N. terranovensis is found in East Antarctica (Wed-
dell and Ross Sea, Indian Sector) [29]. The life cycle of N. 
antarctica includes a metacercariae stage in crustaceans [70, 
75], which could play an important role in the transmission 
to fishes. Its infection parameters seem to vary with site and 
host species. The low prevalence in N. nudifrons detected 
in this study agrees with findings from Laskowski & Zdzi-
towiecki [31] from Vernadsky Station (Argentine Islands, 
Antarctic Peninsula).

The aforementioned Digenea have all been previously 
detected in the examined host species (Table S3), except 
Lepidapedon garrardi in Lepidonotothen squamifrons, for 
which we provided a new host record.

Nematoda

Nematodes were the most prevalent and numerous para-
sites of the examined Nototheniidae. The nematode infec-
tion of the examined fishes is connected to their demersal 
lifestyle. The similarities of the euryxenous parasites of 
the three host species are also reflected within this group, 
including larval stages of the anisakids Pseudoterranova 
decipiens (s.l.) and Contracaecum osculatum (s.l.). Con-
sidering that we molecularly identified a subsample as 
Pseudoterranova decipiens E, which is the only species 
from the P. decipiens complex occurring in Antarctic 
fishes [76], it can be assumed that the parasites identi-
fied as P. decipiens (s.l.) are most likely P. decipiens E. 
This species has been reported to be characteristic of the 
lower Antarctic shelves of the seasonal pack ice zone [77]. 
Pseudoterranova decipiens E requires a pinniped definitive 
host, specifically the Weddell Seal (Leptonychotes weddel-
lii) [76, 78]. The occurrence of P. decipiens E is limited 
by depth, they are found at the shallow shelf, because deep 
waters are not frequented by hunting Weddell seals [77]. 
Pseudoterranova decipiens E is restricted to benthic or 
benthopelagic fish hosts, it does not occur in pelagic fishes 
[77, 79]. Most seal species hunt in the water column [10, 
80, 81] but isotopic analyses by Burns et al. [82] showed 
that Leptonychotes weddellii also consumes benthic prey. 
A more recent study by Daneri et al. [83] analysed the 
fish prey of L. weddellii at Hope Bay and showed that 
its main food were Nototheniidae (80%). Nototheniops 
larseni seemed to be an important food item (normalised 
IRI = 13.9%), while N. nudifrons and Lepidonotothen 
squamifrons were rarer prey of Leptonychotes weddellii 
[83]. The parasitological data from our study suggest that 
all examined fish hosts contribute to the transmission of 
P. decipiens E to its definitive host at the respective sam-
pling site.

Contracaecum osculatum (s.l.) also uses seals as defini-
tive host. Co-infections of the fish host, as observed in this 
study, are common, and suggestions of Contracaecum spp. 
outcompeting Pseudoterranova spp. in the definitive hosts 
have been questioned [25]. Similar to Pseudoterranova 
decipiens E, the life cycle of Contracaecum osculatum 
involves demersal intermediate hosts, while its congener 
C. radiatum (not detected in this study) is found in pelagic 
intermediate hosts [84].

Since anisakid nematodes tend to be less specific 
regarding paratenic fish hosts [85], they have been 

Fig. 3  Reported parasites of Nototheniops larseni, N. nudfrons and 
Lepidonotothen squamifrons represented as bipartite network plot. 
Ray and box color indicates the parasite family, box size increases 
with the number of connections (colour figure online)
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recorded in a wide range of hosts from the Southern 
Ocean.

The cystidicolid nematode Ascarophis nototheniae was 
only detected in N. nudifrons in this study. It is one of six 
Antarctic nematodes maturing in fish and is common in 
Notothenioidei, especially Nototheniidae [86]. Ascarophis 
spp. have been described to use Decapoda as their interme-
diate host [87]. This indicates that N. nudifrons infected by 
A. nototheniae have been feeding on its reported benthic 
shrimp hosts, such as Chorismus antarcticus and Notocran-
gon antarcticus [88].

Acanthocephala

Acanthocephala were abundant parasites of the examined 
fish species. While Corynosoma spp. were more frequent 
in Nototheniops nudifrons and Lepidonotothen squmaifrons, 
Metacanthocephalus spp. were more prevalent in N. nudi-
frons. The detection of E. petrotschenkoi in two specimens 
of N. larseni represents a new host record.

All Acanthocephala maturing in Antarctic fish have two 
hosts within their life cycle, if the definitive hosts are birds 
or seals, their life cycle includes three hosts [42, 70]. Ant-
arctic acanthocephalans are frequent in demersal fish hosts 
and absent in fishes with a pelagic lifestyle, which suggests 
a benthic intermediate host and a bottom-feeding defini-
tive host [42, 70]. Some Acanthocephala are typical for the 
region south of the ACC (lower Antarctica), Metacantho-
cephalus johnstoni, M. dalmori, Aspersentis megarhynchus, 
Echinorhinchus petrotschenkoi, E. muranolepis, Coryno-
soma bullosum, C. arctocephali, C. hamanni, C. shackletoni 
[70]. Most Acanthocephala found in the Southern Ocean are 
more common in coastal habitats and fish hosts acquire the 
parasite if they are associated to this habitat permanently or 
during specific life-history events, e.g. spawning [28].

The life cycle of Corynosoma spp. at the South Shetland 
Islands (Admiralty Bay) involves Amphipoda as intermedi-
ate hosts [89]. Cystacanths of Corynosoma hamanni and 
C. pseudohamanni were detected in Prostibbingia brevi-
cornis and Cheirimedon femoratus, Corynosoma bullosum 
occurred in Waldeckia obesa and Bovallia gigantea [89]. 
Corynosoma spp. have a wide range of teleost hosts ([90], 
Table S4). Corynosoma bullosum is specific to its defini-
tive host, the Southern Sea Elephant Mirounga leonina [77, 
91], occurring at the lower latitudes of Antarctica, around 
the Antarctic Peninsula, SSI and Sub-Antarctica [92]. The 
definitive hosts of Corynosoma pseudohamanni, Crabeater 

Seals and Weddell Seals, only occur in higher Antarctica 
[93]. The reported abundance of C. bullosum at shelf and 
offshore sites matches our findings at shelf sampling sites 
around Elephant Island. Corynosoma pseudohamanni and 
C. hamanni rarely occur in fishes from shelf areas [28]. The 
infection of Nototheniops larseni and N. nudifrons and Lepi-
donotothen squamifrons with Corynosoma spp. points to a 
trophic connection as prey of pinnipeds.

The definitive hosts of Metacanthocephalus spp. (Rha-
dinorhynchidae) are fish [94, 95]. The genus occurs in 2–3 
families belonging to the Notothenioidei [42, 70]. Metacan-
thocephalus johnstoni occurs in Cheirimedon femoratus, 
while M. dalmori has been found in deeper living Crustacean 
hosts, indicating different depth ranges [94]. Zdzitowiecki 
and Laskowski [96] reported that the infection intensity of N. 
nudifrons with Acanthocephala had increased compared to 
findings from 1978/1979. Similar to our findings, Rhadino-
rhynchida (Metacanthocephalus spp.) were more numerous 
in N. nudifrons than Polymorphida (Corynosoma spp.) [96].

Echinorhynchus spp. are known as parasites of gadiform 
fishes [28]. Echinorhynchus petrotschenkoi occurs in the 
Antarctic species from this taxonomic order, Muraenolepis 
microps and M. whitsoni (Macrouridae), but has also been 
reported in various Nototheniidae, e.g. Nototheniops nudi-
frons [28, 70, 97]. A connection between the infection inten-
sity of Echinorhynchus sp. in nototheniids to the diversity of 
Crustacea in their habitat has been shown [74]. The preva-
lence of Echinorhynchus spp. is unusual in #ords and near 
shore habitats [28], the infection of N. larseni was acquired 
from an intermediate host at an offshore site and could be 
an indicator for migrations.

Parasite Specificity

A common feature of all parasites infecting hosts from the 
present study is their low host specificity regarding the tel-
eost host. All parasites have a host spectrum including more 
than one taxonomic family, qualifying as ‘euryxenous’ [98]. 
Most hosts belong to the suborder Notothenioidei and the 
family Nototheniidae, which constitute the largest propor-
tion of Antarctic fish diversity. Rohde and Heap [99] stated 
that the parasite fauna of one Antarctic fish species could be 
dominated by different parasite taxa, resulting in individual-
specific parasitisation patterns.

Including previous records on the parasite fauna of the 
three species examined in this study (see Table S3), there 
seems to be a connection with parasite diversity and sam-
pling effort (number of host species and number of sampling 
sites) but also host size, since the larger species Lepidono-
tothen squamifrons has a lot more parasite records than the 
smaller species Nototheniops larseni, which has also been 
less studied. The parasite diversity reported in L. squa-
mifrons is probably owed to a higher trophic level and a 

Fig. 4  Reported host spectrum of the parasites of Nototheniops 
larseni, N. nudifrons and Lepidonotothen squmaifrons detected in this 
study represented as a bipartite network plot. Ray and box color indi-
cates the host family, box size increases with the number of connec-
tions (colour figure online)
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sampling bias in favour of larger fish species. The parasite 
fauna of the Southern Ocean’s largest teleosts, Dissostichus 
spp., is well studied due to commercial interest in these spe-
cies as a fishery resource [32]. Possibly due to the top posi-
tion in the food web and also a larger number of studies, a 
large number of parasites have been described for Dissosti-
chus spp. (357 entries in Oğuz et al. [37]).

Observations of site effects on parasite patterns in Ant-
arctic Nototheniidae have been made in previous studies. A 
site variability of infection patterns with Digenea and Acan-
thocephala has previously been described for N. nudifrons 
[31] and other Nototheniids [100] and could explain obser-
vations made in this study. Laskowski & Zdzitowiecki [31] 
found a site effect comparing the infection of N. nudifrons 
with the digeneans Lepidapedon garrardi, Elytrophalloides 
oatesi and Neolebouria antarctica. Also, the infection with 
the acantocephalan Corynosoma pseudohamanni varied 
between sites. This suggests that these parasites might use 
different macroinvertebrate hosts that thrive differently at 
the respective sampling sites. Opportunistic food choice and 
adaptation to different feeding strategies of the fish hosts 
resulting from the structural features (rocky, sandy, slope) 
of a site could also result in varying infection intensities 
between studies. Studies by Moser and Cowen [74] and 
Münster et al. [101] observed site effects in the parasite 
communities of Trematomus bernacchii and Macrourus 
whitsoni. The design of future studies using fish parasite 
communities as indicators of ecosystem changes needs to 
account for site effects.

Conclusion

Polar ecosystems are currently subject to the serious effects 
of climate change. Parasite communities and their patterns 
and distributions in particular can be used for the manage-
ment of Antarctic marine resources and the monitoring of 
climate change effects on biotic communities. However, bio-
monitoring of parasite communities in model host species 
should take into account potential site effects on infection 
numbers. Thus, despite the challenges and limited opportu-
nities for fishing in these remote areas, biomonitoring must 
ideally be carried out periodically in a predefined range of 
habitats and sites, including as many levels as possible, to 
be able to track, compare, and better understand changes in 
the future.
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Improving species distribution 
models of zoonotic marine 
parasites
Katharina G. Alt  , Judith Kochmann, Sven Klimpel & Sarah Cunze

Environmental niche modelling is an acclaimed method for estimating species’ present or future 
distributions. However, in marine environments the assembly of representative data from reliable and 
unbiased occurrences is challenging. Here, we aimed to model the environmental niche and distribution 
of marine, parasitic nematodes from the Pseudoterranova decipiens complex using the software 
Maxent. The distribution of these potentially zoonotic species is of interest, because they infect the 
������������������������������������������Ƥ�������Ǥ�����������������������������������ǡ�������������
��ơ����������������Ǥ�������������������ȋ��Ȍ��������������������������������ǡ���������������Ƥ�������
��������������ȋ���Ȍ�����������������������Ǧ�����Ƥ�������������Ǥ�������������������������������������
descriptor for Pseudoterranova����Ǥǡ����������������������������������������������������Ƥ�������������
���������������������������Ǥ������������������������������������������������������������������ǯ�
�������������������������Ǥ��������Ǧ���������������������������������Ǧ�����Ǥ�������������Ǧ������
���������������������������������ǯ�������ǡ������������������������������������������Ǥ��������Ǧ������
produced an estimate of the species’ realised distribution and indicated that biotic variables can help to 
�����������������������������Ǧ����ǡ���������������Ǥ

Ecological niche modelling (ENM) is a popular tool to examine the ecological and spatial limitations of species1,2. 
!us, the availability of representative occurrence data is crucial for good modelling outcomes3. In times of global 
change during which species are facing climate shi"s and habitat loss, models help identify suitable habitats for 
species and project potential distributions of species in the future4–6. !e motivation of modelling a species’ niche 
can be diverse, from conservation approaches of endangered species7–9 to the risk assessments of disease vectors 
and zoonotic agents10–13.

While niche modelling is widely applied and well established for terrestrial species14–17, aquatic, especially 
marine organisms pose additional challenges. Data is not only rarer because marine species are hard to mon-
itor, but also the marine environment itself is less well studied, because we can only observe a small fragment 
of it. !us, for marine species it may be even more di#cult to obtain good and meaningful occurrence data 
than for terrestrial species18. As a result, there are much fewer studies using ENM for marine species compared 
to terrestrial species (e.g.19–27). In particular, there are only few studies focussing on the distribution of marine 
endoparasites28. Marine endoparasites are harder to observe than other marine organisms, because they are con-
cealed within their host. !eir complex life cycles result in a degree of dependency on other organisms. It seems 
therefore unlikely to describe the niche of a parasite in a meaningful way without taking into account biotic 
interactions.

Most parasites are only host-speci$c regarding their de$nitive host, but not regarding intermediate hosts, 
which means that intermediate host interactions are less suitable descriptors. If the de$nitive host is a marine 
mammal, data acquisition of parasites is problematic, because of the boundaries of non-invasive detection meth-
ods. However, including parasite occurrence data from intermediate hosts (especially $shes) and de$nitive host 
distribution data separately could improve the ENM of marine parasites.

To evaluate the applicability of this concept, we chose the ascaridoid nematode species complex 
Pseudoterranova decipiens (s.l.). !e so-called codworm is a parasite of commercially relevant gadid $sh species 
that can be found in the shelf regions throughout almost all latitudes. Apart from high infection levels in their 
teleost hosts that lead to a contamination of the $sh $let and thus, a decrease in value, Pseudoterranova spp. are 


�����Ǧ����������ǡ����������������������ǡ������������������������Ǣ�����������������������������������������������
������ǡ�������������
�������������ò����������������Ǣ����Ǧ���Ǧ����Ǧ���Ǥ�ͷǡ��ǦͼͶͺ;ǡ�	��������Ȁ����ǡ�
������Ǥ�
������������������������������������������������������������������Ǥ
Ǥ�Ǥ�ȋ�����ǣ����������Ǥ���̻�����������Ǥ��)

Received: 25 March 2019
Accepted: 19 June 2019
Published: xx xx xxxx

OPEN



2SCIENTIFIC REPORTS |          (2019) 9:9851  | �����ǣȀȀ���Ǥ���ȀͷͶǤͷͶ;Ȁ�ͺͷͻͿ;ǦͶͷͿǦͺͼͷͽǦͼ

www.nature.com/scientificreportswww.nature.com/scientificreports/

known as cause of the zoonotic disease Anisakidosis29–32. Hence, knowledge of the distribution of these parasites 
is of interest to identify $shing areas at risk for a high parasite load in the respective food $sh.

Previously described as a single species, Pseudoterranova decipiens (s.l.) has become recognised as a complex 
of species. !e genus now includes species from di%erent regions, P. azarasi Yamaguti & Arima, 1942; n. comb. 
Mattiucci et al., 1998, P. bulbosa Mattiucci et al., 1998, P. cattani George-Nascimento & Urrutia, 2000,  
P. decipiens (s.s.) and P. krabbei PAGGI et al.,200033–36. Moreover, P. decipiens E has been described as a species 
candidate from the Southern Ocean37,38. All these species have di%erent geographical distributions (which could 
suggest di%erent climatic tolerances) and de$nitive hosts, which means they cannot be modelled together as a 
species complex.

A"er a benthic larval stage during which the larvae are attached to bottom substrate the life cycle of the genus 
Pseudoterranova includes three hosts. Like all nematodes of the family Anisakidae, Pseudoterranova spp. require 
a $rst crustacean host (copepod) and optionally other macroinvertebrates, a second teleost (or squid) host, and 
a marine mammal as de$nitive host, more precisely Pinnipedia39. !e ecology of seals involves the formation of 
terrestrial colonies (some species also use pack ice) during the mating season, which are used as haul out sites40. 
In consequence, the concentration of the parasites’ eggs should be high in areas where the de$nitive hosts aggre-
gate41–45. A connection between the presence of pinniped colonies and the codworm burden in $sh has been made 
ever since protective measures following commercial seal hunt led to the recovery of seal populations46. !is 
makes de$nitive host occurrences a potentially well-suited indicator for codworm distribution41,46,47, which can 
be used in modelling the parasites’ ecological niches. A bene$t of this approach is that most seals are much better 
monitored and recorded than other marine mammals that do not have terrestrial haul out sites.

Based on this knowledge we aim at comparing the niches of potentially zoonotic marine parasites from the 
Pseudoterranova decipiens complex with those of their de$nitive hosts, in both, geographical and ecological space. 
!e overall aim was to reveal whether ecological niche models of marine parasites can bene$t from including 
de$nitive hosts, thus, better project distributional patterns of marine parasite species than those models including 
only abiotic variables.

Results
Georeferenced, molecularly identi$ed occurrences of Pseudoterranova decipiens (s.s.) (n = 46), P. bulbosa (n = 31), 
P. cattani (n = 15), P. krabbei (n = 8), P. azarasi (n = 5) and P. decipiens E (n = 4) were compiled from published 
literature (Table S1)30,32,33,35–37,48–75. Parasite and host occurrence data were plotted on maps to visualise their dis-
tribution (Fig. S1, S2). !e results are depicted in Fig. 1.

Species distribution model improvement. !e mapped habitat suitability for the six Pseudoterranova 
species, based on the land distance model (LD-model), did not di%erentiate between the northern and southern 
hemisphere. !e LD-model for P. decipiens (s.s.) showed the highest habitat suitability in the temperate regions 
of the northern hemisphere, increasing towards the coast. Regions with high habitat suitability were in the Baltic 
Sea and the North Sea. Other modelled habitats were mapped in the North Atlantic, the North Paci$c, along the 
coast of the Gulf of Alaska, the Sea of Okhotsk and in the Sea of Japan. Despite the sampling points being only 
from the northern hemisphere, modelled habitat suitability was also high around the coast o% Patagonia and the 
Falkland Islands. !e modelled habitat suitability of P. bulbosa was similar to P. decipiens (s.s.) but shi"ed towards 
the poles, into colder regions.

Pseudoterranova cattani had an austral distribution with high modelled habitat suitability in South America, 
especially in coastal regions o% Peru, Chile, Argentina and the Rio de la Plata area. In the East Atlantic, the 
Benguela and the Canary Current region a very high habitat suitability was modelled. Furthermore, a high habitat 
suitability was found in the North Sea, Chinese Sea and the Atlantic and Paci$c coasts o% North America.

A high habitat suitability for P. krabbei was detected in the North Sea, the North East Atlantic and the North 
West Atlantic. In the Paci$c, high habitat suitability was detected at the coast o% Alaska and in the Sea of Japan 
west o% Hokkaido and in the northern Chinese Sea. !e suitable habitats in the southern hemisphere were o% the 
Chilean and Argentinean coasts and the waters of the Bass Strait between Australia and Tasmania.

!e habitat suitability for P. azarasi based on the LD-model was not able to provide any biogeographical infor-
mation. High habitat suitability was modelled for P. azarasi in coastal regions in all geographical latitudes. !is 
was una%ected by other environmental factors.

!e modelled habitat suitability for P. decipiens E was highest in the polar regions. It covered the Southern 
Ocean with the habitat suitability increasing towards the land mass. A high habitat suitability was detected east of 
the Antarctic Peninsula, which is also the area where the samples originated from. In the northern hemisphere, 
the LD-model predicted a high habitat suitability in the Arctic Sea and the Barents Sea.

!e habitat suitability models of the parasites gained accuracy through the introduction of de$nitive host 
distance (DHD), as indicated by the increase of area under the curve (AUC) values (Table 1). !e AUC-values of 
the LD-model are > 0.9 for all Pseudoterranova species. In the DHD-model, AUC-values signi$cantly increased 
(p < 0.05, Wilcoxon test). Maxent response curves of DHD showed the same e%ect for all analysed parasite spe-
cies: with increasing DHD modelled probability of parasite presence monotonously decreased (Fig. S3).

!e DHD-model maps of all Pseudoterranova species seem to be more geographically accurate than the maps 
based on the LD-model, re4ecting the observed realised distribution of the parasites (Fig. S1). In particular, the 
representation in the geographical space is changed, the hemisphere in which the species and its hosts do not 
occur is not included, despite its apt abiotic conditions. For example, the DHD-model for P. bulbosa only includes 
suitable habitats in the North Atlantic and North Paci$c. !is corresponds to where the specimens of P. bulbosa 
have actually been sampled (Fig. S1). Furthermore, the DHD-model reduces the habitat suitability projection 
from the whole North-Russian coast to the Barents Sea.
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!e variable contribution of the LD-model was incoherent between the six di%erent Pseudoterranova species 
(Table S2). !e DHD-model had a clear pattern, which can be attributed to DHD becoming the most important 
variable of the model. !e Maxent response curves for all modelled parasites show that the habitat suitability 
monotonously decreased with increasing distance to a de$nitive host (Fig. S3).

!e information of DHD contributed to all modelled species (Table S2), which makes this model superior to 
the LD-model which lacks this information entirely. !is also applies to the species with the fewest occurrences,  

Figure 1. Modelled distribution of Pseudoterranova spp. Habitat suitability maps (WGS-84 projection) of 
Pseudoterranova azarasi, P. bulbosa, P. cattani, P. decipiens E, P. decipiens (s.s.) and P. krabbei, using the LD-
model and the DHD-model. !e modelled habitat suitability proportionally increases with colour intensity.
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P. decipiens E, which relied almost exclusively on SST in the LD-model. !rough the introduction of DHD, all 
other variables gain contribution (Table S2).

Principal components analysis and niche plots. To compare the niches of the parasites and their respective  
de$nitive hosts, a PCA_env was calculated for the Pseudoterranova species with most occurrences, P. bulbosa,  
P. cattani and P. decipiens (s.s.). In this analysis the environmental variables of the LD-model (depth, land dis-
tance, mean sea surface temperature, primary production, salinity) were included.

Schoener’s D was calculated as a measure of niche overlap. !is revealed a high overlap of the niches of P. bulbosa  
and its de$nitive host Erignathus barbatus (D = 0.543), but a much lower overlap (D = 0.018) with the host Pusa hispida  
(Table S3, Fig. 2).

!e niche plots generated in ecospat reveal the proportion of the parasite niche that is covered by the host 
niche, indicated by niche overlap between the parasite and its host (Fig. 2). Niche un$lling (green) indicates the 
proportion of the parasite niche that is not explained by the niche of the respective host. !e niche of the parasite 
Pseudoterranova bulbosa is entirely covered by the niche of the ringed seal (Pusa hispida), resulting in no un$ll-
ing. !e same applies to P. cattani and the South American fur seal (Arctocephalus australis). !e niche of P. decip-
iens (s.s.) is modelled broader than the niches of the other parasite species. !e host with the largest niche overlap 
is the grey seal (Halichoerus grypus), with the lowest un$lling of the parasite niche. !e niche plots visualise that 
the de$nitive hosts cover di%erent regions of the niche of P. decipiens (s.s.), resulting in a full niche cover of the 
parasite by a combination of its de$nitive host niches.

����������
!e approach undertaken here was based on the assumption that reproduction is the most basic requirement to 
sustain a population. In case of endohelminths, the reproduction depends on the availability of a de$nitive host, 
which enables the parasite to mature, mate and release eggs into the environment39. Hence, we regard the pres-
ence of de$nitive hosts as a suitable descriptor to help re$ne the models of Pseudoterranova species. We analysed 
whether including speci$c host presence records would improve the species distribution models of the parasites.

!e modelling approach in Maxent was based on environmental variables available in the database GMED. 
!e outcome for the di%erent species varied depending on the occurrence sample size and quality. Most inaccu-
racies occurred for the species Pseudoterranova azarasi, which had the fewest and most inconsistent occurrence 
data, and would normally be considered un$t for modelling. As a result of data de$ciency, the occurrences of this 
parasite could not be linked to all environmental variables in a meaningful way, hence, the model was exclusively 
based on land distance, with no other di%erentiation. But even the models of species with more occurrences were 
geographically inaccurate, because habitats which are out of the range of a species (by distance or continental 
barriers) were considered as suitable. Even if the model projected a high habitat suitability for a species from 
the North Atlantic in the southern hemisphere, the requirements of an endoparasite with a complex multi-host 
life cycle are likely not ful$lled. For non-parasitic species, the prediction of the LD-model might be su#cient, 
with mobility as the single limiting factor, preventing the species to colonise the modelled habitat3. But even 
then, biotic interactions and competition for resources might be further limiting factors. Since the life cycles of 
Pseudoterranova spp. are dependent on de$nitive host availability, potential niches need to include the host, as 
performed in an approach published by Kuhn et al.28. While the LD-model might give reasonable information on 
the potential distribution of a parasite, the DHD-model shows its realised distribution.

If a model were able to represent the fundamental niche of an organism (sensu Hutchinson76), its mapped hab-
itat suitability would represent all potential habitats disregarding constraints by biotic interactions and mobility 
restrictions77–79. However, identifying the fundamental niche would only be possible under ideal circumstances, 
as it is combined from an organism’s realised response, ecological response and physiological response to its envi-
ronment80,81. Species distribution models based on distributional data result in a representation of the species’ 
realised niche. To describe the ecological niches of the Pseudoterranova species, we need to acknowledge the life 
cycle of the parasite by using an approach accounting for the species’ biotic requirements. Georeferenced samples 
were taken from intermediate hosts, so these data are not necessarily useful in de$ning the niche of the hatched, 
free-living larval stage (which could be argued as the “abiotic” niche of the parasite). Working with occurrences 
from intermediate host stages is not ideal. However, if the model includes the de$nitive host data, by using DHD, 
it considers the paramount factor, for the parasite to reproduce. Hence, the resulting model should be a rep-
resentation of the species’ realised geographical distribution.

Species n LD AUC DHD AUC
P. azarasi 5 0.912 0.950
P. bulbosa 31 0.973 0.985
P. cattani 15 0.991 0.998
P. decipiens E 4 0.984 0.995
P. decipiens (s.s.) 46 0.980 0.987
P. krabbei 8 0.995 0.998

Table 1. Area under the curve (AUC) values for the di%erent modelling approaches. AUC-values of the Maxent 
LD-model and DHD-model of Pseudoterranova azarasi, P. bulbosa, P. cattani, P. decipiens E, P. decipiens (s.s.) 
and P. krabbei.
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!e DHD-model considers the circumstance that the presence of host colonies has an impact on the concen-
tration of larvae attached to the sea 4oor39. A study by McConnell, Marcogliese & Stacey82 investigated the sedi-
mentation rate of Pseudoterranova spp. eggs. !e benthic life cycle of Pseudoterranova requires the eggs to reach 
the seabed, which means their density needs to be higher than sea water. Structural factors like depth (which 
usually increases with increasing land distance) and currents are crucial factors for the sedimentation rate, while 
processes like upwelling could be an inhibitor. A high density of eggs and hatched larvae at the sea 4oor in4uences 
the prevalence of the parasite in its invertebrate intermediate host, and thus in the teleost host, where it is noticed 
because it decreases the commercial value of a $sh and its relevance regarding food safety.

Figure 2. Parasite and de$nitive host niches in niche space. Niche plots of Pseudoterranova bulbosa, P. cattani 
and P. decipiens (s.s.) and their respective hosts in niche space, de$ned through principal components PC1 
(x-axis) and PC2 (y-axis). Correlation circle of the variables used to calculate the principal components (axis 
1 = 41.64%, axis 2 = 26.3%). Blue = niche overlap, green = parasite/un$lling, red = host/expansion, 1 = LD, 
2 = Depth, 3 = Primary Production, 4 = mean Sea Surface Temperature, 5 = Salinity.
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Seal hunting depleted the number of seals worldwide to 33 extant species. A"er hunting was widely abolished, 
regular monitoring has been conducted within the scope of conservation e%orts. As seals are semi-terrestrial, 
monitoring them is much easier than other marine mammals. !erefore, seals are well monitored and there are 
many reliable presence records in databases like GBIF. A considerable advantage of the DHD-model is the data 
foundation, because the de$nitive hosts are much easier monitored than the parasites. Due to this advantage con-
cerning the de$nitive host data, this study di%ers from the approach suggested by Kuhn et al.28, who used mod-
elled de$nitive host habitat suitability as a predictor for the nematode genus Anisakis. Compared to pinnipeds, the 
occurrence data for some long-distance migrating cetaceans tend to be much more biased and are more di#cult 
to acquire in the $rst place. In our case, the life cycle and ecology of Pseudoterranova allows us to use DHD. !is 
approach removes the level of uncertainty created by using modelled host distributions, which might however be 
inevitable in other studies (e.g.27,28). We chose to favour DHD as a direct variable over modelling de$nitive host 
distribution, to reduce geographical misrepresentation and to avoid an additional modelling step, which would 
create an additional level of uncertainty. Using DHD provides a species-speci$c descriptor, which adds spatial 
information to the model. !is spatial component may not be relevant to the parasite’s ecological requirements, 
but it is highly relevant for providing a realistic representation of the realised, geographical distribution. Using a 
modelled de$nitive host descriptor would not have included this kind of spatial information.

!e di%erence in variable contribution between the LD-model and the DHD-model highlights the explana-
tory power of the DHD variable in lieu of land distance. While land distance had the highest variable contribution 
to the models of two species (P. azarasi and P. cattani), DHD was the most important descriptor of all analysed 
species except P. decipiens E, where it, together with SST, still contributed equally to the model. !e quality of a 
single model cannot be assessed by its AUC-value, because it might be increased by a uniform (small) set of data. 
However, the AUC-value can be used to compare the e%ect of new descriptors on the same distributional data83. 
!e increased AUC-values of all species models clearly show that the model was improved by the use of DHD 
instead of LD.

Due to the parasite specimens originating from intermediate instead of de$nitive hosts, we needed to show 
that a de$nitive host can occur at each parasite’s sampling site. If this is the case, there should be a clear over-
lap between the niches of the parasite and its associated de$nitive hosts. To evaluate the eligibility of DHD as 
a descriptor, we examined the niches of the Pseudoterranova species and their documented de$nitive hosts in 
ecological niche space. We used the R-package ecospat84, which is based on a principal components analysis 
(PCA), with the advantage of removing correlations among the predictor variables, creating the most informative 
descriptors, based on the original variables.

!e PCA-based niche analyses, including Schoener’s D and niche stability, expansion and un$lling, support 
the concept of the DHD-model. Despite a lower overlap between parasites and some individual hosts, the par-
asites’ niches are covered completely by the combination of the associated de$nitive hosts’ niches. Host species 
with a geographical distribution that is much broader than the parasites’ could result in expansion. !is may be 
the case for Pusa hispida and its parasites Pseudoterranova bulbosa and P. decipiens (s.s.), or Arctocephalus austra-
lis and P. cattani. Niche un$lling could indicate that the de$nitive host spectrum of the parasite might not have 
been exhaustively recorded yet. !ere may also be other explanations for niche un$lling, e.g. if the parasites were 
sampled from a migrating intermediate host. !e de$nitive hosts are still the best option to represent the biotic 
requirements of the Pseudoterranova species, because of the parasites’ low speci$city regarding their intermediate 
hosts.

Under ideal circumstances, data used for habitat suitability models should be sampled with a study design 
that results in random, unbiased occurrences85. Observations should be independent from each other and the 
data should represent the niche adequately79. !erefore, sampling should not be performed in sink populations 
and the $tness of the sampled population should be assessed2,86. However, real-life data does not easily ful$l 
these requirements. Endoparasites do not allow a direct sampling which is non-invasive to the host species. 
Considering this, sampling from intermediate hosts is not ideal, because it cannot be assumed that the parasite 
larva retrieved in a $sh will reach maturity. However, since the reproductive stages occur in seals, su#cient sam-
pling from the de$nitive hosts is not an option. All data occurrences used in this study are independent, since 
they were sampled in di%erent projects. However, they are not unbiased, since most examined host species are 
commercially relevant and so are the sampling sites. !e demerit of the data available for Pseudoterranova spp. is 
that specimens are rarely identi$ed to species level, even though this is the only way to distinguish larval stages 
from intermediate hosts. Since only few are molecularly identi$ed, the required number of samples is not avail-
able for every species. Occurrence data of the species resident in less accessible areas, as the Southern Ocean, are 
scarce (e.g. all occurrences of P. decipiens E were sampled on the route of the German RV Polarstern). Despite 
these circumstances, we decided to include all species which use seals as de$nitive hosts in the study, because it is 
illustrative to compare the LD- and the DHD-model in species with a range of available occurrences. To account 
for small sample sizes we used Maxent, which has been reported to perform well in this case87–90. We modelled 
with presence only data, therefore the degree of overprediction cannot be quanti$ed90. Galante et al.90 suggest a 
combination of model selection and spatial $ltering for data-poor species. !is approach only works for species 
whose ecology is well known.

Conclusion
!e life cycle of a parasite is tied to its (several) mandatory hosts. !e de$nitive host is indispensable for the 
completion of a parasites’ life cycle. Hence, to a certain degree, the distribution of a parasite is determined by 
the availability of its de$nitive host. In consequence, the habitat suitability model for a parasite species can be 
improved by taking into account de$nitive host distribution. !is was done by replacing land distance (used in 
the LD-models) by de$nitive host distance (used in the DHD-model). !e LD-model shows the potential distri-
bution of Pseudoterranova spp., while the DHD-model gives an estimate of its realised distribution.
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By including the variable DHD into the model, the Maxent habitat suitability model more represents the 
observed occurrence of the parasite species. Habitats for boreal and austral species are only modelled in the hem-
isphere where their hosts actually occur.

Material and Methods
Maxent approach. Ecological niche modelling is a correlative approach to assess the present or future hab-
itat suitability of a given geographic area for a certain species. !e method links occurrence data to the environ-
mental conditions (most o"en represented by abiotic descriptors such as climate data) of the sampling area and 
calculates probabilities of a species’ presence2,5,91.

!e ENM was performed using Maxent, a machine learning algorithm which assumes that among all models, 
meeting certain constraints, the model with the highest entropy is most suitable to describe the data91–93. Standard 
settings of Maxent (version 3.3.3) were to calculate linear, quadratic and product features based on Cunze & 
Tackenberg94. In addition, we enhanced the number of iterations in order to ensure convergence. Maxent includes 
the area under the curve value (AUC-value), which indicates the quality of the model $t. !e AUC-value ranges 
from 0–1 with a value of 0.5 representing a random model95. !e higher the value the better the specimens are rep-
resented by the model. !e AUC-values of two models of the same species were compared using the Wilcoxon test.

In order to compile georeferenced reports of Pseudoterranova spp., a literature research was conducted 
(Table S1, Fig. S1). !e keyword ‘Pseudoterranova’ was used in the query on Web of Science and Google Scholar. 
!e identi$cation to species level needed to be validated either through molecular methods (such as direct 
sequencing, PCR-RFLP, enzyme electrophoresis), or by morphological identi$cation of adult stages from de$n-
itive hosts. Occurrences referenced as Pseudoterranova decipiens (s.l.) were not included into the dataset. Spatial 
autocorrelation was accounted for following the method described in Pearson et al.88.

!e environmental variables used in the model were taken from the global marine environment datasets 
(GMED). A set of ecologically meaningful factors was chosen to represent the most important factors for the 
modelling of the parasites and hosts. To avoid over$tting, a correlation analysis of the environmental variables 
was performed, excluding one variable from a pair of highly intercorrelated variables. In this process, $ve var-
iables with a Pearson correlation coe#cient < 0.51 were chosen: mean sea surface temperature (SST), bottom 
salinity (Sal), land distance (LD), depth (D) and primary production (PrimProd) with a spatial resolution of 0.083 
decimal degrees (5 arc-minutes).

To improve the model consisting solely of abiotic variables (LD-model), de$nitive host distance (DHD) was 
included as a biotic predictor, replacing land distance in a new modelling approach (DHD-model). !e DHD was 
created in ESRI ArcGIS by calculating for each gridcell (same spatial resolution as the GMED data) the distance 
to the nearest gridcell containing at least one de$nitive host occurrence record. !e variable includes the occur-
rence data of all respective de$nitive hosts for each Pseudoterranova species. !e reported de$nitive host spec-
trum of the Pseudoterranova species was compiled by Mattiucci & Nascetti96 (and references therein33,48,49,97) and 
includes 11 di%erent species (Arctocephalus australis, Cystophora cristata, Halichoerus grypus, Erignathus barbatus, 
Eumetopias jubatus, Leptonychotes weddelli, Mirounga angustirostris, Otaria !avescens, Phoca vitulina, Pusa hisp-
ida, Zalophus californianus). !e host occurrence data (Fig. S2) were retrieved from GBIF.org and Aquamaps.org.

For both models (LD + DHD), the Maxent variable contribution and permutation importance were taken as 
measures of the relative contributions of the environmental variables to the Maxent models91. To review whether 
the presence of hosts is a positive predictor for parasite presence, the one-variable response curves for the DHD 
variable are shown. Habitat suitability maps were generated using Esri ArcGIS.

Ecospat approach. In order to test our hypothesis that the biotic DHD-variable includes more information 
than LD, we compared the ecological niches of the parasites and associated de$nitive hosts. We visualized the spe-
cies’ realized niches based on the PCA_env approach suggested by Broennimann et al.98 and implemented in the 
R package “ecospat”84. !e considered niche space is spanned by the $rst two principal components of the prin-
cipal component analysis (PCA) on the $ve GMED variables used in the abiotic model: mean sea surface tem-
perature (SST), salinity (Sal), land distance (LD), depth (D) and primary production (PrimProd). We calculated 
Schoener’s D99,100, a measure for niche overlap to estimate the extent a parasite’s niche is included in its related 
de$nitive host’s niche, niche un$lling, niche expansion and niche stability101. !is comparison was only shown for 
Pseudoterranova bulbosa, P. cattani, P. decipiens (s.s.), as only for these species a su#cient amount of occurrence 
data was available. !e niches of P.bulbosa, P. cattani and P. decipiens (s.s.) were analysed with reference to their 
de$nitive host niches. Here, niche expansion can be interpreted as the parasite’s niche proportion that does not 
overlap with the host niche. Niche un$lling is the proportion of the host’s niche that does not overlap with the 
parasite’s niche101,102.
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The occurrence of zoonotic nematodes of the family Anisakidae in 
food fish has gained awareness during the 1990s (Bouree et al., 1995; 
Hochberg & Hamer, 2010), and not only provoked a high research 
interest but also the establishment of food safety measures. While 
past studies on human-pathogenic anisakids mainly focused on 

molecular species identification (Bullini et al., 1997; D’Amelio 
et al., 2000; Mattiucci et al., 1998, 2001, 2002, 2005, 2009, 2014, 
2016; Nascetti et al., 1986, 1993; Paggi et al., 1991, 2000; Paggi 
& Bullini, 1994; Santoro et al., 2010; Timi et al., 2014; Umehara 
et al., 2008; Zhu et al., 2002) , the recent advances of sequencing 
methods and computing power have made molecular studies more 
affordable and have opened up new perspectives for the research 
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The recent advances in molecular methods and data processing have facilitated re-
search on anisakid nematodes. While most research efforts were made regarding the 
genus Anisakis, since this genus is held responsible for the majority of reported clini-
cal signs, there is still a demand for data on the genus Pseudoterranova. Several case 
studies of severe invasive anisakidosis affecting various organs caused by species of 
the P. decipiens complex have been described. To better understand the way these 
parasites might infest their fish host, we examined whether parasite location within 
the fish host affects gene expression. A de novo assembly of the transcriptome of 
Pseudoterranova bulbosa, isolated from North Atlantic cod, was analysed for patterns 
of differential gene expression between samples taken from liver and viscera. We 
additionally searched for homologs to known nematode allergens, to give a first es-
timate of the potential allergenicity of P. bulbosa. There was a subtle difference in 
the gene expression of samples taken from liver and viscera. Seventy genes were 
differentially expressed, 32 genes were upregulated in parasites isolated from liver 
and 38 genes were upregulated in parasites from viscera. Homologs of five nematode 
allergens were identified among the genes expressed by P. bulbosa. Our transcriptome 
of P. bulbosa will be a valuable resource for further meta-analyses and resequencing 
projects.

� � + )� !	 "
Anisakidae, differentially expressed genes, human pathogenic Nematoda, seafood allergy, 
transcriptome
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on parasites, including genomic, proteomic and transcriptomic stud-
ies (Baird et al., 2016ĸ� ��;Ѵbࣀ� ;|� -Ѵĺķ�2018; Cavallero et al., 2018, 
2020; Consortium International Helminth Genomes, 2017; D’Amelio 
et al., 2020; Fæste et al., 2014; Kim et al., 2018; Kochanowski 
et al., 2019, 2020; Nam et al., 2020).

Anisakidosis is a collective term for different clinical pic-
tures caused by marine Nematoda from the family Anisakidae 
(Hochberg & Hamer, 2010). It includes signs caused by the tissue 
invasion behaviour of the worms causing lesions in the invaded 
tissues and allergic signs caused by parasitic antigens present in 
the family Anisakidae (Hochberg & Hamer, 2010). Most cases of 
Anisakidosis are attributed to the eponymous genus Anisakis, but 
morphological or molecular identification methods are rarely applied 
(Rahmati et al., 2020). Clinical signs have been linked to A. simplex 
s.s., A. pegreffii, Contracaecum and Pseudoterranova spp. infections 
(Buchmann & Mehrdana, 2016; Rahmati et al., 2020; Shamsi & 
Sheorey, 2018). Medical case studies of Pseudoterranova infections 
show their pathogenic potential and relevance (Arcos et al., 2014; 
Arizono et al., 2011; Brunet et al., 2017; Cavallero et al., 2016; 
Llorens et al., 2018; Menghi et al., 2020; Mercado et al., 1997, 2001; 
Mitsuboshi et al., 2017; Murata et al., 2018; Nordholm et al., 2020; 
Pinel et al., 1996; Ramanan et al., 2013; Sánchez- Alonso et al., 2020; 
Suzuki et al., 2021; Timi et al., 2014; Torres et al., 2007; Weitzel 
et al., 2015).

The migrating behaviour of Anisakidae within the fish host leads 
to infections of muscle tissue and has therefore become a major con-
cern for seafood safety. The phenomenon of migrating from com-
mon infection sites within the body cavity (e.g., liver and viscera) 
into muscle tissue has mostly been observed after the host's death, 
in positive relation to storage temperature and duration (Cattan 
& Carvajal, 1984; Cipriani et al., 2016; Šimat et al., 2015; Smith & 
Wootten, 1975). Processing and gutting fish promptly after catching 
has proven to be an effective prevention of heavy infestation of fish 
fillets with anisakid nematodes (Klapper et al., 2015). Food safety 
institutions impose visual inspections and requirements for storage 
Ő7;;r�=u;;�bm]�-|�ƴƑƏŦ��=ou�ƕ�7-�vķ�=u;;�bm]�-|�ƴƒƔŦ���m|bѴ�voѴb7�-m7�
v�0v;t�;m|Ѵ��v|ou;�;b|_;u�-|�ƴƒƔŦ��=ou�ƐƔ�_�ou�-|�ƴƑƏŦ��=ou�ƑƓ�_ő�-m7�
ru;r-u-|bom� Ő1oohbm]� =ou� -|� Ѵ;-v|�Ɛ�lbm� -|� ѵƏŦ�ő� |o�ru;�;m|� |u-mv-
mission of live larvae to humans when consuming fishery products 
(FDA, 2021).

The understanding of the pathogenicity of anisakid nema-
todes was facilitated by the published genome of Anisakis simplex 
s.s. (Consortium International Helminth Genomes, 2017) and tran-
scriptomes of A. simplex s.s. (Baird et al., 2016), A. pegreffii (Nam 
et al., 2020) and their hybrids (Cavallero et al., 2018), which enabled 
resequencing projects and meta- analyses. However, there is still a 
demand for data on other pathogenic marine nematodes relevant 
for food- safety.

The drivers for parasite migration and distribution within 
their host are still under debate. Hypotheses discussed in the lit-
erature are physical proximity of organs or tissues adjacent to 
the stomach (Quiazon et al., 2011; Strømnes & Andersen, 1998; 

Sukhdeo & Sukhdeo, 1994; Young, 1972), nutrient uptake 
(Strømnes & Andersen, 2003), evasion of the host's immune sys-
tem (Buchmann, 2012) and beneficial properties, e.g., lipid tissue 
(Strømnes, 2014). Our study set out to assess whether and how 
parasite larval gene expression differs between infection sites 
within their intermediate host. We observed a distribution of 
Pseudoterranova bulbosa in different microhabitats, liver and viscera, 
within the body cavity of Atlantic Cod (Gadus morhua) caught off 
Greenland. Since aggregations of anisakid larvae have often been 
observed in the liver of fish hosts (Klapper et al., 2018; Muñoz- Caro 
et al., 2022; Nadolna & Podolska, 2014; Najda et al., 2018; Severin 
et al., 2020), we hypothesized that this effect could become visible in 
a differential gene expression analysis, giving insight into the activi-
ties (e.g., feeding on blood or tissue in the liver) of anisakid L3 within 
their paratenic fish host.

Trace amounts of allergens can represent a health hazard to sen-
sitized patients. Currently, 19 nematode allergens are known (WHO/
IUIS Allergen Nomenclature Database; Pomés et al., 2018), which 
are potentially cross- reactive with other allergens and have known 
homologs in other nematodes and invertebrates. Therefore, we 
screened the P. bulbosa transcriptome to assess whether homologs 
of these allergens were expressed.

ƑՊ |Պ��$�!������	���$��	"

In this study, we analysed the transcriptomes of Pseudoterranova bul-
bosa samples taken from different infection sites (liver and viscera) 
in their intermediate fish host, Gadus morhua. The transcriptomes 
were screened for the expression of anisakid allergens to study their 
potential release into fishery products for human consumption.

ƑĺƐՊ |Պ "-lrѴbm]

Parasite samples (n = 54) were taken during the 341st expedition of 
the German fishery research vessel Walther Herwig III in October 
2019 during a bottom- fish survey off Greenland (Figure 1; Table S1; 
Table S2). Live Pseudoterranova sp. were isolated from twelve Atlantic 
cod (Gadus morhua) individuals, with coincident infections of liver 
and viscera. Host tissue and cyst tissue were removed in a petri dish 
with autoclaved 0.9% saline solution, using tweezers. The parasite 
individuals were washed in fresh saline solution. A sample for mo-
lecular barcoding was taken at the apical end of the worm, measur-
ing approximately 1/5 of the parasite's length. Tweezers and scissors 
were cleaned between each sample. Barcoding samples were stored 
in individual reaction tubes with 99% ethanol. To preserve RNA and 
inhibit RNase activity, samples were treated with RNAlater (Thermo 
Fisher Scientific) or TRIreagent (Sigma- Aldrich) (Table S1) according 
|o�|_;�l-m�=-1|�u;uŝv�ruo|o1oѴ�-m7�v|ou;7�-|�ƴƑƏŦ��7�ubm]�|_;�;�-
r;7b|bom�-m7�v�0v;t�;m|Ѵ��-|�ƴѶƏŦ�ĺ�$_;�1_ob1;�o=�!���v|-0bѴb�bm]�
media was arbitrary.
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Parasite species were identified with DNA- barcoding of 
the mitochondrial cytochrome oxidase subunit I (COI) 
l-uh;u� Ő���=� ƔனŊ��$��$��$�����$$$���$Ŋ�ƒŝķ� ���u�
ƔனŊ���$�����$��$$�������Ŋ�ƒனķ� �ub�omo� ;|� -Ѵĺķ� 2011). The 
parasites were genotyped using the internal transcribed spacer 
(ITS+ĸ� ��Ɣ� ƔனŊ��$���$�����$���������$��$$Ŋ�ƒனķ� ��Ƒ�
ƔனŊ�$$��$$$�$$$$��$����$Ŋ�ƒனĸ� ,_�� ;|� -Ѵĺķ� 1998). Anisakid 
nematode larvae have a relatively long residence time within their 
fish host (Smith, 1984). Genotyping was used to select parasite 
samples from the same population. To reduce the genetic variation 
of 'host reaction' parasite gene expression, which could influence 
gene expression patterns, only sample pairs of both infection sites 
from the same host individual, with the same genotype (according 
to the ITS+marker) were selected for RNA sequencing. This selec-
tion resulted in 14 samples from five host individuals (Table S1, 
Figure S1).

ƑĺƒՊ |Պ !���bvoѴ-|bom�-m7�v;t�;m1bm]

To extract mRNA from the samples a TRIreagent phenole- chloroform 
extraction for tissue was performed according to the manufacturer's 
protocol (Sigma- Aldrich, St. Louis, USA) with 95 µl TRIreagent used 
as lysis buffer. The purity of the RNA isolates was assessed through 
optical density measuring using a spectrophotometer (Nanodrop, 
Thermo Fisher Scientific, Waltham, USA). RNA contents were quan-
tified with the Qubit fluorometric quantitation assay (Thermo Fisher 
Scientific, Waltham, USA).

Library preparation and sequencing of seven sample pairs from 
both infection sites (liver, viscera) in the same host fish was carried 
out by the external service provider Novogene UK Company Limited 
(Cambridge, United Kingdom). The library was prepared with the 
NEB Next® Ultra™ RNA Library Preparation Kit using a 250– 300 bp 
insert. Sequencing of 150 bp paired end reads was carried out on the 
Illumina NovaSeq 6000 platform (Illumina Inc., San Diego, USA) for 
each of the individual 14 samples. The aimed sequencing yield was 
8 Gb which we obtained for 13 samples (Table S1, Figure S1).

Data are available under study accession number PRJEB42010.

ƑĺƓՊ |Պ $u-mv1ubr|ol;�-vv;l0Ѵ�ķ�
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The quality of raw reads for each sample was assessed with FastQC 
version 0.11.9 (Andrews, 2019). As the overall quality was very high, 
all further steps were performed with untrimmed reads. To identify 
potential contamination as such, and putative fish transcripts stem-
ming from food uptake, a taxonomic classification was performed 
using the tool Kraken 2 version 2.1.0 (Wood et al., 2019). The aim 
of filtering was a dataset including all unclassified reads combined 
with nematode reads, and a read count for fish reads. As a reference 
for the most likely contamination, transcripts of cod (Table S3) and a 
standard library for protozoa and humans were used. A positive con-
trol for nematode sequences was designed by including Ascaridoid 
nematode transcripts (Table S3) accessed through WormBase 
ParaSite (Howe et al., 2016, 2017). The R- package pavian version 
1.0 (Breitwieser & Salzberg, 2020) was used to get an overview of 
the Kraken 2 output. To filter all reads classified as Nematoda, we 

 ��&!� �ƐՊ"-lrѴbm]�vb|;v�o=�P. bulbosa 
from their intermediate host Gadus 
morhua off Greenland coast. Sampling 
point and host identifier (Gm3, Gm4, Gm9, 
Gm11 and Gm16). Figure created with Esri 
ArcGIS

Gm4

Gm3

Gm16

Gm9/11

Sources: Esri, GEBCO, NOAA, National Geographic,
Garmin, HERE, Geonames.org, and other contributors; Esri,
Garmin, GEBCO, NOAA NGDC, and other contributors
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used kraken- tools version 0.1- alpha (Lu et al., 2020) and extracted 
reads with the respective taxon- ID.

The software Trinity version 2.11.0 was used to assemble 
the de novo transcriptome of Pseudoterranova bulbosa (Grabherr 
et al., 2011; Haas et al., 2013) including all filtered reads of the 13 
samples and using standard settings. To assure that filtering the raw 
data did not limit the quality of the reference transcriptome, we cre-
ated and compared the assembly based on the filtered transcript to 
an assembly based on raw reads. The filtered and raw transcripts 
were translated into the predicted protein code with TransDecoder 
version 5.5.0 (Haas, 2018), which accounts for both read directions 
and all three different reading frames.

The Benchmarking Universal Single- Copy Ortholog (BUSCO, 
http://busco.ezlab.org) version 4.1.4 was used as a tool for the quality 
control of the assembly (Simão et al., 2015), to assess the complete-
ness and number of conserved genes in the NCBI nematoda_odb10 
reference database (downloaded 27. Nov. 2019). HISAT2 version 
2.2.1 (Kim et al., 2019) was used to map the raw reads to the tran-
scriptome. The software Kallisto version 0.46.1 was used to quantify 
the read counts of the filtered assembly (Bray et al., 2016). Output 
data were processed into a matrix of isoform counts using a pearl 
script provided with Trinity. Isoforms were chosen to account for 
different possible splice variants of genes.

Annotation of the filtered transcriptome was performed using 
BLASTX version 2.12.0 using the invertebrate protein database, 
downloaded from NCBI (10 Nov. 2020, ftp://ftp.ncbi.nlm.nih.gov/
refse q/relea se/inver tebra te/*prote in.faa.gz; Altschul et al., 1990; 
Gish & States, 1993). Protein classification was predicted using 
InterProScan version 5.47– 82.0 (Jones et al., 2014).

ƑĺƔՊ |Պ	b==;u;m|b-Ѵ�];m;�;�ru;vvbom�-m7�
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Even though 14 samples were sequenced we finally decided to 
choose one liver and one viscera sample from four individual fish 
(n = 4+4 = 8) to obtain a balanced sample design for further analy-
ses. We used a random sample pair (R10 and R14) from Gm3, which 
had three replicate sample pairs, and excluded four samples from 
this host individual. Sample R28 from Gm9 was removed from the 
dataset, because it was paired with sample R29, for which RNA- 
sequencing was unsuccessful (Table S1, Figure S1). DESeq2 version 
3.1.2 (Love et al., 2014) was used to analyse differential gene expres-
sion in the eight nematode samples using a paired design with ‘site’ 
as the main factor but accounting for ‘host’.

A PCA was run with variance stabilized count data to identify 
potential outliers and visualize effects of infection sites (R- package 
ggplot2, Wickham, 2011). Differential gene expression analysis was 
performed and filtered with standard settings of the DESeq2 results 
function and adjusted p- value < .05 (FDR) cutoff (Love et al., 2014). 
The results were processed into a volcano plot and a heatmap of dif-
ferentially expressed genes (DEGs) with indication of infection site 
and host- ID (R- packages pheatmap, RColorBrewer, viridisLite).

A functional enrichment analysis was performed with the R- 
package topGO, for DEGs upregulated in liver or viscera using the 
'weight01' algorithm (Alexa & Rahnenfuhrer, 2022). Significant 
results were filtered using a p < .05 level (Fisher statistic). Gene 
ontology terms of enriched DEGs were summarized in REVIGO 
and exported as tree maps using the R- scripts for plotting (Supek 
et al., 2011).

ƑĺѵՊ |Պ�ѴѴ;u];m�v1u;;m

In order to identify the allergenic potential of Pseudoterranova bul-
bosa, nematode allergen protein sequences listed in the WHO/IUIS 
Allergen Nomenclature database (Pomés et al., 2018) were collated 
from NCBI- Genbank (accessions are stated in the results section). 
These allergens were used as reference data for a BLASTX search 
of the assembled transcriptome. Sequences with an identity >80% 
-m7�-�l-|1_�Ѵ;m]|_�ƾu;=;u;m1;�Ѵ;m]|_��;u;�1omvb7;u;7�-v�ro|;m|b-Ѵ�
homologs and putative allergens.
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All sampled specimens were assigned to the species Pseudoterranova 
bulbosa (NCBI Reference Sequence: NC_031643.1) using molecu-
lar barcoding of the CO1 marker (Data S1). The samples chosen for 
RNA- seq belonged to the same ITS- genotype (Data S2).

ƒĺƐՊ |Պ $-�omolb1�1Ѵ-vvb=b1-|bom�-m7�=bѴ|;ubm]�o=�u;-7v

The data used in the transcriptome assembly consisted of reads 
assigned as Nematoda (from our reference database of 28 spp.; 
Table S3) and unclassified reads, which included between 88.7 and 
97.34% (mean 96.11 ± 2.42%, 5.86% variance). Unclassified reads 
were included into the assembly because we assume they also be-
long to nematodes.

Reads assigned to Protozoa (mean 0.73 ± 0.07%, 0.005% vari-
ance), Homo sapiens (mean 1.49 ± 0.2%, 0.04% variance) and the fish 
host (Gadus morhua, Atlantic cod) were excluded from the dataset. 
Contamination with cod reads was below 1% in all samples except 
R12 where 8.22% of reads were assigned to G. morhua. Detailed tax-
onomic filtering results are provided in Table S4.

ƒĺƑՊ |Պ $u-mv1ubr|ol;

The assembly of the taxonomically filtered data consisted of 25,405 
genes from 65,146 transcripts with 40.54% GC content (Table S5). 
While the unfiltered assembly included a higher number of bases/
reads, which resulted in a higher total number of transcripts and 
genes, contig N50 and contig length were higher in the filtered as-
sembly, based on all transcripts as well as the longest isoform per 
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gene. The analysis using BUSCO revealed that taxonomic filtering 
improved the contents of expected single- copy conserved genes 
(Table S6), and we thus continued with the assembly based on fil-
tered reads in all downstream analyses.

Peptide prediction with BLASTX resulted in 92.3% annotation 
(7.7% unknown/missing/new/unique) and 61.1% of the transcripts 
were functionally annotated with InterProScan (38.9% unknown/
missing/new/unique).

Metabolic processes (9.93%, P), binding (19.86%, F) and catalytic 
activity (31.21%, F) were the most frequent annotation categories.

ƒĺƒՊ |Պ	b==;u;m|b-Ѵ�];m;�;�ru;vvbom�-m7�
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Seventy differentially expressed genes (DEGs) were detected, 32 
significantly upregulated in samples from liver and 38 significantly 
upregulated in specimens from viscera (Table S7, Figure 2). The PCA 
grouped three sample pairs according to their respective hosts (R19 
& R22, R35 & R4, R44 & R46), while the sample pair from Gm3 (R10 
& R14) showed a bigger variance. The principal components ex-
plained 17 and 20% of the variation and indicated a stronger ‘host’ 
than ‘site’ effect (Figure S2).

Most BLAST hits of the DEGs were obtained in other Nematoda 
(e.g., Loa loa and Brugia malayi), and many corresponded to hypo-
thetical proteins, which have not been described further (Table S7). 
Gene Ontology (GO) terms assigned to the differentially expressed 
genes in nematode larvae infecting cod liver included metabolic 

and catabolic processes, protein degradation (proteasome com-
plex GO:0000502), cellular organization (GO:0045104), RNA pro-
cessing and regulation (mediator complex, GO:0016592). Genes 
upregulated in larvae isolated from viscera genes were involved in 
metabolic (organic acid, GO0006082) and catabolic processes (alde-
hydes, GO:0046185, macromolecules GO:0009057), the processing 
of small nuclear RNAs (integrator complex, GO:0032039, protein im-
port into the nucleus) and cellular detoxification (Table S8, Figure 3).

ƒĺƓՊ |Պ ��|-|b�;�-ѴѴ;u];mv

The allergen screening of the Pseudoterranova bulbosa transcripts 
identified five putative allergens: Ani s 2, Ani s 3, Ani s 7, Ani s 13 
and Asc s 13 (Table 1, additional information included in Table S9).

The highest match identity was discovered for tropomyosin, 
with 98.94– 91.54% identity and 3– 24 mismatches, depending on 
query isoform. Tropomyosin has been identified as an allergen in 
vertebrates (Teleostei) and invertebrates (Acari, Insecta, Crustacea, 
Bivalvia, Gastropoda, Cephalopoda). The WHO database includes 
37 homolog air-  and food- borne allergens. Five homologs of 
paramyosin from other invertebrates (Acari and Gastropoda) are 
recognized air-  or food- borne allergens (allergen.org). Glutathione- 
S- transferase (GST) from three taxonomic kingdoms (Plantae, 
Fungi, Animalia) acts as an allergen, with ten recognized homologs. 
Haemoglobin from Anisakis simplex is a homolog to Chironomus 
thummi thummi (Insecta) (Pomés et al., 2018). The function of Ani s 
7 has not been discovered, yet.
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DN2996_c0_g1_i5
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DN225_c0_g1_i3
DN3573_c0_g1_i6
DN4326_c0_g1_i7
DN2370_c0_g1_i39
DN1052_c0_g1_i8
DN3422_c0_g1_i7
DN4252_c0_g1_i2
DN2185_c0_g1_i7
DN1673_c0_g1_i5
DN1469_c0_g1_i11
DN5783_c0_g1_i3
DN3927_c0_g1_i1
DN1673_c0_g1_i6
DN2447_c0_g1_i4
DN3412_c0_g1_i3
DN8128_c0_g1_i6
DN1528_c0_g1_i7
DN1718_c0_g1_i6
DN1497_c0_g1_i6
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DN3205_c0_g1_i6
DN534_c0_g1_i12
DN2996_c0_g1_i1
DN1478_c0_g1_i6
DN1350_c0_g1_i11
DN3921_c0_g1_i6
DN3570_c0_g1_i5
DN225_c0_g1_i64
DN259_c0_g1_i1
DN1718_c0_g1_i13
DN4513_c0_g1_i4
DN1239_c2_g1_i17
DN539_c0_g1_i12
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We assembled and annotated the first transcriptome of the zoonotic 
anisakid genus Pseudoterranova. The differential gene expression 
analysis between samples from liver and viscera of P. bulbosa in 
Gadus morhua revealed only slight gene expression differences be-
tween infection sites. We here discuss our results in the light of pub-
lished (experimental) research on this life cycle stage and its tissue 
invasion behaviour and presumed preferences.

As a starting point for the evaluation of the allergenic potential 
of P. bulbosa, we discuss the homologs of nematode allergens ex-
pressed by P. bulbosa in its fish host.

ƓĺƐՊ |Պ	b==;u;m|b-Ѵ�];m;�;�ru;vvbom�0;|�;;m�
bm=;1|bom�vb|;v

Anisakid larvae have been reported from different infection sites 
within their teleost hosts (Gay et al., 2018; Najda et al., 2018). The 
movement patterns of the larvae within the host after their inges-
tion have been attributed to the temperature difference between 
mammalian definitive hosts and teleost paratenic hosts (Smith & 

Wootten, 1975). Hake gutted and examined after different time 
periods and kept at environmental temperature or on ice did not 
show significant variation/increase of nematode larvae in muscle 
(Cattan & Carvajal, 1984). Cipriani et al. (2016) reported that high 
v|ou-];� |;lr;u-|�u;v� ŐƐƓŦ�ő� Ѵ;7�Anisakis pegreffii to leave the fish 
_ov|�0o7�ķ��_bѴ;�|;lr;u-|�u;v�0;|�;;m�Ƒ�-m7�ƕŦ��ruolo|;7�-�lb-
gration into muscle tissue. The motility and mobility of anisakid lar-
vae strongly correlated with temperature in an experimental study 
by Guan et al. (2021). Šimat et al. (2015) were able to establish a 
strong connection between 'post mortem' migration of Anisakis sp. 
and the concentration of biogenic amines and dependent change of 
pH- value during decomposition of the host rather than temperature. 
Muscle infections with anisakids also occur in fish frozen or exam-
ined immediately after catching, suggesting there are other factors 
than temperature influencing migration in live hosts.

The distribution of Pseudoterranova stage three larvae (L3) in-
fecting Atlantic cod (Gadus morhua) within the host's body cavity is 
primarily focused on liver and liver parenchyma and scarcer in vis-
cera (own observation, Klapper et al., 2018; Mehrdana et al., 2014; 
Nadolna & Podolska, 2014). If the larval distribution is not coinci-
dental, it can either be explained by the migrating distances de-
fined by the host's anatomy or by the specific preference of liver. 

 ��&!� �ƒՊ$u;;l-rv�o=�vb]mb=b1-m|Ѵ��o�;uŊ�;�ru;vv;7����|;ulv�bm�P. bulbosa from (a) viscera and (c) liver and (b) volcano plot of 
differentially expressed genes, negative log2 fold change corresponding to genes upregulated in viscera samples and positive log2 fold 
change corresponding to genes upregulated in liver samples. Treemap colours are arbitrary in (a) versus. (b). Volcano plot colour: blue = 
above FDR cut- off, red = below FDR cut- off
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Anisakid larvae infect cod through the ingestion of infected inver-
tebrate hosts or the ingestion of a paratenic fish host. The parasites 
leave the alimentary tract by penetrating the stomach or intestine 
wall and infecting the body cavity. Young (1972) suspected that a 
high infection intensity of the liver was a result of the short distance 
between the fish's stomach and the surrounding lobes of the liver 
(Young, 1972). Following studies assumed more complex underly-
ing mechanisms, which have been conserved throughout the evo-
lutionary adaptation of the parasite to its paratenic host (Sukhdeo 
& Sukhdeo, 1994). Here, the host was considered as a habitat with 
predictable anatomical and chemical structure, where certain stimuli 
provoke a fixed behavioural pattern of the parasite. Experimental 
studies showed that the larval response differed when infecting ac-
cidental hosts, e.g., freshwater species which they were not adapted 
to. In these studies, infection was irregular (remaining in the digestive 
tract) or the parasites did not survive (Quiazon et al., 2011; Sukhdeo 
& Sukhdeo, 1994). But differences in the distribution of larvae be-
tween organ and muscle tissues have also been reported within their 
adequate intermediate hosts (Strømnes & Andersen, 1998). Fat con-
tent of the infected tissue was identified to be positively correlated 
with the number of anisakid larvae (Strømnes & Andersen, 1998, 

2003). Anisakids have been found to sometimes cause severe dis-
eases in other accidental hosts, such as granulomatosis and necrosis 
in sea turtles (Caretta caretta) (Santoro et al., 2010) but were non- 
pathogenic in others (Shamsi et al., 2017). An experimental study 
0����;Ѵbࣀ�;|�-Ѵĺ�Ő2018) examined Wistar rats infected with Anisakis 
pegreffii L3 and showed that 30% of nematode larvae penetrated 
the stomach mucosa or abdominal muscle tissue, causing proinflam-
matory activity and induced the expression of cuticula degrading 
enzymes in the host. Stomach tissue reacted with ribosomal stress, 
while a T- helper 17- type inflammatory response was found in mus-
cle tissue. No consistent behaviour of infective larvae pointing to 
aimed tissue migration was observed during infection experiments 
bm�u-|v�Ő��;Ѵbࣀ�;|�-Ѵĺķ�2018), suggesting, that it could also be arbitrary 
in human patients.

Our DGE- analysis shows that gene expression patterns of P. bul-
bosa L3 from cod only differed in seventy genes between parasites 
infecting liver or viscera. Concerning the life- history of P. bulbosa, we 
conclude that during the L3 stage infecting paratenic fish hosts, simi-
lar biological processes take place regardless of the infection site. One 
way to interpret our data is in support of an arbitrary distribution of 
L3 P. bulbosa in cod, which could be a result of the physical proximity 

$���� �ƐՊ��|-|b�;�-ѴѴ;u];mv�o=�P. bulbosa expressed in L3 from Atlantic cod. Count avg. = count average, Ident. =identity, Mism. = 
mismatch, Gap = alignment gap, identity cut- off = 80%. Asterisks indicate transcripts with a count average >1000

 �;u� !;=;u;m1; �o�m|�-�]ĺ �7;m|ĺ �;m]|_ �bvlĺ �-r �mmo|-|bom �ѴѴ;u];m

DN6446_c0_g1_i26 * CAB93501.1 7518.46 98.944 284 3 0 Tropomyosin Ani s 3

DN6446_c0_g1_i33 CAB93501.1 107.08 98.8 250 3 0 Tropomyosin Ani s 3

DN7685_c0_g1_i1 * AAF72796.1 3003.85 97.583 869 21 0 Paramyosin Ani s 2

DN7685_c0_g1_i2 * AAF72796.1 12,679.08 97.583 869 21 0 Paramyosin Ani s 2

DN7685_c0_g1_i4 AAF72796.1 340.77 97.583 869 21 0 Paramyosin Ani s 2

DN6446_c0_g1_i16 * CAB93501.1 1894.38 91.549 284 24 0 Tropomyosin Ani s 3

DN5493_c0_g1_i3 AAF72796.1 155.46 84.977 872 124 2 Paramyosin Ani s 2

DN5493_c0_g1_i2 AAF72796.1 327.00 84.977 872 124 2 Paramyosin Ani s 2

DN5493_c0_g1_i4 * AAF72796.1 28,865.54 84.977 872 124 2 Paramyosin Ani s 2

DN15669_c0_g1_i5 * AFY98826.1 7159.69 84.848 297 45 0 Haemoglobin Ani s 13

DN15669_c0_g1_i8 AFY98826.1 6.00 84.848 297 45 0 Haemoglobin Ani s 13

DN15669_c0_g1_i2 * AFY98826.1 7052.62 84.848 297 45 0 Haemoglobin Ani s 13

DN15669_c0_g1_i7 AFY98826.1 11.38 84.848 297 45 0 Haemoglobin Ani s 13

DN409_c0_g1_i4 ABL77410.1 25.92 84.593 675 102 1 – Ani s 7

DN409_c0_g1_i233 ABL77410.1 53.69 84.593 675 102 1 – Ani s 7

DN409_c0_g1_i79 ABL77410.1 12.23 84.593 675 102 1 – Ani s 7

DN409_c0_g1_i23 ABL77410.1 19.62 84.546 893 136 1 – Ani s 7

DN409_c0_g1_i10 ABL77410.1 1.69 84.546 893 136 1 – Ani s 7

DN409_c0_g1_i129 ABL77410.1 74.00 84.489 1096 168 1 – Ani s 7

DN409_c0_g1_i56 ABL77410.1 17.77 84.489 1096 168 1 – Ani s 7

DN409_c0_g1_i169 ABL77410.1 33.00 84.389 442 69 0 – Ani s 7

DN8128_c0_g1_i4 * CAA53218.1 1837.69 83.193 119 20 0 Glutathione 
S- transferase

Asc s 13

DN409_c0_g1_i185 ABL77410.1 48.38 81.514 1136 168 2 – Ani s 7

DN409_c0_g1_i75 ABL77410.1 7.38 81.514 1136 168 2 – Ani s 7

DN409_c0_g1_i60 ABL77410.1 0.00 81.514 1136 168 2 – Ani s 7
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between the host's stomach and liver (Young, 1972). In this case, most 
larvae remain in the adjacent liver after penetrating the stomach, 
while a smaller proportion of larvae leave the alimentary tract during 
the gut passage, thereupon residing in viscera tissue. However, the 
distribution of anisakid larvae in other fish species challenges this hy-
pothesis (Strømnes & Andersen, 1998) and it does not provide explan-
atory approaches for the invasion of fish muscle tissue.

It is under debate whether anisakid larvae feed while infect-
ing their fish host. Larval growth has been reported from fish 
hosts (Strømnes & Andersen, 2003), which would require nutri-
ent uptake. During our sampling of live larvae immediately after 
capture of the fish, observations were made that could indicate 
that individual parasites may have fed on host blood. The con-
sumption of cod tissue or blood prior to encapsulation would be 
supported by the cod reads discovered in the filtering step of this 
study (Table S4), but they could also be a result of contamination. 
If true, however, feeding does not occur exclusively in parasites 
infecting liver, as no differentially expressed genes with a direct 
link to digestion could be identified. Granted, that conditions in 
liver are beneficial to the parasite larvae, this benefit was not 
clearly reflected by their gene expression patterns in our study. 
Still there are findings pointing to better larval growth and more 
beneficial conditions, such as lipid content, at certain infection 
sites (Strømnes & Andersen, 2003). Respective experimental evi-
dence on a transcriptomic level could be achieved by a setup simi-
lar to Strømnes (2014), who examined the migration of Anisakis on 
agar with a lipid gradient, accompanied by RNA sampling. Since 
our study did not include the apical part of the worm into the RNA 
samples, we recommend to future research of the gene expres-
sion of L3 from fish hosts in this body part. Genetic material for 
genotyping could also be acquired from residual DNA during RNA 
extraction, before DNAse treatment.

Another possible explanation for the subtle DEG- pattern of P. 
bulbosa in our study could be explained by a dauer- phase of the lar-
vae in both examined microhabitats (Hand et al., 2016). To prevent 
the release of antigens, hosts encapsulate invasive parasites instead 
of digesting them (Buchmann, 2012). The sheath covering the par-
asite is composed of host tissue (Buchmann, 2012), which could 
be the source of the cod reads found in some of our samples. The 
parasites undergo a diapause which is regulated by small RNAs and 
chromatin modifications (Hand et al., 2016). The expression of tran-
scription regulating genes (integrator complex) in our analysis could 
be connected to this stage. Since the capsule is composed of host 
tissue, incomplete removal is one possible reason for the high num-
ber of cod reads in two of the samples (Table S4).

ƓĺƑՊ |Պ ��|-|b�;�-ѴѴ;u];mv

An important factor of anisakid pathogenicity is allergenic poten-
tial. We compared WHO- recognized Nematode allergens to proteins 
from P. bulbosa. Among five putative allergens, the protein tropo-
myosin showed a high similarity to Ani s 3 from Anisakis spp. which 

has already been detected in P. decipiens (s.s.). Homologs of four 
nematode allergens were expressed in all samples. This finding sug-
gests an allergenic potential of P. bulbosa which should be a subject 
of future research.

The putative allergens detected in this study were homologs of 
tropomyosin, paramyosin, glutathione- S- transferase (GTS), haemo-
globin and Ani s 7. Since homology between biomolecules does not 
directly infer cross- reactive IgE binding, candidate allergens need to 
be validated by serological studies to verify their activity (Guarneri 
et al., 2007). Nevertheless, the identification of homologues is an-
other line of evidence for the proposed allergenic properties of P. 
bulbosa.

Tropomyosin is essential to muscle function and cell division 
(cytoskeleton) in all eukaryotes (Sereda et al., 2008). Nematode 
tropomyosin is located in the muscle and under the basal layer of 
the cuticle (Asnoussi et al., 2017). Parasite tropomyosin can regu-
late host immune molecules through the simultaneous expression 
of tetraspanin (Monteiro et al., 2010). While vertebrate tropomyos-
ins are non- allergenic to humans due to a closer homology (Sereda 
et al., 2008), invertebrate tropomyosin and paramyosin are consid-
ered pan- allergens (Pérez- Pérez et al., 2000). Anisakid tropomyosin 
is suspected to be heat- resistant which is relevant for food- safety 
considerations (Guarneri et al., 2007). Tropomyosin has been de-
bated to be involved in fish allergy (González- Fernández et al., 2018; 
Keshavarz et al., 2020). Cross- reaction to invertebrate tropomyosins 
has also been described between house dust mite and nematodes 
(Acevedo et al., 2009; Bernardini et al., 2005). However, ascribed 
cross- reaction cannot always be validated through immunoblotting, 
despite the similarity of the epitopes, e.g., Anisakis pegrefii tropo-
myosin and polyclonal antibodies from crustacean tropomyosin 
(Asnoussi et al., 2017). Still, cross- reactivity of anisakid tropomy-
osin and paramyosin with frequent arthropod allergens led to di-
agnostic problems of allergic anisakidosis (Guarneri et al., 2007), 
which required a search for a specific diagnostic allergen (Acevedo 
et al., 2009).

The enzyme glutathione- S- transferase (GST) serves as a 
catalyst of detoxification processes in eukaryotes (Eaton & 
Bammler, 1999). Parasite GST is involved in the suppression of 
the host's inflammatory response to the infection (Mehrdana & 
Buchmann, 2017; Pritchard, 1995), i.e., by neutralizing oxygen rad-
icals (Mehrdana & Buchmann, 2017; Nielsen & Buchmann, 1997). 
Several homologs of arthropod GST act as respiratory allergens, 
causing reactions to cockroaches and mites (Mueller et al., 2015). 
Acevedo et al. (2013) described allergenic GST from Ascaris lum-
bricoides which was serum cross- reactive with tropical house dust 
mites. It is a recognized allergen of anisakids and has been pro-
posed by Fæste et al. (2014) and considered a putative allergen 
of Pseudoterranova decipiens (Kochanowski et al., 2020). Cross- 
reactivity between GTS homologues of invertebrates from differ-
ent taxonomic groups has been suspected but not confirmed as 
yet (Mueller et al., 2015).

The identification of the allergenic agent Ani s 7 provided a new 
candidate for a reliable serum- indicator of acute Anisakis infections 
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(Acevedo et al., 2013; Anadón et al., 2009). Sera acquired through in-
fection experiments of rats with Anisakis simplex and Pseudoterranova 
decipiens showed that Ani s 7 was genus specific to Anisakis. Because 
Pseudoterranova infections did not result in the sensitization to Ani 
s 7, antibodies to Ani s 7 were considered an indicator of infec-
tions with live larvae from the genus Anisakis (Anadón et al., 2009). 
Later, the role of Ani s 7 as standard indicator for the identification 
of Anisakis infections has been debated to be cross- reactive in se-
rodiagnosis, possibly due to glycosylation (González- Fernández 
et al., 2017; Lorenzo et al., 2000). Based on these findings, the 
Pseudoterranova bulbosa homolog of Ani s 7 identified in this study 
has probably lower similarity or different surface structure and may 
not have the allergenic properties described for Anisakis.

The haemoglobins of nematodes are large molecules with a high 
structural diversity and multiple subunits and domains (Weber, 1980; 
Weber & Vinogradov, 2001). They are characterized by a high O2 
binding affinity and low dissociation (Coletta et al., 1986; Gibson 
et al., 1965, 1993; Weber & Vinogradov, 2001), playing role in the 
neutralization of free radicals and therefore mitigating a host's re-
sponse to parasite infections (Madala et al., 2008; Nieuwenhuizen 
et al., 2013). Some invertebrate parasites' haemoglobin has allergenic 
potential within their vertebrate hosts, i.e., as the main allergenic 
agent of chironomids (Baur et al., 1986; Mazur et al., 1987, 1990). 
Pseudoterranova spp. haemoglobin accounts for more than 30% of 
the protein within the nematode's pseudocoel (Dixon et al., 1993). 
Grey seals (Halichoerus grypus), the definitive host of Pseudoterranova 
decipiens (s.s.) and P. krabbei, produce antibodies against para-
site haemoglobin (Dixon et al., 1991; Frenkel et al., 1992; Weber & 
Vinogradov, 2001). The sensitization of the host only takes place 
during the exposure with a live parasite (Nieuwenhuizen et al., 2013). 
Studies by González- Fernández et al. (2015, 2017) suggested that 
haemoglobin could be used to increase diagnostic sensitivity for the 
identification of the source of chronic urticaria caused by Anisakis 
infections, because it does not cross- react with Ascaris, a parasite 
genus from the same clade. Our results indicate that a specificity to 
genus levels within the family Anisakidae should be examined further.

Chen et al. (2015) hypothesized that heat stress could play a role 
in the allergenicity of anisakids, as a side effect of their reaction to 
the definitive host's body temperature and may be beneficial in the 
competition with other gastro- intestinal parasites of their definitive 
hosts. Temperature seemed to influence the expression of antigenic 
proteins, when simulating cold stress and body temperatures of in-
termediate and definitive hosts. Low storage temperatures could 
reduce the expression of excretory- secretory products (Palomba 
et al., 2019őĺ��o�;�;uķ�=-v|�=u;;�bm]�u-|;v�o=�ƏĺƑŋ�ƏĺƒŦ�ņlbm�-|�ƴƐƏŦ��
seemed to be sufficient to inactivate the nematodes and preserve 
the quality of the seafood, but rapid freezing kinetics also increased 
the expression of the allergen Ani s 4. Thus, freezing kinetics may 
have a bigger effect on allergenicity of anisakids than differences 
between species (Sánchez- Alonso et al., 2020).

Examining allergenic potential based on transcriptomic instead 
of genomic data is advantageous, because it reveals the allergens 
which are acutely expressed under certain conditions. Our data 

therefore give information on the trace allergen homologs poten-
tially present in fish after the manual removal of P. bulbosa larvae. 
Genomic data would enable to screen for all potential allergen ho-
mologs, but like transcriptomic data, they can only be used as an 
indication for future serological studies.

ƔՊ |Պ �����&"���

This study provides an annotated de novo transcriptome of the 
marine parasite Pseudoterranova bulbosa, which contributes to re-
sources on Nematoda with human- pathogenic potential. The data 
can be used in meta- analyses, as a basis for tissue- specific gene ex-
pression analysis and as a starting point for resequencing projects.

Our DGE- analysis revealed only slightly differing expression pat-
terns of P. bulbosa L3 from cod liver or viscera. Concerning the life- 
history of P. bulbosa, we conclude that during the L3 stage infecting 
paratenic fish hosts, similar biological processes take place regard-
less of infection site. Our findings either support the hypothesis that 
parasite distribution results from the liver's physical proximity to the 
stomach or is driven by beneficial properties of liver, such as a high 
lipid content. Allergen traces from P. bulbosa contaminating fishery 
products are a potential food- hazard.
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