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SUMMARY

Cod (Gadus morhua) Linnaeus, 1758, is an important fish species due to its
commercial exploitation in many parts of the world, for example, in the fisheries
of northern Europe. In the Baltic Sea there are two biologically distinct stocks: western
Baltic cod and eastern Baltic cod (ICES, 2021a). For many years, the eastern Baltic cod
stock was a very important part of the fishing industry in Poland, but over the last four
decades there has been a massive drop in biomass and a contraction of its distribution to
the southern areas (Orio et al., 2019). The poor status of eastern Baltic cod is characterised
by biological changes in the fish: growth, condition (weight-at-length), size-at-maturation
and recruitment have all substantially declined (ICES, 2021b). Changes in the ecosystem,
such as poor oxygenation conditions, can affect cod both directly by altering their
metabolism and indirectly by resulting in a shortage of benthic prey (Conley et al., 2009;
Carstensen et al., 2014; Haase et al., 2020). In addition, the reduced availability of food
in the main distribution area of cod may have a negative impact on fish (Eero et al., 2012).
Indeed, the feeding levels of small cod in recent years are consistent with severe growth
limitation and increased starvation-related mortality (Neuenfeldt et al., 2020). In the same
time period, sprat and herring, major prey species of adult cod, have developed a more
northerly distribution, and there is less overlap with the distribution of the cod stock.
It is, however, unclear whether the limited remaining cod stock would be impacted
by this shift in distribution (ICES, 2021b). Importantly, increasing infection with parasites
likely also affects the health and condition of fish (Haarder et al., 2014; Mehrdana et al.,
2014; Horbowy et al., 2016), while intensive exploitation of marine resources probably
also has a negative impact (Lindegren et al., 2009). All these factors contribute to the fact
that the population of eastern Baltic cod stock has decreased dramatically over the years
and the European Commission decided to close the cod stock fishery from July 2019 (EC,
2019; COM, 2019). The International Council for the Exploration of the Sea (ICES)
has advised fisheries focused on cod in the Baltic Sea (in subdivisions 24-32) to cease
fishing in 2020, 2021 and 2022 (ICES, 2019; ICES, 2020; ICES, 2021b).



In ecological terms, cod is a predator at the top of the trophic pyramid, alongside
the salmonids and marine mammals. During spawning, cod concentrate in offshore waters
and migrate to coastal waters for feeding (Bagge et al., 1994). Young individuals mainly
occupy the shallow water of coastal zones, which provide optimal conditions for growth,
such that cannibalism does not occur. Older individuals migrate to deeper, offshore areas.
Feeding preferences differ between small and larger fish and depend on their ability
to catch and eat specific prey species. Cod is predator during almost its whole lifetime.
Young fish prey on invertebrates, for example Bylgides sarsi, Pontoporeia femorata,
Gammarus sp., Mysis mixta, Crangon crangon, Saduria entomon and also on small fish
e.g. Gobiidae (Zatachowski et al., 1975; Zatachowski, 1977; Pachur and Horbowy, 2013;
Haase et al., 2020). Adult fish feed on Clupeidae fish (sprat Sprattus sprattus, herring
Clupea harengus), but also on larger crustaceans (Zatachowski et al., 1975; Zatachowski,
1977; Pachur and Horbowy, 2013; Haase et al., 2020). These changes in cod diet therefore
reflect both fish age and the biodiversity of prey species in the specific areas where fish
are feeding.

Diet is not only a source of nutrients, but may also be a source of infection
by parasites. The type of parasite species a fish might contain depends on its age
and developmental stage. Different parasite species occur in small/young versus
larger/older cod. The phenomenon of organ specificity (topospecificity) appears to limit
the occurrence of parasites to specific organs. In young fish, the acanthocephalan parasite
Echinorhynchus gadi (Pilecka-Rapacz and Sobecka, 2004), which resides in the digestive
tract, is often recorded. Acanthocephalans also occur in older fish (Studnicka, 1965;
Sobecka, 2007), but the dominant parasitic fauna are the nematodes Anisakis simplex,
Contracaecum osculatum, Pseudoterranova decipiens and Hysterothylacium aduncum
(Szostakowska et al., 2005; Buchmann and Kania, 2012; Nadolna and Podolska, 2014).
H. aduncum is an intestinal parasite, while C. osculatum prefers liver, and A. simplex
and P. decipiens are most often located in muscle tissue. Cod may play various roles
in parasite life cycles. For example, cod might be an intermediate host
in which the transformation of the parasite to the next developmental stage occurs. Fish
may also act as a paratenic host, i.e. it hosts the larval stage, but this role
is not necessary for completion of the parasite life cycle because there
is no transformation of the parasite to the next developmental stage
(Pojmanska et al., 2016). Lastly, fish may be the final host, in which transformation from

the larval stage to the adult form takes place.



The life cycles of A. simplex, C. osculatum and P. decipiens are very similar:
marine mammals are the final hosts for these parasites (McClelland et al., 1990; Klimpel
and Palm, 2011) and there is a clear host specificity, with particular species of marine
mammal being responsible for closing the life cycle of a particular parasite species. Thus,
the final hosts for A. simplex are cetaceans, which in the Baltic Sea are represented
by the harbor porpoise, Phocoena phocoena (Herreras et al., 2004); for C. osculatum,
the grey seal, Halichoerus grypus (Fagerholm, 1990); and for P. decipiens, the harbor
seal, Phoca vitulina (Aspholm et al., 1995) and the grey seal (Hauksson, 2011).
In the final host, larval stage L4 transforms to the dioecious mature stage, which is capable
of producing fertilized eggs. Parasite eggs enter the water environment via the feces
of their final hosts, i.e. marine mammals. Transformation to the larval stages L1, L2
or even L3 occurs within the egg (Keie and Fagerholm, 1995). L2 or L3 larvae are eaten
by crustaceans, which then play the role of intermediate host where transformation from
L2 to L3 can take place. Such infected crustaceans are eaten by pelagic fish (e.g. sprat,
herring), which in turn are eaten by predatory fish (e.g. cod). Marine mammals represent
the last link in the trophic chain: they feed on infected fish and thus become the definitive,
i.e. final host and subsequently the life cycle is complete (Koie and Fagerholm, 1995;
Klimpel et al., 2004; Mouritsen et al., 2010). The life cycle of H. aduncum is similar
to that described above, but the final hosts are fish, e.g. eepout (Zoarces viviparous)
or cod (Jackson et al., 1997), where sexually mature individuals develop in the digestive
tract.

Marine crustaceans - Amphipoda, Cirripedia, Copepoda, Decapoda,
Euphausiacea, Isopoda and Mysidacea - very commonly act as intermediate or paratenic
hosts of parasites. Studies on this issue have been conducted in Canada, Norway
and Scotland. However, until now, research on the detection of intermediate hosts
for nematode and acanthocephalan parasites in the Baltic Sea has been limited to western
areas (e.g. Kiel Bay and Liibeck Bay in Germany) or has focused on experimental

approaches.



Examples of Baltic Sea crustaceans infected with nematodes and acanthocephalans are
listed below:

e Acartia bifilosa - Hysterothylacium sp. (Lick, 1991; Zander et al., 1994);

e Acartia tonsa - H. aduncum, A. simplex, C. osculatum (Keie, 1993, 2001; Kaie
and Fagerholm, 1995);

e Temora longicornis - C. osculatum (Keie and Fagerholm, 1995);

e Oithona similis - A. simplex (Keie, 2001);

e Balanus sp. - A. simplex, C. osculatum (Keie, 2001; Koie and Fagerholm, 1995);

e Neomysis integer - H. aduncum, P. decipiens, C. osculatum (Gibson, 1972; Lick,
1991; Keie and Fagerholm, 1995);

e Gammarus salinus - Hysterothylacium sp., E. gadi (Zander et al., 1994, 2000,
2002);

e Gammarus zaddachi - Hysterothylacium sp., E. gadi (Zander et al., 1994, 2002);

e Gammarus oceanicus - E. gadi, H. aduncum (Zander et al., 1994; Fagerholm,
1987; Zander et al., 2002);

e Gammarus locusta - Hysterothylacium sp. (Zander et al., 2000);

e Crangon vulgaris (C. crangon) - H. aduncum (Gibson, 1972);

e Hyperia galba - H. aduncum (Klimpel and Riickrt, 2005);

e ldotea sp. - H. aduncum (Keie, 1993).

In addition, the last studies in the Baltic area were performed almost 20 years ago,
and therefore it is timely to check for, and determine the nature of any changes that have
occurred in the marine environment. To the best of my knowledge there have been
no reports on the details of the life cycle of the above parasites, except in the western part
of the Baltic Sea. For these parasites, intermediate hosts in the southern and central Baltic
sea are unknown.

The presence of the nematodes H. aduncum, A. simplex, C. osculatum,
and the acanthocephalan E. gadi, has been noticed in a variety of crustaceans, many
of which also occur in the Baltic Sea, but to date there are no reports of individual
crustaceans from the Baltic Sea containing these parasites. Indeed, the life cycles
of the above parasites are only described in a general way for the Baltic Sea and there

is no information on which specific crustacean species are potentially intermediate hosts.



The only studies performed are those for areas bordering the western part of the Baltic
Sea, i.e. the Danish Straits and German waters.

The lack of studies involving direct detection of parasites in invertebrates that
are predated by fish and that also may be a transmission route for parasites reflects
the technical difficulty of the research and its time-consuming, laborious and expensive
nature. Moreover, the abundance of invertebrates in the marine environment and their
unequal distribution makes it impossible to examine a whole body of water for infected
organisms. Such studies require experience, knowledge and patience.

The parasite fauna of cod in the Baltic Sea is well known. Less clear, however,
are the specific organisms that act as intermediate hosts for particular parasite species.
Invertebrates that represent an important component of the cod diet may be crucial
for the life cycles of their parasites. This study is the first investigation of the presence

of parasites in situ in the diet of cod from the Baltic Sea.

Aim of the study:
To determine possible sources of cod infection with parasites based on an analysis

of the parasite fauna of invertebrates present in the diet of cod.

The following research hypotheses were proposed:
e invertebrates eaten by cod can also be a source of parasite infection;
e various invertebrate species act as intermediate hosts in the life cycle
of different parasite species occurring in cod.

Invertebrates infection with parasites were described using the following parameters
(Bush et al., 1997):
e prevalence - the number of individuals infected with parasites
as a proportion of all individuals examined in a given area;
e intensity of infection - the number of individuals of a particular parasite species

in a single host.

The biological material for research (digestive tracts of cod) was collected
between 2012 and 2016 during commercial and research cruises in the Polish Exclusive

Economic Zone of the Baltic Sea. In total, the food composition of 2,695 fish



was examined. Parasitological analyses were performed on almost 25,000 invertebrates,
of which 2,899 were S. entomon, 7,119 were C. crangon, and 1,977 were Gammarus sp.,
with approximately 13,000 other species or genera (Crustacea, Polychaeta, Bivalvia) also
catalogued. Initially, each invertebrate food component was reviewed for the presence
of parasites using a stereoscopic microscope. In case parasites were not visible during this
initial analysis, the invertebrates were digested using artificial gastric juice (a solution
of pepsin and hydrochloric acid) and each food component was checked again
for parasites in the body cavity. This additional digestion was only necessarily
for crustaceans. The parasites collected were subjected to taxonomic identification based
on anatomical and morphological characteristics determined using a stereomicroscope.
The initial taxonomic identification of the parasites was confirmed by DNA sequencing.
Parasite DNA was purified and then amplified by polymerase chain reaction using
specific primers. Amplicons were analyzed by DNA sequencing, which identified
parasites to the species level.

The parasite-host system, H. aduncum - S. entomon, was described here
for the first time (Fig. 1) (publication 1). L4 (n=1) and adult (n=1) stage
H. aduncum were found in S. entomon for the first time. Molecular analyses
of the parasites confirmed the nematode species, with the two sequences being deposited
in GenBank. The presence of adult-stage H. aduncum in a crustacean suggests that
invertebrates can act as final host for this parasite. On the other hand, the adult stage
was found inside the undigested individual S. entomon in the cod stomach, suggesting
that the transformation from larval L4 to adult stage took place in S. entomon, but after
the crustacean’s death in the cod stomach. The occurrence of a L4 larva in this Isopoda
species might also indicate migration of the parasite to the crustacean in the fish stomach.
Experimental studies have shown that pepsin, a component of both natural and artificial
gastric juice, may drive the transformation of larvae to the next developmental stage
(Iglesias et al., 2002; Adroher et al., 2004). In addition, in the body cavity of S. entomon
four more H. aduncum individuals were observed. The presence of these parasites
was only detected after additional digestion in artificial gastric juice. Unfortunately,
the condition of the parasites did not allow for identification of the larval stage. Parasites
were also found inside the cod stomach, where the nematode H. aduncum

and the acanthocephalan E. gadi were predominant.



Fig. 1 S. entomon infected with H. aduncum

A completely new and at the same time very important discovery
is the demonstration of the presence of A. simplex in C. crangon (publication 2).
In the Baltic Sea, brown shrimp has never been indicated as an intermediate host
for nematode parasites. Nevertheless, one individual was found to be infected a single L3
larva. Furthermore, three Gammarus sp. individuals were found to be infected
with nematode C. osculatum L3 larvae (publication 2). Taxonomic identification
was confirmed by molecular analyses and DNA sequences were deposited in GenBank.
Individuals from the Anisakidae family (A. simplex and C. osculatum) have the ability
to migrate in host tissues and may spread to various organs. C. osculatum is noticed most
frequently in the liver, which may negatively influence the condition of fish. Cod stores
energy reserves in the liver in the form of lipids. These reserves are used during
the spawning period or when there is limited food in the environment. The parasite may
damage liver tissue and feed on the nutrients, potentially leading to dysfunction
of the liver. Consequently, the intensity of infection may negatively impact fish condition
and could increase natural mortality (Horbowy et al., 2016). Generally, A. simplex
migrate to muscle tissue and occasionally to the liver. In the Baltic Sea cod is important
for fisheries and fish processing, therefore food safety is related with economic aspect.
This represents a food safety issue, since the presence of parasitic nematodes in fish
and fish products may pose a risk to the human health. Ingestion of fish products
containing A. simplex and other anisakid larvae can cause a disease called anisakidosis.
Human health may also be compromised by allergic reactions to parasite antigens
(hypersensitivity) (Alonso-Gomez et al., 2004; Audicana and Kennedy, 2008; Valero
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etal., 2003; Mehrdana and Buchmann, 2017). Although adequate thermal processing kills
the parasites (Wharton and Aalders, 2002), allergens present in Anisakidae
are thermostable (Audicana et al., 2002; Moneo et al., 2005). It is also important to note
that A. simplex larvae are tolerant to a wide range of temperatures and thus may survive
freezing at -20°C (Podolska et al., 2019).

During the parasitological analyses it was found that C. crangon may also
be an intermediate host for nematode H. aduncum (Fig. 2) (publication 3). This host-
parasite system have never been observed before in the Baltic Sea. Based on anatomical
features, nine larvae were identified as Hysterothylacium sp. (L3). Molecular
identification was confirmed for seven larvae. Examples of sequences have been
deposited in GenBank. Hysterothylacium sp. is one of the most numerous nematode
species in fish and is common in the marine food chain. More than 70 different
invertebrate species have been reported as intermediate hosts for this parasite (Lick,
1991).

Fig.2 C. crangon infected with H. aduncum

The intended goal of this study was achieved: possible sources of cod infection
with parasites were determined by analyzing the parasite fauna of invertebrates that form

part of the diet of cod. The initial hypotheses were verified: invertebrates that



are components of the cod diet may also be a source of infection with fish parasites;
different species of invertebrate serve as intermediate hosts for different species of cod
parasite.

Parasite-host systems that have not been recorded so far in the Baltic Sea
were described for the first time. Thus, S. entomon and C. crangon may
act as intermediate hosts in the H. aduncum life cycle, as shown in publications 1 and 3.
A very important finding, in terms of food safety, is the demonstration of C. crangon
infected with A. simplex, and of Gammarus sp. infected with C. osculatum.
These relationships are described in publication 2.

The research results obtained during my studies have contributed to a broadening
of basic knowledge about the sources of cod infection. Moreover, this work allows
for a more detailed description of the life cycle of cod parasites in the Baltic Sea. Finally,
it will also enable a better understanding of the role of particular food components
in the transmission of certain parasite species.

The marine environment is currently experiencing progressive changes
in climate, physicochemistry, the range of occurrence and condition of marine organisms,
the occurrence of alien species, etc. Permanent environmental change is a challenge,
but also creates new opportunities for parasites to modify their life cycle. Accordingly,
further monitoring of this phenomenon is advisable and particular attention should be
paid to intermediate hosts. The dominant crustaceans in the diet of cod are also part
of the diet of other fish in the Baltic Sea. Therefore, it seems highly likely that such
parasites will be transferred to new hosts. Climate change may also contribute
to the migration of parasites, which then can occupy new hosts.

Bearing in mind the above facts, | would like to continue my research work in this
topic using the rich biological data and new biological material collected so far.
An important point that 1 would like to verify is whether there are any spatio-temporal
changes in intensity and prevalence of infection in organisms constituting the diet of fish.
I would ask whether the intensity and prevalence of infected food components vary
depending on the biological parameters of the host (e.g. length or age of the fish). Since
environmental conditions change over time, the diets of other fish should be considered
and checked for the presence of parasites. In addition, it would be interesting
to investigate areas located near seal colonies, e.g. the Vistula River estuary or near

Bornholm island, for infected invertebrates.
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