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Abstract

Dietary factors — including the quantity or quality of the food ingested — potentially
impact the outcome of host-parasite interactions, through a variety of
mechanisms. In this project, host nutritional content is manipulated qualitative
and quantitatively, and the influence on host and parasites are examined. The
consequences of either quantitative changes in food intake or qualitative changes
in diet (i.e. type of food) may potentially benefit the host fish or parasites. The first
part of the thesis results (Chapters 3 and 4) documents experiments conducted
to evaluate the effect of food type, dietary protein content and ration on host-
parasite interactions, focusing on the health, growth and development of fish, and
the growth rate of Schistocephalus solidus plerocercoids in experimentally
infected three-spined sticklebacks Gasterosteus aculeatus. The results of these
studies indicate that the level of dietary protein had a significant effect on the
performance of both infected and non-infected fish in the study and suggest that
dietary protein plays an important role in determining the emergent phenotypes
of infected fish. The level of host alimentation (i.e. ration) also played an important
role in determining fish health indices and suggests that the availability of food
might have a significant effect on the performance of both infected and non-
infected fish in parasitized populations. The second part of this thesis (Chapter
5) therefore investigated the effect of infection on the preferences of sticklebacks
for a certain type of diet; (Artemia, bloodworm and Artificial diet). The results of
this showed that S. solidus infection reduces the proportion of time spent in the
Artemia zone. In addition, behavioural studies showed that sticklebacks tend to
prefer bloodworm as their first choice of food. The third part of this thesis (Chapter
6) therefore investigates the effect of a dietary supplement — carotenoids on host-
parasite interactions in sticklebacks. Carotenoids appeared to influence three-
spined sticklebacks’ investment in splenosomatic index and haematocrit. Female
reproductive investment was also influenced by these dietary supplements. S.
solidus-infected sticklebacks showed a significant increase in their splenosomatic
index. This research has demonstrated that the influence of factors such as
variation in nutritional composition, level of feeding and additive nutrients in diet
have a significant effect on the performance of both infected and non-infected

fish in the study.
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Chapter 1 Introduction




1.1 Introduction

With the population of the world increasing dramatically, scarcity of resources
means that many people suffer from malnutrition. One of the most fundamental
and substantial sources of protein for humans is fish, which according to the
United Nations’ Food and Agriculture Organization (FAO) (1997), comprises
15.6% of animal protein consumed by humans (Tidwell and Allan, 2001).
However, the field of fish production and aquaculture has faced many challenges
in recent years, most notably in relation to resistance to issues surrounding
diseases and combating parasites, bacteria and viruses, which represent the
foremost threats to aquatic plants and animals (Johnson and Paull, 2011).
Moreover, global warming, and other environmental issues including chemical
pollution have also adversely affected fish production and welfare (Utne et al.,
2017).

Fish are exposed to numerous parasites that are present in the aquatic
environment, which can cause enormous harm (Begon et al., 1990) and incur a
wide range of problems that impact on fish health, growth and reproduction and
affect nutritional quality, market value and productivity in aquaculture, including
weakness and performance, and also the reduction of nutritional quality and
reproductive ability (Scholz, 1999).The strategies for controlling parasitic
infections in managed fish populations are based largely on knowledge about
how fish interact with their parasites. One of these strategies is to use drug
treatments that can be administered through the intake of antiparasitic
compounds in the diet, which has been shown to be effective, for example,
against the monogenean Heterobothrium okamotoi (Hirazawa et al., 2000). An
alternative approach is to use pesticides; however, many chemicals have a
damaging effect on the environment. Furthermore, using an excessive amount of
pesticides can have a toxic effect on fish and causes of oxidative stress and
damaged DNA in zebrafish (Danio rerio) (Ge et al., 2015). Formalin is a pesticide
used against parasites that causes a steep decline in the percentage of dissolved
oxygen in water (Klinger and Floyd, 2009). Moreover, control of parasitism using
chemotherapeutic treatments is under threat due to the emergence of pathogen

resistance. This has stimulated research into alternative control strategies, and



consequently some specialists have developed a number of methods to
overcome this problem, one of which is to implement sustainable control
strategies by manipulating nutrition. Both macronutrients and micronutrients
influence rapid development and growth, yet allow a heathy fish stock to be
maintained (Craig et al., 2002). There is abundant evidence that good nutrition
supports the immune system of the fish, protecting it from the risks associated
with infection. The powerful role played by effective nutrition in promoting health
among fish has been thoroughly documented in systematic reviews, scholarly
studies, and in the literature (Blazer, 1992, Waagbg, 1994) Nutrients are
potentially assigned to different physiological processes, for example to support
the immune system. It is a widely held view that some researchers have found
that host nutrition has a significant effect on the pathological status as a result of
parasitism (Hunter, 1953). An improvement in host resistance against parasites
was obtained when adequate feed is provided (Gibson, 1963).

1.1.1 Nutrition and the host-parasite interaction

Parasites are key constituents of all aquatic ecosystems (Scholz, 1999), but can
have a detrimental effect on the fithess of the host by assimilating the latter's
nutrients(Arme and Owen, 1967). In addition, parasites usually reduce food
intake and lower the efficiency of energy utilization by the host (Thompson et al.,
2005b). Previous studies have showed that parasites may have significant effects
on reproduction (Bagamian et al., 2004), growth (Barber et al., 2000), mortality
(Lester and Adams, 1974), behaviour (Barber, 2013), susceptibility to predation
(Brassard et al., 1982), and swimming performance (Coleman, 1993), amongst

others.

Parasite infection can have serious physical or economic impact on aquaculture
and nature, and so it is important to develop strategies for enhancing responses
by using knowledge of nutritional effects on the interaction between fish and
parasites. It is postulated that the nutritional status of the host is likely to interfere
with the pathogenesis of infection of host. This is investigated by manipulating
host diets to study the effect of nutritional factors on the interaction between fish

and their parasites.



1.2 Nutritional effects on susceptibility to acquiring infections

Many factors increase the susceptibility to infection. Climate change can increase
pathogen development (Harvell et al.,, 2002), as can seasonal variation, the
occurrence of infection is higher in the rainy season whilst there is a lower
prevalence during the dry season (Gonzalez-Tokman et al., 2011) depending on

the genetic background (Karvonen et al., 2016).

The nutritional status of the host can be considered as one of the principal factors
influencing resistance to infection (Athanasiadou et al., 2008). Host can suffer
from malnutrition and, consequently, become immunocompromised, which, can
increase their susceptibility to infection. Parasitic infection is also considered to
be reliant on the quality of the host’'s feeding patterns, where energy intake
provides resources for the immune response. Susceptibility to parasitic infection
could affect by nutritive dietary provision, which can be countered through the
use of macronutrients and micronutrients, as these known to affect the immune
response (Calder and Kew, 2002). Indeed in studies of the immune health of
Pacific Salmon (Oncorhynchus tshawytscha), for example, an insufficient
quantity and quality of food was determined as the cause of their weakened
resistance to disease. (Alcorn et al., 2003). Poor host nutrition might also make
the effect of parasitic infection more severe, in terms of host survival and parasite
proliferation, and result in a decrease in the resistance of hosts against
pathogens. Indeed, parasites often have an impact on their hosts, and these
effects can result in a reduction in nutrient absorption in the intestine (Holmes,
1993), and increased utilisation of energy reserves of the host (Schultz et al.,
2006), reduced food intake (Cunningham et al., 1994) and reduced deposition of
fat and protein (Coop et al., 1982).

Previous studies have reported that certain constituents of food can influence
non-specific immune functions in fish. For instance, carotenoids are natural
pigments that fish cannot synthesize themselves, and which can be an important
factor in immune activation (Jeney et al., 1997, Kolluru et al., 2006), with high
levels of carotenoids being able to influence resistance to bacterial and fungal
diseases in salmonids (Czeczuga, 1979). The nutritional status of the host is

composed of both qualitative and quantitative aspects of the diet, with greater
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levels of feeding being found to influence the growth of cestodes; an observation
made with fish fed a 16 % body weight bw.d-1 food ration in comparison to fish fed

an 8 % body weight ration (Simmonds, 2015).
1.2.1 Nutrition and parasite encounter (Figure 1a)

Parasites are a highly diverse group of organisms that can have significant effects
on the biology of individual hosts, populations and ecosystems (Hurd, 2001,
Hudson et al., 2006). It has been established that certain factors might increase
the potential rate of encounters between hosts and their parasites, thus
increasing the probability of encounters.

The host’s characteristics influence parasite infection patterns, such as whether
the fish are genetically modified (Xiong et al., 2017) . Meanwhile, the outcome of
infections depend on a range of other factors including nutrition and climate
change. The likelihood of encounters is increased by greater intake of food; more
specifically, hosts may encounter stages of higher degree of infection of parasites
acquired through food when individuals of larger size assimilate greater amounts
of food (Des Clers, 1991).

Most commonly, some parasites are acquired through the diet; exposure is
increased by greater food intake. According to Johnson et al. (2007) trematode
(Ribeiroia ondatrae) cercariae were released faster from snails owing to
eutrophication. Proliferation of infected snails was maximised by high parasite
load and levels of nutrients in water; each snail released a higher proportion of

cercariae, increasing the occurrence of infected amphibian definitive hosts.

One contributing factor is that snail hosts have access to a greater abundance of
algae food, which has a high nutrient load, thus leading to a proliferation of snail

intermediate hosts.

Food intake with a high nutritional value tends to convey greater advantage to
the parasite, as compared to the host. This has become evident in various
ecosystems, whereby the immediate host is more likely to be exposed to
infection, according to Bruno et al. (2003), the severity of coral diseases can be
significantly increased by moderate increases in the concentration of nutrients. In

a less obvious way, the types of parasites that a host population are exposed to
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are determined by the types of prey that are available. Three-spined sticklebacks
provide an example. They have an abundant and varied diet, which is primarily
made up of insect nymphs, zooplankton, benthic crustaceans such as, Daphnia,
Asellus aquaticus and Cyclops, Chironomid larvae and Tubifex (Hynes, 1950,
Wootton, 1984). Consequently, three-spined sticklebacks are vulnerable to

diverse parasites present in aquatic ecosystems (Barber, 2007a)

Other factors increase the chance of hosts encountering parasites in the
environment. In particular, evidence in the literature seems to indicate that
outbreaks of disease, and/or the severity of diseases, may be caused by nutrient
loading in amphibians (Johnson et al., 2007) and fish (Lafferty, 1997). The
adverse impact of global climate change may raise in the form of different taxa
becoming more prone to infection (Harvell et al., 1999), partially due to the

increased temperature associated with climate change (Harvell et al., 2002).

For example, the increased prevalence of metacercariae in the Sutchi catfish
(Pangasianodon hypophthalmus) was highest in the rainy season and lowest in
the dry season (Thuy et al., 2010). In the study of the effect of ration and
temperature, Allen and Wootton (1982) found that sticklebacks show an
increased growth rate with increased temperature as a result of the range

expansion of hosts to diets more susceptible to infection.



Figure 1.1 Schematic diagram showing how host nutrition might affect the interactions
of fish with parasites

(a) Host nutrition might influence the rate at which hosts encounter parasites. For
example, fish with a higher rate of food intake (larger individuals, fish modified genetically
for fast growth or fish with higher BMR) might encounter food-borne infections at a higher
rate. (b) Host nutrition might affect the likelihood of a fish becoming infected following
encounter, for example by influencing the fish’s immune response. (c) Host nutrition
might affect the infection phenotype, for example by influencing rate, at which parasites
grow or reproduce, by influencing the ability of the fish to grow or develop following
infection.

1.2.2 Nutrition and host resistance (figure 1b)

Resistance can be defined as the capacity of a host to restrict increases in the
weight and fertility of parasites, or to restrict the persistence of a parasite
population (Coop and Holmes, 1996). Fish diseases and infections also appeared
when fish had insufficient sources of nutrition to maintain health and prevent
stress (Lall, 2000). The quality or quantity of food is, therefore, also important to
disease resistance, and it therefore seems likely that a host will be susceptible to

infection when food is inadequate in terms of quantity and/or quality. (Coop and
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Kyriazakis, 1999, Zhou et al., 2015). In studies by Holmes (1993), (Coop and
Holmes, 1996), the study found that during infection exposure, the host’s capacity
to develop immunity was influenced by the levels of dietary protein provided; the
experimental evidence for which is consistent with the position of the framework.
Feeding Coho salmon (Oncorhynchus kisutch) a corn gluten diet caused these
fish to experience difference bacterial kidney disease, leading to a difference in

mortality compared to fish fed cottonseed meal (Wedemeyer and Ross, 1973).

As well as providing the fish with the essential nutrition for growth, commercial or
natural diets confer health benefits, protecting the fish against parasitism (Wang
et al., 2014). Supplementation with micronutrients is considered essential in
providing nutrients that affect host susceptibility (Ingale et al., 2010). A number
of recent researches have shown that intake of vitamins and minerals can have
an impact on disease resistance and immunity in fishes , as reviewed by Oliva-
Teles (2012) and (Trichet, 2010) A vitamin C rich diet decreases the risk of
infection in fish caused by multiple bacteria and viruses.(Waagbg, 1994). Fish’s
resistance against pathogens is also influenced by additive nutrients (Trichet,
2010). In salmonids, resistance to bacterial and fungal diseases can be promoted
by high levels of carotenoids (Czeczuga, 1979). Fish that receive sufficient
nutrition can be healthier and have the ability to resist parasite infestation. The
influence of nutrition on immunity regarding these processes must be analysed
to gain an understanding of the interactions between diet and resistivity to

infectious disease (Lall, 2000).
1.2.3 Nutritional effects on immune performance

The function of the immune system is to protect the body from pathogens and
toxic substances that attack it and cause diseases and health problems. The
strength of the immune system is determined by its ability to resist inflammation
and resistance against bacteria, viruses or parasites. Gaining insight into the
processes by which nutrition has an impact on the immune system is crucial
because it can illuminate appropriate ways in which to examine the subtle

relationships between diet and resistivity to infectious disease (Lall, 2000).

As is the case with other animals, including humans, fish immune systems can

be classified into specific (or acquired) immunity and nonspecific (or innate)
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immunity, for the most part, fish are more dependent on acquired immunity

comparedwith mammals (Lall, 2000).

For example, several studies have demonstrated that food intake in fish has a
direct impact on the development of both the nonspecific (Fletcher, 1986, Blazer,
1991, Waagbg, 1994) and specific immunity (Landolt, 1989, Waagbg, 1994).

Many studies have also investigated the functional role of macronutrients and
micronutrients in the resistance of fish to pathogen infection. These studies have
examined the role of dietary factors — including amino acids, fatty acids, minerals
and vitamins — that affect immunity. Both macronutrients and micronutrients can
influence immunity; where there is a lack of macronutrients and micronutrients in
the diet, animals show an increased susceptibility to infection (Calder and Kew,
2002).Amino acids (both essential and nonessential) are of dietary benefit to fish,
despite the fact that fish do not have a true protein requirement (Wilson, 2002) .
Amino acids are one of the key factors for maintaining immunity (Trichet, 2010).
Protein sources used in aquafeeds can differ markedly. Animal sources
(fishmeal) are a major ingredient in many feeds (Rumsey, 1993), though
vegetable protein can also be used. According to (Sitja-Bobadilla et al., 2005)
alterations in the innate immunity of sea bream (ranging between 50-100%
fishmeal ) sometimes can occur when fish meal is substituted with graded levels
of plant protein mixtures. Evidence also suggests that arginine, along with nine
other amino acids, is essential for fish (Buentello et al., 2007) identified the
impacts of heightened dietary arginine on the haematology and immune function
of the immature channel catfish Ictalurus punctatus. It was noted that dietary
levels of arginine exceeding 4% corresponded to statistically significant increases

in haemoglobin, haematocrit, and circulating erythrocytes.

Fatty acids may also be important for immunity. For example, one study reported
that a diet rich in unsaturated fatty acids improved the performance of the immune
system, development and resistance to parasites and other pathogens in juvenile

large yellow croaker (Zuo et al., 2012).



1.2.3.1 Effects of food ration (quantity of food) on resistance

Food ration has a major effect fish weight (Brett, 1979) and also aihas a direct
impact on the development of innate immunity (Fletcher, 1986, Blazer, 1991,
Waagbg, 1994) and adaptive immunity (Landolt, 1989, Waagbg, 1994).

A high level of index of health, as opposed to low levels of satiation, are displayed
in Chinook salmon (Oncorhynchus tshawytscha) being fed to high levels of
satiation (Alcorn et al., 2003).

After examining the impact that food intake has on the development of
gastrointestinal parasitism in a population of growing lambs, the volume of food
voluntary consumed by lambs was noted as decreasing when they were infected.
In view of this, it can be concluded that the immune responses can be associated
with the lambs consuming more energy when compared to lambs with a smaller
diet (Valderrdbano et al., 2002).Similarly, Blunt Snout Bream (Megalobrama
amblycephala) showed that more frequent feeding was associated with a higher
disease immunity, higher growth, and greater chance of survival (Li et al.,
2014).0ne notable study examined the impact that more frequent feeding had on
macrophage functions in tilapia (Oreochromis niloticus L.). The outcomes
indicated that the groups which engaged in feeding at the rate of eight times per
day could control bacterial infections in a more efficient way than their
counterparts, which fed only two times per day (Garcia and Villarroel, 2009)

1.2.3.2 Effect of nutritional composition on resistance (i.e., quality of food)

Adequate nutrition is essential to maintain health as well as to reduce disease
susceptibility and pathological changes. A study by Blazer and Wolke (1984) This
study reported that less effective immune responses were associated with those
fish fed with a commercial diet, especially when comparatively examined against
control diet fish. However, it should be noted that no deaths occurred as a result
of infection over the course of the experiment.In some studies, it has been found
to some extent that the use of high levels of nutrition in the form of protein can
have a beneficial effect on hosts. In a study exploring acquired resistance to

Trichostrongylus colubriformis infection and the associated immune responses
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lambs . Kambara et al. (1993) fed one group of lambs a low-protein diet, whilst

another group was fed a high protein diet.

The animals on the high protein diet developed better resistance. a study by
Dobson and Bawden (2009) showed that the influence of protein intake on the
immunity of sheep to Oesophagostomum columbianum adult worms was
detrimental in sheep fed on low protein diets in comparison to those fed on high

protein diets.

The relationship between dietary carbohydrates, intestinal bacterial flora and
fishes’ lymphoid tissue emphasises their significance in relation to immune
responses. Pathogenic bacteria can become trapped by insoluble dietary fibres
which blocks their entry into the gut mucosa (Trichet, 2010).

Fatty acids have considerable potential to affect immune cells through a variety
of mechanisms. Firstly, through production of energy; and secondly, via the
influence on immune receptor activity, which may affect the probability of gene

expression among cells (Calder, 2007).

The influence of the protein component and of the sources of energy in the diet
of a host play a fundamental and substantial part in the acquisition of immunity in
sheep (Brown et al., 1991, Kambara et al., 1993, Coop et al., 1995). Feeding
Coho salmon (Oncorhynchus kisutch) a corn gluten diet caused these fish to
experience difference bacterial kidney disease, leading to a difference in mortality

compared to fish fed cottonseed meal (Wedemeyer and Ross, 1973).
1.3 Nutritional effects on infection phenotypes (Figure 1c)

Responsive and adaptive measures to parasitism, as well as the potential to
attain immunity thereof, vary dramatically between species (Gray, 1991). In part,
this is highly likely to stem from genetic differences (Coltman et al., 1999).
However, nutritional status has also been suggested to play a role in determining

parasite growth (Bedhomme et al., 2004).

Parasites can have a depressive effect on the growth of hosts (Barber et al.,
2008, Kuris et al., 2008, Schultz et al., 2006). In some cases, parasitised fish
consumed a larger dietary volume than non-parasitized fish (Tierney, 1994).

Extensive parasitic growth and reproduction with minimal harm to the host is
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possible if the host has adequate nutrition, enabling it to supply rich resources to
parasites (Simmonds, 2015). It has been known that the growth of parasites is
achieved by deriving energy directly from host. However, as reported by Barber
(2005), fish with the quickest growth had the largest parasite mass, implying that
the host is a direct source of energy for parasite development.

Nutrition causes many changes in the phenotypes of the parasite. Improved
nutrition, particularly protein, can ameliorate many phenotypes expressed as a
result of infection. The major effect of nutritional supplements may be a loss of
the ability for larvae to grow (Balic et al., 2000). In studies that experimentally
infected channel catfish with the pathogenic bacterium, Edwardsiella tarda, Durve
and Lovell (1982)) noted there was a correlation between the dietary levels of

ascorbic acid levels and mortality.
1.3.1 Effects of host nutrition on host performance

For adequate growth and resistance to pathogens, an adequate supply and
balance of nutrients are required for proper efficiency of the host defences
(Trichet, 2010). When nutrition is inadequate, this can cause deterioration in
health and affect growth, susceptibility to infection and disease and other

behavioural and health conditions (Oliva-Teles, 2012).

The overall goal of nutritional support to hosts is to maintain or improve their
nutritional status and thereby improve body condition. An additional goal is to
reduce disease or improve functional capacity against parasites (Chandra,
1993).The high cost of protein in the diet of carnivorous fish is the source of their
rapid growth rates (McGoogan and Gatlin, 1999), while lipids are an important
component in feed due to host need access to sources of energy (Lee et al.,
2002, De Silva et al., 2001) Lipids are responsible for generating much of the
energy potential in a number of fish, particularly in carnivorous fish (Tocher,
2003). Fatty acids are the preferred source of metabolic energy for reproductive
development (Henderson et al., 1984). It was also found that the number of
mature eggs increased with increasing dietary protein levels in the diet (Al
Hafedh et al., 1999).
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1.3.2 Effects of host nutrition on parasite performance

Parasites are found in all living creatures (Windsor, 1998). Parasitism can impair
growth in fish, and affect the immune system and physical condition of the host
(Pascual et al., 2004, Wang et al., 2014, Guagliardo et al., 2009). In this context,
host nutrition is considered to be a vital factor in the interaction between host and
parasite; several studies have shown that an improved nutrition status of the host
can reduce mortality associated with infection (Walkey and Meakins, 1970,
Pascoe and Mattey, 1977, Durve and Lovell, 1982)

It has been well established that the nutritional status of the host can influence
the growth and development of parasites and thus, in general, the quantity and
quality of diet may be of significant influence on effective infection by a parasite.
For example, there have been experiments with specific carbohydrates which
may influence the growth of the cestode Hymenolepis diminuta. The results of
these studies have shown that with increased glucose intake, the weight of worms

was greater than those fed on other carbohydrates (Dunkley and Mettrick, 1969).

The diet was has also been shown to have a profound influence on the
establishment and survival rate of parasitic nematodes (Chandler, 1953, Geiman,
1958). Improving nutritional value to allow for the synthesis of essential proteins,
hosts are able to expel worms more easily (Steel and Symons, 1982). In addition,
food availability has been associated with worm egg counts in faecal matter in a
study by (Valderrabano et al., 2002), which also showed that a restricted diet
produced higher mean faecal egg counts than those fed at a high plane of

nutrition.

Some studies have suggested that the use of protein is a more important factor
in influencing parasitism than any other dietary element (Coop and Kyriazakis,
1999, Kyriazakis and Houdijk, 2006).

Recently investigators have examined the effects of protein in parasite
establishment in Finn Dorset lambs, where dietary protein may have influenced
parasite establishment. The lambs which were fed a diet low in protein had a
higher faecal egg output four weeks after infection and more severe clinical signs

than infected lambs of the same breed on a high protein diet (Abbott et al., 1985).
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protein supplements had a significant impact on decreasing the concentrations
of eggs in faeces (Van Houtert et al., 1995, Datta et al., 1998). According to the
above logic, amino acids such as methionine have a powerful impact on

protecting hosts against parasites (Coop et al., 1997).
1.4 Effect of additive nutrients on host-parasite interactions in fish

Current evidence indicates that one of the key limitations to aquaculture
production is the phenomenon of disease outbreak. It affects the way in which
the industry develops economically, thereby bringing about a variety of negative
impacts (Yunxia, 2001). Additive nutrients such as carotenoids (Amar et al., 2001,
Pike et al.,, 2007b) and ascorbic acid (vitamin C) (Dabrowski, 1990) are
considered an optimal feed by which to improve growth performance, feed
efficiency, and disease resistance in aquaculture (Yin et al., 2006, Franks et al.,
1990, Shakya and Labh, 2014).

The effects of dietary supplements may be important in regulating the host-
parasite interactions in fish. Wang et al. (2014) demonstrated that a group of fish
fed chromium polynicotinate (Cr-Nic) in their diet improved their growth

performance and were protected from C. irritans.

An inadequate supply of vitamin E to channel catfish Ictalurus punctatus leads
to reduced immunological activity and in turn to non-specific immunological
outcome such as a lack of response to infection (Wise et al., 1993). One set of
research investigated the correlation between the non-specific immune reaction
of gilthead seabream (Sparus aurata L.) and vitamin C, revealing that the higher
the levels of vitamin C, the stronger the non-specific immune response became
and, additionally, the greater the resistance to several bacterial and viral
pathogens (Ortuno et al., 1999).

(Durve and Lovell, 1982) indicated that an increase in the dose of ascorbic acid
reduces fingerling channel catfish (Ictnlurus punctata) mortality as a result of
infection with the pathogenic bacterium Edwardsiellcr tarda. In addition, the
immune response arising from the consumption of supplements with soybean
isoflavones improved and increased the growth of juvenile Golden Pompano,
Trachinotus ovatus (Zhou et al., 2015, Waagbg, 1994).
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As mentioned above, previous studies on fish supplementation has focussed on
the effects of added nutrients on the interaction between fish and their parasites.
Fish, as with other animals, cannot synthesis carotenoids, which are widely used
as pigment as females prefer carotenoid coloured males as mates. (Bourne et
al., 2003); carotenoid supplements in the diet of fish have also been shown to
improve immune response (Kolluru et al., 2006).

1.5 Nutritional composition of natural and artificial commercial diets
1.5.1 Nutritional composition of natural diet

As diet is the subject of autonomous monitoring and intake-balancing, when in
the wild, fish are able to respond to, and regulate from nutritive deficits through
natural behaviours. A plentiful supply of food is particularly important for rearing
larval fish (Abi-Ayad and Kestemont, 1994). Aquaculture depends upon diverse
live foods for protein, including blood worms (Chirinomidae), shrimp and Tubifex
worms (Chong et al., 2002) A wide range of information about the diet of three-

spined sticklebacks is detailed below
1.5.1.1 Nutritional content of Artemia

Artemia is a common and widespread species worldwide (Lavens and Sorgeloos,
1996). Live Artemia, as a dietary component, have many vitamin and mineral over
a synthetic diet, such as having balanced nutritional characteristics and being
distributed throughout the water column (Cahu and Infante, 2001). Indeed,
Artemia have become the most important food source in aquaculture (Helland et
al., 2000). There are arguments in favour of using Artemia,; firstly, it is available
throughout the year and secondly, it is a suitable food source of high nutritionally
value for fish (Léger et al., 1986).The dry mass of Artemia constitutes 31%
protein in enriched Artemia nauplii, of which an estimated 14% comprises free
amino acids (FAA) (Helland et al., 2003). However, the digestion rates of Artemia
among fish is low because it has about 50-80% chitin in its dorsal exoskeleton
(Shiau and Yu, 1999)

1.5.1.2 Nutritional content of Daphnia
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Daphnia are planktonic freshwater crustaceans belong to family Cladocera, and
a widespread distribution throughout freshwater (Steiner, 2002). It is known that
Daphnia are closely associated with primary producers and fish (Reichwaldt and
Abrusan, 2007).

The high levels of phosphorus, which is limited in the aquatic ecosystem
(Schindler, 1977), can accumulate in cladocerans, particularly Daphnids
(Hessen, 1990). Daphnia is also considered to be a key source of protein for fish,

being comprised of 30.8 - 60% protein (Bogatova et al., 1971).
1.5.1.3 Nutritional content of Bloodworms (Chironomus spp. larvae)

Bloodworms (Chironomus spp. larvae) are a major food source for fish and other
vertebrates or invertebrates (Lee et al., 2006b) Chironomidae larvae live in
aguatic ecosystems and many species of animal depend on them as their
principal form of dietary intake (Sharifian Fard et al., 2014). Bloodworm
(Chironomus) larvae contain high quantities of lipids and vitamins (McLarney et
al., 1974) The protein content is 26.06%, while the proportion of dietary lipids
varies (0.33 gx100g-1). Meanwhile, the percentage of energy content and
carbohydrate content found in Blood worms were 23.80 kcalx100 g and 0.97%,

respectively (Chittapun et al., 2013).
1.5.2 Nutritional composition of artificial commercial diets

In fish production and aquaculture, nutrition is the most critical factor in achieving
economic production, and accordingly the development of an understanding of
nutrition has received considerable research attention. Previous investigations
have demonstrated that optimising the composition of an artificial diet in terms of
fish protein levels (Sitja-Bobadilla et al., 2005, Rodriguez-Gonzalez et al., 2006,
Thompson et al., 2005a), protein source (Kissil et al., 2000, Sitja-Bobadilla et al.,
2005), lipids (John et al., 2002), carbohydrate (Dong et al., 2018, Borba et al.,
2006), and minerals and vitamins (Ortuno et al., 1999, Ortufio et al., 2001). Many
studies have been designed, and indeed replicated other experiments, finding

that acceptable or optimal levels of achievement have been determined.
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1.5.2.1 Fishmeal

The substantial protein intake of high value carnivorous fish is often best provided
(in supplementary terms) via the use of feed (fishmeal) consisting of various high
protein marine forage species.(Tacon and Metian, 2008).fishmeal is commonly
used as a sources certain amino acids ; specifically lysine, methionine and
cysteine, (Ariyawansa, 2000). Fishmeal is a major ingredient in fish aquafeeds
due to its palatability and protein quality (Lovell, 1988). Fishmeal is very rich in
vitamins B12, riboflavin, choline and niacin; in addition, it has high amounts of
minerals such as calcium, copper, and iron as well as a low fibre content
(Ariyawansa, 2000), and is used on a large scale for aquaculture as well as the
farming of animal livestock (Tacon and Metian, 2008); Fishmeal is rich in natural
protein (including both acids and curd proteins), often containing 60-70% protein
content. (Perez-Velazquez et al., 2018), in 2010 , the utilization of fishmeal in

aguaculture feed accounted for approximately 56% (Olsen and Hasan, 2012).
1.5.2.2 Casein

Casein is emerging as a high-quality protein source, containing significant
amounts of essential amino acids, which are required as part of a well-balanced
diet. Thus, according to El-Sayed (1989) it is replacing fish meal as a potential
alternative nutritional source for fish. Rawling et al. (2014) concurred that it is a
suitable substitute to use, again on the basis of its high-protein content.
Notwithstanding its overall favourable nutritional composition, El-Sayed (1989)
identified casein’s low arginine content as one of its sole deficits. Similarly, Shin-
ichi Teshima and Kanazawa (1978), have recognised its important dietary
contribution in terms of protein intake, so as to aid growth and satisfy the appetite,
as well as to achieve high feed efficiency.

1.5.2.3 Cod liver oil

The weight of a number of species of fish is affected with intake of dietary lipids
(Velasco-Santamaria and Corredor-Santamaria, 2011).In dietary terms, fish
require the provision of fatty , The major source of energy in the diet fish is fish
oil . Cod liver oil , extracted from the livers of Atlantic cod- (Bayraktar and Bayir,

2012) The fatty acid n-3 (found in cod liver oil) is essential for the health of fish
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(Sargent et al., 1997) ; in general fish need some fatty acid especially n-3 fatty
acids (Velasco-Santamaria and Corredor-Santamaria, 2011).

1.5.2.4 Sucrose

The evidence indicates that dietary carbohydrates are important in feeding fish
for immune responses. and play critical roles in immunological function in
interactions with the gastrointestinal bacteria flora and the gut-associated
lymphoid tissue (Trichet, 2010). Fish differ in their ability to use carbohydrates
(Wilson, 1994). With some restricted their ability to digest and metabolise
carbohydrates (Zhou et al., 2013). Carnivorous fish do not utilize carbohydrates
as their main conventional energy sources, but gain valuable energy from protein
(Oliva-Teles, 2012).

1.6 The three-spined stickleback (Gasterosteus aculeatus)
1.6.1 General biology

The following section provides a brief overview of the life cycle of the three-spined
stickleback. The three-spined stickleback Gasterosteus aculeatus is a small
teleost fish belonging to the Family Gasterosteidae (Class: Actinopterygii, Super-
Order: Teleostei, Order: Mesichthyes) (Heuts, 1947) which contains five genera
(Wootton, 1976). It is a small fish (length between 3 cm and 8 cm (Falter, 1987)
and has the special characteristic that it can be identified by their three sharp

spines on the back and in front of the dorsal fin (Wootton, 1976).

The three-spined stickleback is an excellent model species through which to
study questions about parasitic ecology. There are several reasons for this; firstly,
they have a wide global distribution in diverse types of aquatic ecosystems,
including marine, brackish and even fresh water, however, typically it is limited to
marine coastal waters (Wootton, 1976, Kennedy, 1974, Barber, 2013). Secondly,
it has become a species of choice in experimental biology laboratories due to its
high suitability for laboratory studies. Third, sticklebacks are easy to breed in lab
environments (Barber and Arnott, 2000, Barber, 2013). For these reasons,
Numerous studies have used the three-spined sticklebacks as the model species

to explore behaviour, comparative immunology, developmental and comparative
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biology (Barber, 2013), and, based on research on genetics and evolution, has
emerged to become a supermodel organism (Foster and Baker, 2004) and has

become an important model organism in parasitology (Barber, 2013).
1.6.2 Feeding of Three-spined sticklebacks

Three-spined sticklebacks are carnivorous feeders that can eat a wide variety of
foods (Wootton, 1976) although the relatively small size of this animal limit its
choice of prey. An assessment of the diet and feeding patterns of fish can provide
useful insights. This process generally comprises undertaking an analysis of fish
stomach contents as an indicator of food availability, as well as monitoring
habitual feeding behaviour (Andrian, 1996).

The dietary choice of sticklebacks is influenced by the way, in which, they select
their prey. This is determined by a. In this regard, Wootton (1984) identifies
features such as size, type of movement and perceived colour variations as being

strongly correlated with the capacity to locate their prey.
The diet of three-spined sticklebacks has been the focus of many studies.

(Wootton, 1976, Allen and Wootton, 1984) number of factors including the prey’s
visual appearance in terms of colouration, texture, size and shape, as well as its
movement capability (Ibrahim and Huntingford, 1989), and this constitutes
a wide variety of zooplankton, especially copepods larvae and the pupae of
chironomids (Hynes, 1950). Juveniles at one week post-fertilization begin to feed
(Artemia, nauplii), whilst adults can eat a variety of foods including live feed
crustaceans such as Cyclops and Daphnia sp., chironomid larvae, tubifex,
Asellus and Duphniu.(Wootton, 1984), and even other stickleback eggs (Allen
and Wootton, 1984).

Eating habits changes according to season in three-spined stickleback (Allen
and Wootton, 1984). Sticklebacks have the capacity to feed on surface-floating
food, such as commercial dried fish or on food bottom habitant such as tubificid
and enchytraeid. (Wootton, 1976).
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1.6.3 The stickleback S. solidus host-parasite model
1.6.4 Life cycle and general biology

Several species of freshwater fish have been recorded as harbouring S. solidus
plerocercoids, although there are suggestions that the plercerocoids that infect
three-spined sticklebacks are of a different species to those that infect other fish,
such as nine-spined sticklebacks (Braten, 1966, Nishimura et al., 2011). The life
cycle of Schistocephalus solidus involves transmission through three separate
hosts (Barber and Scharsack, 2010) (Figure 1.3).The first intermediate hosts are
cyclopoid copepods, the second are three-spined sticklebacks (Braten, 1966),
and the definitive hosts — which are used to host development to the sexually
mature adult worms — are typically piscivorous birds, where approximately 40
species of aquatic birds can be used as definitive hosts (Heins et al., 2002,
Nishimura et al., 2011). Being hermaphrodites, individual adult Schistocephalus
solidus worms have both male and female sex organs (Luscher and Wedekind,
2002). The process of infection begins when sticklebacks ingest copepods, which
are infected with procercoids in their haemocoel; S. solidus then changes
morphology, achieving the procercoid form. The gut wall of the fish is penetrated
by the procercoids, which then pass into the body cavity of the fish; S. solidus
sheds its cercomer, and 60-80 proglottids (Smyth, 1946) are released, and a very
distended body is sometimes visible as a result (Arme and Owen, 1967). The
plerocercoid grows to a large size relative to their hosts, sometimes even
exceeding the mass of the host itself (Hopkins and Smyth, 1951, Cunningham et
al., 1994, Barber et al., 2008); when the plerocercoid reaches 50 mg in size, it is

capable of infecting its definitive host. (Tierney and Crompton, 1992).

Following ingestion of the second intermediate host by the definitive host, the
plerocercoids develop into sexually mature adults in the alimentary canal of more
than forty types of fish-eating birds (piscivorous birds) including pelicans, ravens
and herons. The eggs of the parasite are then transferred into bodies of water by
the bird’s faeces(Smyth, 1994). The hatching of these eggs is temperature-
dependent, but usually occurs following a developmental period of eight days,

releasing free-swimming larvae (coracidia), (Smyth, 1994).

20



/ < — 2 i
e / adult cestode 2 .
=3 develops
,W in final host
e PR G
p— = N\
fish ’ 5

2nd int. host

copepod
1st intermediate host

© Craig Banner

Figure 1.2 The life cycle of Schistocephalus solidus
1.6.5 Effects of infections on the biology of host
1.6.5.1 Effects of infection on host growth and energetics

The damaging effect of pathogenic infection upon fish fithess has been observed
in multiple species (Schultz et al., 2006, Barber and Arnott, 2000, Markle et al.,
2014, Seppéala et al., 2008). It is widely accepted that there are generally negative
effects due to the interactions between host and parasite. Negative effects on
host fitness have been demonstrated where infection is present, and usually
involves such issues as reduced growth and an impact on energy (Barber et al.,
2008, Kuris et al., 2008, Schultz et al., 2006), which is essentially due to parasites

fulfilling their energetic requirements by utilising host-derived energy sources.

As previously mentioned, natural growth rates can be reduced by infections
(Tierney et al., 1996, Goater et al., 2013, Yin et al., 2014). The mechanism by
which parasites can impair growth have been studied extensively, and can be
generalized as being the result of the drain in energy available to the host
(Tierney et al., 1996), though, Consistent with the literature, that the infection

affects the growth , inability to forage for food resources in a more competitive

21



manner (Barber, 2007b). Plerocercoids of the cestode Schistocephalus solidus
are known to have a deleterious effect on the growth of their second intermediate
host, the three-spined stickleback, Gasterosteus aculeatus (Tierney et al., 1996,
Rushbrook et al., 2007).

It has also been suggested that the infection affects the energy of fish. Parasite
infection produces a significant increase in the drain on available energy, in which
immunological responses to the parasitic infection play a major part (Demas et
al., 1997).

In some cases, an increase in host respiration can occur as a result of infection
(Meakins and Walkey, 1975). Parasitic infection can result in a significant
increase in the energy required for respiration (Lettini and Sukhdeo, 2010). The
occurrence of Schistocephalus solidus in three-spined sticklebacks has been

associated with increased respiration rates.
1.6.5.2 The effect of infection on reproductive development

Parasites often impair the reproduction of their hosts. Fundamental
consequences that have been observed when parasitic organisms infect the
germinal tissue are the impairment and inhibition of mature and normal gonads,
where the propagation of the parasitic organism within the oocyte results in their
collapse (Gbankoto, 2001).

There is increasing evidence that a large number of parasites can reduce the
reproductive capacity of fish, such as Roach (Rutilus rutilus) and Gudgeon (Gobio
gobio) (Arme, 1968, Bean and Winfield, 1989). Parasites probably cause
significant damage to sexual maturation in some species of sticklebacks(McPhail
and Peacock, 1983). In some cases, body condition, being an important element

of the physiological state, affects reproductive success (Bagamian et al., 2004).

The reproductive capability of three-spined sticklebacks is directly suppressed by
Schistocephalus solidus parasite infections.(Arme, 1968, Macnab et al., 2009) .
This reduction results from infection, which is evident from a variety of cases; one
example being that the presence of the plerocercoid is likely to reduce vitellogenin
(VTG) synthesis in females (Macnab, 2011).
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The process of infection by S. solidus has a major effect on the condition,
reproductive development and energy consumption of host sticklebacks (Barber
et al., 2008). It seems that three-spined sticklebacks, when infected, suffer effects
such as weight loss and reduced body condition, particularly with respect to their
liver mass, and also show decreased production of erythrocytes (Arme and
Owen, 1967). S. solidus impairs the stickleback’s reproduction, and few infected
sticklebacks reach a normal level of sexual maturity (Tierney et al., 1996). Stages
of oocyte development are sometimes late, and in extreme cases of infection,
spawning does not occur(Arme and Owen, 1967). Early death may occur in
severe cases in infected fish (Threlfall, 1968).

1.6.5.3 Effects on host behaviour

Many parasites affect their hosts in ways that change their behaviour (Barber,
2013, Giles, 1983, Seppala et al., 2008). Atypical behaviours are often observed
as a result of parasitism. Studies have shown that parasite infections can lead to
changes in the behaviour of host fish. Parasites can modify their host’s behaviour
in ways that enhance their likelihood of infecting the final host (Qverli et al.,
2001b). The intermediate host becomes more susceptible to predators because
of the modulation of their behaviour by parasites (Lafferty and Morris, 1996). As
a result of their increased need for energy (Godin and Sproul, 1988), the
parasitzed fish’s behaviour changes as result of an imbalance in their endocrine
systems (Q@verli et al., 2001b). Parasitized fish consume more oxygen than
uninfected fish, thus infected fish tend to swim nearer the surface of the water
(Lester, 1971). One of the effects of a Schistocephalus infection in sticklebacks,
is the host fish adopts a greater swimming height to spend more time at the
surface. (Meakins and Walkey, 1975).

Three-spined sticklebacks infected with cestoda Schistocephalus solidus exhibit
changes in behaviour(Giles, 1983, Barber and Huntingford, 1995). This is largely
due to the parasites in the host (Ackman and Gjelstad, 1975), which affect the
relationship between prey and predators, with the fish ordinarily having a
camouflage colour that makes detection difficult (Bone et al., 1995).

Morphological characterization reveals the presence of described changes such
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as black or white spots(Milinski, 1985) and abdominal distension(Barber, 1997) .
These changes make the fish visible to predators.

1.7 Aims and objective of the thesis

The biological functioning of a host, including its growth and reproductive ability,
Is typically compromised by parasites, which divest the host of at least some of
its nutrition. The host’s ability to withstand the pressures imposed by parasitic
infections is potentially influenced in part by its nutrition. Adequate nutrition to
support the development and functioning of the immune system has a
considerable impact on the host body’s interactions with parasites. Diet
potentially influences a number of mechanisms influencing the outcome of

interactions with parasites, including resistance and resilience.

The overall aim of the research presented in this thesis was to investigate the
effect of a range of host nutritional factors on the interactions between hosts and
parasites using the three-spined stickleback - Schistocephalus solidus system as

an experimentally amenable model.

Changes in husbandry practices or in availability of prey can lead to changes in
food types and availability. It is necessary to comprehend the manner in which
the biology of interplay between host and parasite can be affected by such

changes.

The first objective was to examine the effects of host nutrition on interactions
between three-spined sticklebacks and the parasite Schistocephalus solidus. In
Chapter 3, fish captured from the wild, either naturally infected or non-infected
with S. solidus, were fed a diet of either Artemia sp., Daphnia or bloodworms
(Chironomus sp. larvae). The aim of this study was to determine whether the level
of feeding on a particular food type (i.e. the quantity of food ingested) and the
subsequent body condition of the host influence the susceptibility to acquiring

parasites following exposure to infective stages?

The second objective was established to study how host diet affected the growth
and development of Schistocephalus infections in sticklebacks. In these
experiments, | studied the influence of nutritional quality and quantity on host

growth, health status, immune status and sexual development, not only in fish
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but in the parasite thought study the effect of diet on parasite growth and
fecundity. In the first experiment, the effects of dietary protein content on the
growth, development and health indicators of three-spined sticklebacks that had
been bred and reared under standardised, controlled conditions in the laboratory
were studied, and experimental parasite challenges were used to study the
effects of host diet on the growth of Schistocephalus solidus plerocercoids in
experimentally infected fish. In the second experiment, | examined the effect of

host food intake on the interaction between fish and parasite. Fish were fed one

of two standard artificial diets with high levels of satiation (giving %bw.d-1) and
medium levels of satiation (giving %bw.d-1), respectively. The effects on host and
parasite growth were studied, in terms of condition and development. In addition,
plerocercoids were cultured to the adult phase for a period of 12 weeks to test
the hypothesis that host diet may have implications for parasite fithess (chapter
4).

Additionally, the research reported in chapter 5 aimed to investigate the effects
of host ration on the growth of a common and ecologically important fish parasite;
plerocercoids of the diphyllobothriidean cestode Schistocephalus solidus.
Presumably, the infection could affect the preference or selectiveness of fish for
various diets. Therefore, the research question set out in chapter 5 aims to
establish whether being infected by parasites altered the host fish’s dietary
preferences in terms of food quality. They select, as well as whether these
changes benefit hosts, parasites or neither.

A final objective, addressed in Chapter 6, was to study the effect of additive
nutrients on host parasite interaction. The use of additive nutrients 