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SUMMARY

The nutritional physiology of turbot Scophthalnus maximus (L.) was investigated in the
laboratory under comtrolled cxperimental conditions. The study dealt with factors influencing
teeding, digestion and absorption in juvenile turbot and explored the partitioning of energy from
ingested food. Energy use under varving intrinsic and extrinsic conditions was examined. The
results provide an insight into the interrelationships of factors affecting the physioclogy and hence
growth of turbot. The implications of the findings to aquaculture are discussed.

A multi-disciplinary approach was adopted and there were muny components to the
experimental work: study of the gross morphology, histology and ultrastructure of the alimentary
tract of turbot; experimental investigations into the effect of various environmental and intrinsic
factors on the relationship between ingestion rate, growth rate and conversion efficiency; the rate
of transit of food through the gut and assimilation efficicncy; maintenance and [eeding
respiration; body composition, condition factor and hepato-somatic index. The data obtained
were collated and used to construct encrgy partitioning tables for turbot. A review of infectious
diseases of turbot, an wvestigation into the possible parasitic nature of ‘rodict cclis’, and a study
ol the hast-parasite relationship between turbot and the tapeworm, Bothriocephalus scorpii werc
also undertaken.

The first part of the rescarch examined aspecets of feeding, digestion and absorption in
turbot, The gross and fine structure of the alimentary canal were analysed and comparisons made
with wild turbot and other teleost specics. The alimentary tract of turbot was found to be typical
of carnivorous fish and appeared to have a degree of plasticity in its gross morphology. The
length of the tract, expressed as a percentage of the body length, was found fo be shorler in
cuitivated fish fed on a highly nutritious, protein-rich, easily digested diet than in wild turbot.
Electron microscopy studies revealed the intestinal and rectal microvilli to be exceptionally long
(2.5-5.6 pm), with the length decreasing from the intesting to the rectum. Microvilli are known to
greatly increasc the surface area of the intestine for absorption and the presence of long microvilli
may account, in part, Tor the very high assimilation efficiencies recorded for turbot in this study.
Study of the cffect of different temperatures and feeding regimes on Lhe ingestion rale, gastric
cvacuation ratc and assimilation cfficicney of wrbol mdicated that a regular, twice daily feeding
schedule to satiation resulted in aptimal assimilation efficiencies. It was shown that assimilation
efficiency, in terms of energy, was lower in fish acclimated to 20°C than for fish at 16°C.

Respiratory and growth experiments were designed Lo investigate aspeets of the cnergy
metabolism i furbot. The energetic costs of maintcnance, activity and foeding were cateulated

by determination of the axvgen consumption of turbot of varying sizes and held under various
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conditions. The proportion of cnergy used for main(cnance and activity metabolism was found to
be very labile depending on the size of the fish and the temperature of acclimation. The amount of
ingested energy lost in feeding metabolism was dependent on size of ration and tomperature,
whilst the proportion of ingested energy vsed for growth was very similar under all experimental
conditions with only a slight increase scen in the 10°C fish fed twice daily to satiation. On the
assumption that the standard metabolic rate of the tapeworm is similar to that of its host,
estimates were made of the energetic cost of infection of turbot with the pscudophyllidean
tapeworm Bothriocephalus scorpii under vartous conditions. It was estimated that the tapeworn
imposed a small, but significant energetic cost to its host of between 1.5-10 % of the host’s
ingested food encrgy. The extent of this energy drain was found to be dependent on the size and
health of the fish, ration size and quality, and the temperature of acclimation. The most
significant costs occurrcd in small fish where the parasite index was highest and where fish were
on a reduced ration and held at a high temperature, These data were collated and used to
construct predictive energy budgets for juvenile turbot ranging in weight from 10-100 g,

Direct mcasurcments of ingestion rates, growth rates, and energy contcnt were made to
test the precision of the bhiocnergetics model. Conversion efficiencics were established for fish
held wnder varying experimental conditions, Growth/ration curves were derived to cxplain the
relationship between food intake and growth under different enviromnental conditions. The
condition factor (W/I.*), hepato-somatic index and analyscs of body composition were also
measured to assess the type of growth occurring under different conditions.

it 1s widely accepted that stress and discase have an impartant effect on the growth of
fish, although relatively few studies have been conducted on the energetic cost of discase  {ish.
A major increase in intensive culture of turhot over the last 20-25 years has led to a concomitant
risc in the pathological problems of the fish. The infectious diseases of turbot and their
importance to intensive culture systems are discussed. A study of the host-parasite relationship
between turbol and he tapeworm B. scorpii was conducted. Prevalence levels of 40-60 % were
found. The ntensity of infection in juvenile turbot was quite low, with most fish harbouring one
tapcworim. The [requency distribution pattern of parasite numbers per fish was underdispersed
which is quitc rarc for helminth infections and may reflect the unnatural conditions of fish in
captivity. The parasitc index was greater (1.94) in fish of 0-100 mm than in fish of 101-200 mm
(0.45). The energetic cost of intection determined in this study suggests that infection may have
little effect on the growth rates of healthy fish fed Lo satiation but that the parasite will exact a
greater encrgetic drain on nutritionally challenged or immunocomprenused fish and consequently

would have financial consequences for the aquaculture industry,
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The enigmatic nature of rodlet cells, whether they arc a parasite or endogenous host
tissue, has been debated for over a century. LClectron microscopy studies revealed the presence of
rodlet cells in the alimentary tract of the turbot. The morphology of the cells in turbot was studied
and their distribution within the alimentary tracl was determined. Rodlet cells were not discovered
it every fish examined. The distribution of rodlet cells within the fish differed between individuals
hul generally the greatest numbers were found in the stomach. Communication junctions hetween
rodlet celis and neighbouring epithelial cells were frequently cbserved. Occasionally the limiting
membrane of rodlet cells appeared to extend into and encompass part of the surrounding
cytoplasm forming a cytoplasmic extension. Intercellular gaps were often observed between
rodlet cells and neighbouring epithelial cells. Some disruption of the histological integrity of the
mucosal cpithelial Bssuc adjacent (o rodlet ceils was observed. These obscrvations are consistent
with rodlet cells being parasitic in nature and possibly having adverse effects on the host. The
distribution of rodiet cells was examined phylogenetically, The findings suggest that they arc of
very ancient phylogenctic origin and are widespread amongst {ish species including those of great

economic mportance.
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In his ‘Epistle to the Reader’ in John Locke’s Fssay on Human Undersianding (1690),
Locke refers to the manncr in which the essay was written:

.+ ....... by catches and many long intervals of interruptions’ ... ... as bemng ... apt Lo
cause some repetitions!” ... ....... ‘| will not deny” he says ‘but possibly it might be reduced to a
narrower compass than it is, But to confess the truth, I am now too fazy or too busy to make it
shorter”




CHAPTER 1

GENERAL INTRODUCTION




1.1 DEVELOPMENT OF FIN-FISH CULTURE

Fish farming in various forms has been employed by humans as a method of increasing
their food resources for over 2000 years, Humans were hunter-gatherers until the mesolithic
period (note: most aquaculture books say until neolithic, but strong evidence exists of decp-sca
fishing in the mesolithic period in Scotland 4432-4165 BC) when fishing developed as part of a
subsistence activity (Coles, 1971; Davis, 1987). Advanccs in fishing techniques led to an ever
mereasing usc of aquatic organisms as a food source for humans and eventually methods of fish
culture were developed, most likely from the need to sustain increasing populations. Evidence of
fish ponds in Egypt date back to 2500 B.C and the carliest known document on fish culture
comes from China by Fen-Lit and dates back to 1400 B.C. Fish culture developed in the Far East
and spread to Europe in the Middle Ages. Most of this activity was small scale uatil relatively
recently.

The last 30 years have seen the development of aquaculture in the Western world. The
need to adopt a more productive means 1o feed an expanding world population has been a driving
force in the development of fish farming. There is an ever increasing global demand for fish
protein and in many developing countries fish is the main source of protein. More recently,
accoess rights in the fishing industry have been curtailed due to overfishing which has proved to be
a counter productive method of increasing food source (Pauly and Christensen, 1995, Sharp,
1995; Iversen, 1996; Larkin, 1996; Cook ef al., 1997). More than 70 % of the world's fisheries
arc fully cxploited, in decline, seriously depleted or under severe limils 1o allow recovery of fish
stocks (Cook et al., 1997). The turbot Scophthalmus maximus (L.) wars of 1994-1995 between
Canada and Spain illustrate this problem clearly. Canada fought for legislation to conserve the
fragile stocks of turbot (also known as Greenland halibut}) in their coastal waters. This problem
was brought about by Spain fishing just outside Canada's Exclusive Zone using iitcgal ncts which
caught large numbers of immature tish. Spanish fishers claimed a drop in their fishing quota
from GO00O to 27000 tons was threatening their livelihood. However, these numbers were
musleading as their catch had in fact increased from 4000 to 60000 tons in just five vears and the
fishing had only started in the first place because stocks of cod Gadus mohua, redfish Sebastes
viviparys and flounder Platyichthys flesus had been fished out and because of the previous
declines of fish stocks in European waters. Canadian warships seized Spanish tishing vessels and
confiscated their illegal nets which had such a small moesh size that turbot too young to spawn
were caught. The result of this illegal action by the Canadians and their cnsuing negotiations
with the Buropean Union was strict legislation to protect the fragile turbot stocks from becoming

commercially extinet, as had happened with the northem cod (Cook et /., 1997),




An increasing public demand for cerlain speeics such as prawns, saimon and sea bream,
cspecially out of scason, accowpanicd by a decling in natural resources, has been another
stimulus i the growth of aquaculiure, especially in rceent years. The prospect of fewer
international conflicts as most forms of aquaculture require to conform only to national laws is
also an incentive to increase efforts in the aquaculture business. The pressure on countrics to be
more self-reliant in food production along with saving and sarning in foreign trade 1s important.
Aquaculture can also be significant as a source of rural employment and as a way of improving
the nutrition and income of such populations (Pillay, 1993),

However, the growth in aquaculture has not been without setbacks. Duc to lack of
biotechnological knowledge, many ventures have failed and the industry has often been perceived
to be high risk. The problems of aquaculturc are much greater than those of agneulture because
they prevail in an unfanuliar environmeut. Problems include dispersal (requiring a. need for
cages, tattks or ponds), iuteractions between aquatic specizs and medium such as temperature,
level of oxygen, pH, nutrients in feedstutfs and fertilizors, stocking densities, water turnover and
the spread of disease. Also, different species have particular requirements and this means specific
knowledge for each fish spccies is necessary rather than a few generat principles.  Scientific
research in aquaculturc is in its infancy, however, the future is hopeful and increases in
production are forecast (Iversen, 1996).

Increase in production in aquaculture has risen in the last 15 vears from 6 million tonnes

n 1976 to 11 million tonnes in 1985 and over to 16 million tonnes in 1992 (Table 1.1). Supplies

Table 1.1 FAQ Estimates of total world production in aquaculture (Pillay, 1993; Iversen, 1996)

Tolal production {tonnes) Year

6.1 million 1973

8.7 million 1980

10.5 mitlion | 1983

" 10.6 million 1985
13.2 million 1987

16,0 milion 1992

from fishing have mercased at 0.3 % per annum whilst those from aquaculture have increased at
5.5 % per anmm (Nash, 1987). Aquaculture produced 13 % of the production from fisheries in
1994 and by 2000 A.D. it is speculated that this should be 25 % (Iversen, 1996). The fishing

industry 1s very large and has increased to meet the growing demands for protcin of an cver
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increasing hwman population. At present the catch per annum is around §0-90 million tonnes,
and the most optimistic estimates of total catch of conmnercial species from the sea is 100 million
tomes.  Of this 70 million tonncs would be for human consumption. However, projecied
population increases suggests 100-140 million tonnes of edible fishery products will be required
by 2000 AD. This would mean a deficit in the region of 20-60 million tonnes, thus guaraniecing

a major role for aquaculture for the foreseeable future (Pillay, 1993; fversen, 1996).

1.2 DEVELOPMENT OF TURBOT CULTURE

Turbot are an important food source in British and European waters not because of the
size of the fishery but because of the extremelv delicate and highly regarded flavour of the flesh
and consequently their high market valuc. Evidenee of humans cating turbot in Scotland dates
back to the Mesolithic period (4432-4165 BC) at Morton Tayport in Fifc (Colcs, 1971). This is
a site situated near the sea that has vielded abundant remains of marine moltuscs, crabs and
various fish, including turbot. Many people consider turbot to have the finest Qavour of all sca
fish and 1t was even regarded as a luxury fish in Ancient Rome where the Roman poet, Martial
(89 AD, cited in Ker, 1968) made allusions to turbot as the food of the rich 1n one of his famous

cpigrams:

"You get the choicest mushrooms; I get fungus pigs won't touch.

You tov with turbot; I'm down here with the catfish”

Natural production of turbot in Europc is around 10000 tonnes and approximately 1000
tonnes in Great Britain; but these amounts cannot meet the public demand (Pillay, 1993). Eatly
research by Purdom et af. (1972) on the rearing of turbot at high densities proved the fish to be
hardy and that, although carnivorous, they could be fed on various foedstuffs and prepared foods.
This knowledge helped to renew interest in the farming of turbot.

One of the early problems in turbot culture was the short supply of seed stock and as a
conmsequence the carly culture of turbot valved rearing wild juveniles caught at sca. ‘The small
size of the larvae meant new techniques had to be developed to culture the fish through their first
ycar. Also, in the early seventics the basic biclogy of the species was poorly understood.

Turbot were farmed in Scotland and France in the carly 1970s and as a consequence of
research developments in these countries and the biotecchnological advances made subsequently,
the production of farmed fish has increased in rccent years. Success has been achieved in the

rearing cyele making reproduction in captivity now possible. However, high death rates of turbot




farvae of approximately 10 days old means a low oulput from hatcherics, although turbot are
fairly robust afier this stage. Different on-growing mecthods achicve varying standards of success
but generally the young turbot are reared in tanks and, if sites are suitable, the final stages of on-
growing can be carried out in surface cages. Research has shown that a slight drop in salinily
below full strength sea water inproves growth with the optimum temperature for rearing being
around 18°C (Pillay, 1993). Availability of warm water is theretore important to any commercial
venture in turbot culture,

The production of cultured turbot in Britain rcached 10 tonnes in 1976 (Person-lLe-
Ruyet, 1990). Relatively slow progress was made over the next few years but gradually on-
growing farms were supplied with hatchery-reared juveniles. In 1987, Scotland was the greatest
producer of farmed turbot with Golden Sea Produce {a Norsk [Iydro Subsidiary) producing 100
tormes and 200000 juveniles per annum (Person-Le-Ruyet, 1990). The use of warm waste water
from the cooling station at Hunterston combined with the use of high quality waste fish for food
meant that tish could be held close to their optitnum temperature of 18°C: and fast growth rates
achieved.

More recently, Spain, Portugal, Genmany, Denmark and Norway have also begun to
culturc turbot whilst research effort has declined in Scotland and France over the last fifieen
years. Over rceent years Spain has shown most enthusiasm for turbot farming. This is most
likely correlated with u healthy market and highly favourable climatic conditions, especially in
Galicta in north-west Spain where production of turbot reached 1500 tonnes in 1993 (Toranzo e
af., 1993a),

It is not surprising therefore that turbot are one of the success stories of modern fish
culturc, This is partly due to their high market value because they are classed as a luxury fish,
partly because they are a robust fish and arc relatively easy to feed (Purdom ef al., 1972), and
partly duc to the decline in natural produciion (Piltay, 1993). However, despite the relative
success in turbot cunlture and the biotechnological advances made, there still remain large gaps in
scientific knowledge n the areas of nutrition, pathology of diseases of turbot and in the
physiology of the fish (Person-Le-Ruyet, 1990), At the time when the research detailed in this
thesis was carried out (1976-1979) the most basic biological knowledge on turbot was lacking
and the main aim of the study was to use laboratory investigations to explore tactors affecting the
nutritional physiology of turbot Scophthalmus maxinmus (1.) and mvesligale their implications 1o

aquaculture.
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1.3 BIOLOGY OF THE TURBOT SCOPHTHALMUS MAXIMUS (L.)

1.3.1 Systematics

The following system of classification for the turbot is hased on that adviscd by Wheeler
(1992a) and will be used throughout this thesis unless otherwise specified.

ORDER : PLEURONECTIFORMES

FAMILY : SCOPHTHALMIDAE

Scophthalmus maximus (Linnacus, 1758)

Whecler (1992a) noted that Nielsen (1973, 1986) uscd the binomen, Psetia maxima for
the turbot, thus separating the turbot and the brill, Scophthaimus rhombus, into iwo scparalc
genera. This system of classification has beon used by many fish biokogists. However, Wheeler
states that this is both unnecessary and still neads confirmation by detailed study and until this is
carried out the recommended name for the turbol should be Scophthalmus maximus (L)) after

Norman (1934).

1.3.2 General morphology of Scophithaimus moximuys (L..)

Excluding the caudal rays, the body of the turbot is broad and round in shape and lies [eft
hand side uppermost. The large mouth lies to the left of the cyes and bears small numerous tecth
in hoth of the strongly curved jaws. The dorsal fin begins between the upper eye and mouth aud
extends to the fleshy part of the tail. The operculwn is directed posteriorly and ends zl an angle
near the base of the small pectoral fin. The broad based pelvic fins arc placed quite far towards
the anterior of the body and are separated from the anal fin by a narrow space. The anal fin cnds
near the fleshy part of the tail. The caudal rays are quitc long and rounded. The body of the
turbot lacks scales and is studded with numerous bony tubercules, mostly occurring on the
coloured upper side. The jateral line is arched steeply over the pectoral fin and then runs in a
straight line to the tail. The colour of the upper-side varies according to the sea bed and the need
for protective camoufiage but 1s usually a dull, sandy brown with brown spccks all over the body
and fins and with dense spols over the tail (Wheeler, 1992b). Turbot may reach lengths of

approximately 600 mm when adult with 2 maximum recorded length of 1000 mm (Pillay, 1993).

1.3.3 Lite history of Scophthalmus maximus (L.)

In the North Sca and Irish Sea, turbot spawn from April to August and in the Westemn
Chamel from May to September. Spawning takes place over gravel sca beds between 10-80 m.
The eggs measure approximately | mm in diameter and are very numerous, each female

producing from 5 to {0 million eggs, depending on her size, The eggs and larvae are planklonic




and this phase lasts roughly two months. The larvaec metamorphose infio flattish at between 20
and 30 mum in length (Jones, 1973). Mclamorpbosis appears to correspond with the arrival of the
young flatfish at sandy beaches (from July to October), where the fish spend their first year of life
after whoch the fish move oftshore to deeper water (Jones, 1972). Turbot are (ished commercially

from 3-4 years of age.

1.4  FISH ENERGERTICS: THE ENERGY BUDGET

Fish farming is essentially dealing with a resource {fish) which the fish farmer wishes to
manage in the most efficient manver possible. This mvolves an understanding of the factors
which influence the growth and condition of the fish. Early growth studies often looked only at
guantitative changes in weight or in weight and length and neglected any qualitative changes in
body composition. fvlev {1939), Winberg (1956), Brett (1970), Beamish ef a/. (1975) and
Warren and Davics (1967) all developed schemes of assessing growth in terms of a total energy
concept {energetics). They introduced and developed the idea of a thermodynamically balanced
'snergy equation’ where the energy consumed in the food could be balanced apainst energy
expenditure (loss in faeces, urine and through gills, mucous and sloughed cells, encrey uscd for
metabolic processes and the component used in the praduction of fish tissue). In this way all the
energy in the systcm should be accounted for.  This equation is ofien referred to as the energy
budget and has been investigated in great detail over the years (Brett, 1979; Cho ef af, 1982;
Brctt, 1983; Calow, 1985; Weatherley and Gill, 1987: Cui and Liu, 1990; Xie and Sun, 1993:
Cho and Bureau, 1993; Hartman and Brandt, 1995; Cui e o/, 1996). The concept of fish
energetics and the energy budget is discussed in detail in Chapter 4.1.1.

The useable/nct encrgy gained from the digested and assimilated food is available for
maintenance, activity, growth and reproduction. However, growth and reproduction have the
lowest priority out of these components. When food is restricted or, is of poor quality, or other
environmental and intrinsic factors arc Icss than optimal, growth and reproduction are the first
factors to be compromised.

The present study was concerned with investigating the importance of various
components of this equation far juvenile turbot held under controlled exporimental conditions in
an attempt to define the parameters which resulted in the optimum utilization of the food energy
consumed and hencc the optimum conditions for growth (whilst maintaining desirablc body
compasition). The bioenergelics model (see Chapter 4) was constructed using data obtained on:
a) the energy value of the food consumed, ingestion rates and assimilation efficiencics (Chapter

3); b) the energy used for respiratory wetabolism (Chapter 4); and ¢} from data obtained on the




energy requirements of the tapeworm, Bothriocephalus scorpii which was found to infect 50 %

of the turbot (Chapter 6).

1.5 FEEDING, DIGESTION AND ABSORPTION IN FISH

The first requirement of fish culture is an adequate suppiy of food containing sulficient
energy and the appropriate nutrients for routine maintenance, the process of assimilation, any
activity and for growth and reproduction of the fish (Pitcher and Hart, 1982; Cho and Burcau,
1895). In intensive fish cufture a fish does not have to seek and capture food as it is presenied 1o
the fish on a regular basis. A knowledge of how much food the fish requires, how often this
should be presented, the optimal proportion of nuirients and energy in the food, how efficiently
the food is digested and absorbed, and how quickiy the food passes through the alimentary tract,
are essential if the optimum conditions for the maximum wiilization of the food are to be
achicved.

The morphological structure of the mouthparts of a fish to a large extent determine the
type of food eaten (Al-Hussaim, 1949a,b; de Groot, 1971), The morphological, physiclogical
and biochemtcal properties of the rest of the alimentary tract determine the cxtent to which the
food caten is digesicd and absorbed (de Groot, 1971). There is considerable difference in the
structure and length of the alimentary canal of herbivorous, omnivorous and camivorous fisi.
Generally speaking, carmivorous fish have the shortest intestines, whereas herbivorous fish have
highly coiled, lengthy intestines (Finge and Grove, 1979). The length of the gut tends to increase
with the amount of indigestible food or roughage. This is possibly to compensate for the lack of
folding found in these guls which allows a relatively unimpeded passage of roughage through the
gut. In contrast to these herbivorous fish, multiple branched folds are often found in the
intestines of highly spccialized predatory fish (Kapoor, 1975). However, some fish are known to
change their diets under certain conditions such as seasonal changes, during spawning and due to
same parasitic intections. The adaptability of the length and structure of the alimentary tract to
changes in dict has been demonstrated by various authors (Angelescu and Gneri, 1949; Kapoor ef
al., 1975; Stroband, 1977, Kuperman and Kuz'mina, 1994). It has been demanstrated that the
sizc of the lestinal microvilli varies between fish and it is known that the microvilli greatly
mcrease the surface arca of the digestive and transportive arca of the intestine and are also
imvolved in membrane digestion (Kuperman and Kuz'ming, 1994). It would thereforc seem
probable that the differences in the growth properties of various fish species may be correlated

with the morphological characteristics and the digestive and absorptive properties of their

alimentary tract (Weatherley and Gill, 1987).




Fish in intensive fish culfure tend to be fad a highly nutritious, easily digested, protein-
rich diet and thus it was decided 1o compare the gross structure and length of the alimentary tract
of tarmed turbot fed on a pelleted dict with that of wild turbot fed on natural prey rtems in order
to discover if there was a shartening, of the alimentary tract in farmed fish, Observations were
also made to discover if any changes in the length of the gut occurred as a responsc to changes in
feeding levels, frequency of fecding or acclimation tempurature,

Turbot are a highly carnivorous fish with a very fast growth rate in comparison to other
species of flatfish (Janes, 1972), and therefore a study of the general histology and fine structure
of the absorptive epithclium of the alimentary tract was carried out and comparisons made with
that reported for other fish species of different fecding babits. The ultrastructure of fed and
fasled turbot was also compared to study the adaptability of the turbot alimentary fract. The pil
of the contents of the different regions of the alimentary tract was determined to give an
mdicution of the micro-cnvironment of the digestive enzywmes present in the turbot gut. The
effects of differcnt fceding regimes and diffcrent temperatures on the ingestion raies, the rate of
passage of food through the gut and on the assimilation efficiency of turbot were also examined

to give an 1nsight into the conditions for optimum foeding, digestion and absorption 1n turbot,

1.6 RESPIRATORY METABOLISM IN FISH

A large proportion of the energy assimilated by fish is used for the various components
of metabolism. These components are generally referred to as 'standard metabolism' (rate of
oxygen consumption of a fish al rest in the post absorptive state and thermally acclunated, i.e.
maintenance metabolism); 'routine metabolist’ (rate of oxygen consumption of a fish during
normal spontancous activity); 'feeding metabolism' (oxygen consnmption of a fish associated with
the digestion, absorption and processing of food, aften referred to as the specific dynamic action
or SDA): and finally, the 'active metabolism' (the rate of oxygen consumption of a fish swimming
steadily against a current). These arc based on the definitions given by Brelt and Groves (1979)
and are explained in greater detail in Chapter 4. A knowledge of how this metabolic energy
expenditure is affected by different intrinsic and extrinsic factors such as age, sex, reproduction,
nuuiitional state. the ability to acclimatize to stress, temperaturc changes, saliwly changes,
avaitability and typc of food, stress and disease is verv important. The effect of these factors on
vach of (he different components of metabolism can give an ingight nto the relationship between
the food consumed and how the assimilated energy trom this ingested foad is utilized and hence,

how much encrgy is left over for growth.




With fish, metabolic rate is usually determincd by mcasuring oxygen consumption.
Various methods have been devised to guantify oxygen consumption and these are reviewed in
Chapter 4.2.1.  An oxycalorific coefficient is used to convctt the amount of oxygen consumed Lo
an energy cquivalent and i this way the amount of ¢nergy required for the maintenance of bodily
functions, for routine activity, for feeding activity and for active metabolism can be calculated, A
figure of 19.4 kJ per 1 of oxygen is recommended for fish and this is based on the assumption that
the primary respiratory substrates are protein and lipid (Jobling, 1994).

In this study, preliminary experiments were conducted to find out if a diurnal activity n
oxygen conswmplion was present. A standard procedure was then developed to determine the
oxygen consumption of juvenile turhot at rest. These methods are discussed in detail n Chapter
4. The relationship between standard metabolic rate and body size was examined to find out the
maintenance energy requirements of fish of various sizes. The effect of acute temperature
changes on the standard metabolic ratc was examined as well as short and long term acclimation
of standard metabolic rate to temperature to determine the maintenance requirements of fish at
different temperatures.  Fish were fed meals of varying sizes to delermine the extra energy
required to process food and the length of time taken for the respiration rate to teturn to its former
pre-feeding fevel. Long term adaptation of the standard metabolic rate to differcnt levels and
frequencies of feeding was also examincd. Investigations werc also made into the cncrgy
tequirements for active fish. The assimilation efficiency of fish of varying sizes, on different
feeding lovels and frequencies and held al ditferent temperaturcs was also determined and
therefore a picture of how much of the food consumed was assimilated and then used for
maintenance, routine activity and for feeding at differcnt temperatures was calculated. From this,
an estimate of how much energy was left over for growth could be calculated. These estimates
could then be tested against the growth experiments conducted during the present study, in which

the initial and {inal weights of the fish and the exact energy consumed i food was also known.

1.7 GROWTH AND PRODUCTION IN FISH

Only a portion of the food energy consumed by fish is assimilated, the rest is lost in
excretion. The assimilated energy is used for the maintenance of bodily functions, the processing
of food, for routine activity and swimming aod, if the fish is infected, energy is possibly used by
intestinal heiminths, The remainder of the assimilated energy is available for growth {both
somatic and reproductive) (Brett and Groves, 1979; Weatherley and Gill, 1987; Jobling, 1994).
Although growth may appear to have the lowest immediate priority, roproductive growth it is

ultimately the feature that dictates the survival of a species.
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Many factors affect the growth rate of fish but in gencral there is a decrease in specific
growth rate with increase in size and age of the fish. Feeding, digestion and absorption arc all
influcnced by o numbor of factors and in tum these affcot the growth rate of fish. In fish farming
the growth of healthy, palatable fish tissue at as fast a rate as possible with minimum cost is the
main priority and conscquently the factors that atfect the growth of fish arc of great interest.

Growth m fish may be measured in terms of temporal changes in weight, leogth, cocrgy
content or the relative proportions of lipid, protem, carbohydrate and water.  The composition of
the fish bady varics with changes in quantity and quality of food, and also with fish age and

reproductive state.  In some cases, an index of growth such as the condition factor (CF. the

relationship between the weight and length (cxpressed as W/L3), or the hepato-somatic index
(HS1, weight hver/weight fish x100) may be used to express the 'well-being' or energy status of
fish (Chapter 4.2.2.4; 4.2.2.5). In fish farming, however, it is valuable to measure growth in
terms of the fate of the assimilated food in respect to the efficiency of utilization (conversion
efficiency) or, in terms of the fate of assimilated food in respect to the relative growth of the body
tissues and the composition of these tissues. The lalter method gives a deeper insight into the
efficiency with witich the ingested food cnergy Is deposited as body tissue. For example, a [ish
fed maximally wilt tend to have a higher lipad content than one fed on a reduced ration and older
fish tend to lay down more lipid than younger fish (Weatherley and Gill, 1987).  kHowever, the
conversion efficiency (100 x growth/ration) is perhaps the quickest and simplest indicator of the
nutritional adequacy of a particular dict or ration level, the suitability of the environment in which
the fish is held, and the statc of heafth of the fish (Brett and Groves, 1979).

The relationship between the growth rate and ingestion rate was examined by Paloheimo
and Dickic (1966) for several species of {ish and they concluded there was a tendency for gross
conversion efficiency to fall with incroasing ration size. Brett e/ al. {1969) developed a simple
method of using growth-ration curves, where they plotted the growth rate against ralions
(Ingestion rate) and from this the ration lcvels approximating to starvation, maintenance, optimal
and maximal growth could be determined. 'T'he usc of the gross conversion efficiency equation
and the effect of various environmental factors (temperature, light, salinity, oxvgen tenston) and
biotic factors (ration, size competition} on the growth-rations curve has been investigated for
various spccies over the years (Ursin, 1967, Warren and Davies, 1967; Brett ef al., 1969; Kerr.
1971a,b,c.d; Ware, 1975; Etliott, 1976a,b.c; Brett and Groves, 1979; Allen and Wooten, 1982:
Weatherley and Gill, 1987). This has cnabled some of the factors which control and limit
growth rate to be determined for ceitain species.  Methods for measuring growth rate and the

concept behind growth-ration curves are discussed in detail in Chapter 4.
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In the present study, feeding experiments were carried out which provided data on the
amount of food consumed per day by fish hekl vnder different temperature and feeding
conditions. Changes in weight and length for cach group during a ten week period were noied,
providing information on growth rates and the condition factor of the fish.  Growth-ration curves
were produced for each group of fish. Conversion efficiencies were alse obtained and used to
investigate the relationship between certain biotic and environmental factors and growth. The
body composition of each group was anatysed for protein, lipid, moisturc and energy content and
the hepato-somatic index obtained to give furthor insight into the type of growih achicved by cach
group.

It was proposed to use these divect measurements of growth rates, vsing weight and
length measurements and total energy content, to test the bicenergetics model constructed for the
cnergy partitioning of food consumed by turbot under different conditions. The bioenergetics
model was constructed from data obtained on the ingestion rates. assimilation efficiencies,
respiratory metabolism and on the energy requirements of the tapeworm, Bothriocephalus scorpii

in turbot held under varying experimental conditions.

1.8 STRESS AND DISEASE IN FISH

1.8.1 Stress in fish

It was considercd that an understanding of the effect of stress and disease in fish was
essential to any study on the factors affecling the energy mctaboltsm of fish and therefore a short
review 18 included here.

Stress responses in fish have evolved as adaptive mechanisms cnabling fish to maintain
homeostagis whon confronted with changing external or internal forces (stress factors). For
example, thermal acclimation involves physiological changes in response to temperature change
that aflow the fish to adapt and survive at a new tomperature.  Also, behavioural respanses such
as the fight or flight reaction involve adaptive reactions enabling the fish to either escape or deal
with an external stress factor. However, it follows that the performance capacity of a fish must
be reduced due to the energy costs associated with trying to maintain homoostasis. Further
problems may be encountered due to stress wider certain  conditions, notably intensive fish
culture or experimental procedures where the stress factors may become chronic and where the
stress response becomes ineffective and possibly damaging to the fish, It is widely accepted that
stress factors appear to play a significant role in fish disease (as well as diseasc being a stress

factor itsell), on the growth and condition of [ish, on the reproductive capacity of fish and
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ultimately on fish populations (Wedemeyer and Macleay, 1981; Kent and Fournie, 1993:
Waring ef al., 1996).

Various interpretations of the word stress exist, with some authors describing stress as
the stimulus which provokes a stress response n animals (Pickering, 1981; Ulanowicz, 1978)
whilst others have defined stress as the response of the system to a stimulus (Esch and Hazen,
1978). All arc based on the premise that a stimulus, or number of stimuli, act on a biclogical
system and result in a response by the system. Although the difference 1s fundamcentally onc of
semantics (Pickering, 1981), confusion can accur unless scientists arc carcful o specify clearly
their understanding and usage of stress concepts (Lazarus, 1971).

Further difficultics arc encountered when attempts are made to define the parameters that
constitute a stress response in an animal in precise terms. Sevle (1950) defived stress as "the sum
of all the physiological responses by which an animal tries to maintain or re-establish a normal
metabolism in the face of a physical or chemical foree". Problems arise over what 1s defined as
normal and therefore the distinction between normal and stressed. These have been partly
overcomc by atlompting to guantify the immgediate physiclogical responses of an animal to a
stress factor.  Seyle described a common response to a number of stress factors and the
components of this response are known as the General Adaptation Syndrome (GAS).  Thesc
consist of non-speeitic physiological and biochetnical changes and they occur in temporal order
of: 1) the alarm reaction; 2) the stage of resistance, or compensation, (during which adaptation to
achieve homeostasis under the changed circumstances is taking place), and 3) the stage of
exhaustion (when adaptation has ceased to be adequate and homeostasis is not achieved).
However, the GAS is not easy to define or measure as the response is highly polymorphic and
may vary depending on the stress factor(s) involved and may be species-specific. This concept
implies that the health and condition of the fish are impaired, at [east momentarily, by stress and
might be viewed in functional terms, For example, Brett (1958) guantified an animal’s response
to stress by measuring changes in its performance capacity with respect to its survival capacity.
According to Brett, stress may be defined as "a stage produced by an envirommental or other
factor which extends the adaptive responscs of an animal beyond the adaptive range, or which
disturbs the normal functioning to such an extent that the chances for survival are significantly
reduced."

Stress responses are generally classificd as primary {neural and neuro-endocring
responses including increased production of corticosteroids and catecholamines), secondary (the
binchemical, physiclagical and imumunological conscquences of the prisuary responses (Mazeaud
et al. 1977) and tertiary (behavioural changes, reduced growth rate and increased susceptibility to

disease (Wedemeyer and MacLeav, 1981). The parameters that are ofien assessed, because of




their ease of measurement, are plasma cortisol, plasma glucosc and plasma clectrolytes. Again,
caution should be used in interpreting the stress response by looking at one particular fevef to the
exclusion of the other twa as the stress response is really an inlegrated response of the fish at all
three levels involving many reactions (Pickering, 1981). Although most of these stress responses
can be viewed as adaptive, certain energy costs are exacled and in many sitwations, particnlarly
those encountered i intensive fish cultivation and in experimental fish biology, chronic stress
conditions may occur which can depress the growth rate and increase the susceptibility to disease.

Exiernal stress factors which occur or may anse in fish cultivation or during
cxperimental procedures include transport, handling, crowding, anacsthesia, changes in water
quality and temperature changes. Internal stress factors such as disease or nutritional imbalance

are often problems in fish culture,

1.8.1.1 Siress factors invalved during transportation
Transportation can often causc fish to become stressed and may even lead to
fatalities on occasion. This may be due 1o a lack of oxygen if no extra source is supplied to
replace that used by the fish in transit, or possibly due to an excess of oxygen if tao much oxygen
15 bubbled through the water (Edwasds, 1995).  Elevated levels of oxygen arc known to veduce
the respiration rate of fish and this may incrcasc the level of carbon dioxide in the blood. Higher
levels of carbon dioxide in the blood may also occur due to higher levels of carbon dioxide i the
water. This can result in a lower hacmoglobin oxygen carrying capacity, lower blood pll and
consequently may stress the oxygen transport system (Randall er al., 1982). Idcally, the water
should be constantly aerated as well as being supplicd with extra oxygen, as the aeration serves to
induce a greater exchange of the pases contained in the enclosed body of water, This is cspecially
important for long journcys where levels of carbon dioxide would tend to accumulate in the
absence of adequate agitation (Pooley, 1993) and also in warm weather conditions under which
oxygen saturation decreases.
In the present study, measures were taken fo reduce stress to a minimum during

transportation of the juvenile turbot to Glasgow. Details are discussed in Chapter 2.

1.8.1.2 Siress responses to crowding
The majority of fish living in groups tend to be organized into dominance
hierarchies. Scott and Currie (1980} demonstrated that the subordinate individuals m a hierarchy
of Xiphophorus helleri (swordtail) had more active inter-renal tissue than dominant ones and they
suggested that the raised levels of corticostervids in the subordinate individvals may lead to

stress-induced suppression of immunity in these fish. Under crowded conditions with a limited
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food source, hicrarchical feeding relationships may be exacerbated thus preventing equal food
distribution and may result in differences in the growth rate of fish, Pfuderer ef al (1974)
discovered a substance (stress pheromone) which oceurred in both the flesh and the waler of carp,
Cyprinius carpio held in crowded conditions, This substance when extracted and administered to
{ish beld under uncrowded conditions caused depression of heart and growth rates of uncroweded
carp. Perbmutier et al. (1973} also found a 'stress pheromonc' was released in Trichogaster
trichopterus (gourami) when these fish were held under crowded conditions, This led to a
suppression of immunity in the fish to infectious pancreatic necrosis virus (JPNVY).  Crowding
may also causc stress by reducing the water quality and/or by increasing the probability of
discase by providing conditions favourable for the survival and transmission of disease
organisms. Stress-induced immunosuppression may then aggravale the situation.

Ellis (1981) suggested that stress may cause disturbance in the defence systems of fish as
these are under regulatory mechanizms wmvolving hormonal control (for example, corticosteroids)
which arc altered durtng stress. This may suppress or exaggerate a number of responses which
may result in an imbalance in other physiological systems and eventually cause or be a
contributing factor ta disease, Wedemever and Mcleay (1981) listed a number of stress-
mediated diseases including furonculosis caused by deromonas species, bacterial gill disease
caused by Pseudomonas, vibriosis caused by Vibrio anguillarum, colummaris due to [exibacter
columnaris, some parasitic infestations including Trichodina species, Ichthyobodo necairix
(costiasis) and fungal infestations such as Saprolegnia species. They suggested these may be
used as indicators of crowding and other stress factors.

In the present study, particular attention was paid o the aguarium conditions and
maintenance of the turbot in Glasgow (Chapter 2). However, in the carly stages of the work,
when the fish were obtained from Hunterston, outbreaks of vibriosis werc common as was

infection with a possible cytophagan bacterium causing fin-rot.

1.8,1.3 Stress responses to poor water quality
According to Smart {1981}, a reduction in appetite, growth and food conversion
ctficiency may be a sensitive indicator of stress due to poor water quality or to fluctuations in
water quality. Stress factors such as reduction i, or fluctuations of, dissolved oxvgen,
mcreased levels of ammonia aixi elevated carbon dioxide concentrations may all contribute to this
depression as well as decreasing the ability of the fish to withstand handling procedures.
Stress response due to flactuations 1n dissolved oxygen are discussed in Chapter 2.1.2.
Levels of ammonia may increase in intensive fish-rearing units and under laboratory conditions,

due to the ammonia excroted by the fish as the end product of nitrogen metabolism. This is a




particular problem when fish are fed on high protein diets. Care must be taken to ensure an

adequate flow of water and to check the pH and ammonia content of the water. Unionized
ammonia {(UIA) concentrations of between 0.016 and 0.021 mg Nli3 NI-1 are recommended as

the maxinum conceatrations of unionized ammonia that can be tolerated by f{ish for long periotls.

However, Aldersan (1979) found the growth of turbot was unaffected by UIA levels of 0.1 mg
NH3 N1-l in sea water at 16°C. Neverthelcss, it is prudent to monitor the levels of UIA and

keep them within the recommended levels and to be aware that the toxicity effects are decreased
by increased salinity (Bower and Bidwell, 1978) and increased by fow oxygen concentrations
(Lloyd, 1961).

Elevated levels of carbon dioxide arc often cocountered in intensive fish cultivation units.

Smart (1981) found the growth and foed conversion cfficiencies were similar for groups of fish
held at carbon dioxide concentrations of 12 and 24 mg i1 for 275 days, but with fish held at 55

mg 1! for this time there was an initial loss of appetite and growth and tood conversion
efficiencies were poor for the first 28 days. There was some improvement after this pertod,
suggesting a certain degree of acclimation.

It is important that all paramgcters of water guality should be considered together as they
have a complexily of interactions. Other factors such as discase and the nutritional state of the
fish can also affect the fish's ability to cope with fluctuations in water quality. Maintenance

procedures for the present study are discussed in Chapter 2.

1.8.1.4 Stress responses to handling procedures
Handling procedures such as capture, anaesthesia, antibiotics administration,
weighing, measuring and confincment are known to cause various stress responses in fish.

Pickering and Pottinger (1989) demonstrated a rise in plasma cortisol levels in salmonids from a

basal level of under 5 ng ml-! to a level of 40-200 ng ml-1, due to handling. If the duration of the
cxposure to the stress factor is short (acute), then the plasma cortisol levels return to basal levels
after 24 hours. However, if the exposure to the stress factor is chronic, then plasma cortisol
levels may remain elevated for days or even wecks. They eventually return to basal levels,
although the kinetics of cortisol secretion and plasima clearance are probably different from those
of unstresscd individuals.

Anaesthetics are often used during handling procedures and Hunn eof al (1968)
doemonstrated that MS222 (tricaine methanosuiphate) and its derivatives are cleared from the

blood of rainbow trout within 8 hours and from the urine within 24 hours of administration of the

compound at a concentration of 100 mg I"1. Houston et «f, { 1971a,b) noted an mcrcasc in blood
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Nat for 1-2 hours in brook trout treated with M8222 at 100 mg titre™1, along with clovated lovels

of tissue K™, decreased levels of tissue Ca™ and hypergtycaemia aver a period of several days.
Soivio et al. (1977}, showed that blood oxygen tension and pH werc scvercly depressed after use
of MS8222 but recovered aficr 20 minutes. Eddy (1981) referred to the profound effect of
capture, handling and anaesthesia on the salt and water balance of fish and cmphasized the
mmportance of adopting procedures which minimize stress when designing experiments. Capture
and handling methods used in the present study are discussed in Chapter 2.1.5.

It is clear that many external and internal stress factors invoke an integrated stress
response involving the primary, sccondarv and tertiary levels of response in fish and that these
mvolve many reactions. The more severe and prolonged the stress factor, the more numerous and
far reaching effects this has on the fish with for cxample, depression of growth rate, increased
susceptibility Lo disease and decrease in reproductive capacity occurring.  Ultimalely, under
severe stressful conditions, death may oceur,

An awarcness of the physiological stress responses of fish to the often unavoidable stress
factors mvolved in fish culture and in experimental fish biology is of paramount importance in

order to employ adequate recovery times before experimental procedures begin.

1.8.2  Discasc in fish

It was noted above (1.8.1) that many external and internal stress factors invoke an
integrated stress response in fish and that certain conditions, notably intensive fish culture and
experimental faboratory conditions may exacerbate the stress. These stress factors may cause a
depression in growth rate as well as increasing the susceptibility of the fish to discase. Disease
ttself is a stress factor and thercfore any work investigating the energetics of fish should also be
aware of any affect disease may have on the condition and growth rate of the fish. It is known
that many diseases depress the appetite of the host (Ash ef al., 1984),

In the early stages of the present study many of the fish obtained were infected with
vibriosis, caused by the facultative bacterium Vibriosis anguillarinm, and also with a poysible
cytophagan bacterium causing fin-rot. These fish had reduced appetites and hcavy fatalities
occurred. In view of the increase in turbot culture in recent years and the concomitant rise B the
number of pathclogical problems of the species causing high, economic losses (Novoa ef al.,
1992 Toranzo, 1993a.b); a review on the importance of infectious diseases of fish and diseases
of turbot in particular was carried out in Chapter 5.

A prevalence of 47 % infection with the pseudophyllidean tapeworm Bothriocephalus
scorpii was found in turbot in the present study. These parasites take vp a large proportion of

the gut and are known to derive all their energy and nutrients from the host's intestine and must




therefore cffect a nutritional drain on their host. 1t is possible that this may have very little effecl
on a healthy, well-fed host with unlimited foed supply, but if the infection is combined with other
stressors (physical, chemical, behavioural, dietary or other disease) which have a limiting effect
on the host's tood intake, then the proportion of the host's assimilated food used by the parasite
will mercase {(Ash ef af., 1984).  As the present study was mainly concerned with the factors
affecting the encrgy partitioning of the food consumed by turbot, knowledge of the amount of
damage caused and the energy consumed by the tapeworm seemed cssential. This problem was
addressed in Chapter 6.

Investigations into the fine structure of the alimentary tract of the turbot in the present
work revealed an enigmatic cell in the epithelial layer. A literature search showed the nature of
this ccll to be very elusive, with some authors believing the cell to be an endogenous fish cell and
attributing various functions to it including immune system and secretory activity (Duthie, 1939
Catton, 1951, Leino, 1974, 1982; Morrison and QOdense, 1978; Leknes, 1986; Balabanova and
Matey, 1987; Smith ef af, 1995), whilst other authors believed it to be parasitic i nature
(Thélohan, 1892ab; Lagucssé, 1895, Dawe ef al., 1964; Hale, 1965, Baunnister, 1965; 1966;
Anderson ef al, 1976; Mayberry ef b, 1979; Vichberger and Bielek, 1982; Barber and
Woestermann, 1983; Richards ef af., 1994, Wayne and Mayberry, 1994). ‘Ihe role of parasites in
adversely affecting the condition and growth of fish has been siressed (Toranzo ef ai., 1993b).
Since the present work was concerned with the cnergetics of turbot, it seemed important to carry

out investigations into the natare of this cell and these are reported in Chapter 7.

1.9 RESEARCH OBJECTIVES
This study had wide ranging and numerous aims, all relevant to the nnderstanding of the

biology and farming of turbot.

i To study the effects of changes in temperature, dict, feeding level and feeding frequency
on fecding, digestion and absorption in farmed juvenile turbot. This involved
mvestigation of ingestion rates, assimilation efficiencies and rates of gastric evacuation
(Chapter 3).

2 To examine the gross structure, the gencral histology and fine structure of the alimentary
tract and relate these to the function of the gut and comparc them with those of other fish
with a slower rate of growth. Also to investigate the adaptability of these features
(Chapter 3).

3 To examine the effects of changes i temperature, feeding tevels and feeding freguencics
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on the standard, routing, feeding and active encrgy metabolism of farmed juvenile turbot
by mvestigations on the respiratory physiology (Chapter 4).

To devise a standardized technique to carry out investigations on respiratory physiology
(Chapter 4).

To study the effect of changes in temperature, feeding level and feeding frequency on the
growth rate, production and gross conversion efficiencies of farmed juvenile turbot
{Chuptoer 4).

To examine the host-parasite relationship between the psendophyllidean tapeworm,
Bothriocephalus scorpii, and the turbot, Scophithalmis maximies (1.)., and estimate the
amount of the host's assimilated energy the parasite consumes (Chapter 6).

To investigate the impottance of infectious diseases in turbot culture (Chapter 5).

To Investigate the nature of the rodlet cell in turbot (Chapter 7).

To construct an energy hudget predicting the amount of energy available for growth
under different feeding conditions and temperatures and for parasitized and non-
parasitized fish, based on the information gaincd on the assimilation efficiency and
energy metabolism of turbot under varying laboratory conditions. Also to usc the more

conventional data obtained from the growth studies to test the predictions of the cnergy

budget.




CHAPTER 2

GENERAL MATERIALS AND METHODS
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21 MAINTENANCE OF TURBOT IN THE LABORATORY

2.1.1  Introductivn

A reliable supply of healthy fish stock is essential for carrying out experiments on the
nutrition, growth and respiratory metabolism of any species of fish. It is important {o transport
fish under conditions that cause minimal stress to the holding facilities and to maintain the fish in
optimal, standardized conditions for use in experiments. A thorough aod painstaking
maintenance regime is then required to keep fish heaithy. Careful handling techniques and
appropriate acclimation periods should be employed in all experimental procedures.

This research was carried out in the carlier days of modern fish farming when studies of
the effects of stress, the causative agents of discase and the characteristics of diseases of fish in
intensive culture were in their infancy. Nevertheless, the effects of stress and disease on the well
being and growth of the fish was considered and attempis were made to maintain the turbot used
in as stress-free an environment as possible.  Particular attention was given to thorough, regular
cleaning of expcrimental and holding tanks with minimum disturbance te the fish. Water quality

was checked regularly, usually most days.

2.1.2  Fish source and collection

‘The source, collection, transport and fate of the experimental fish, tarbot Scophthalnus
maximus (L.) 1s depicted in a flow chart (Figure 2.1). Wild stock O-group turbot were collected
[rom Borth beach, Dyffed, necar Aberystwyth, Wales during September, by the White Tish
Authority (WFA). The procedurcs for caplure and handling of the stock are described in the
WEA Field Reports number 110 (1973/1974) and number 129 (1974).

After capturc, the turbot were transferred to a holding tank where they were held for up
to four days before transportation lo the Marine Farming Unit at Hunterston, situated in
Ayrshire, Scotland. The fish were held at Iunterston uniil weaned onto the WFA7 pellsted diet
and then were transported to the Marine Farming Unit at Ardtoe, Acharacle, Argvllshire,
Scotland. Fish from the small size grade were selected and maintained in an enclosed building at
ambient temperaturc by WFA staff until required for research at GGlasgow. During the first year
of the study, fish were obtained from Hunterston where the sea waler was warmed by the
neighbouring power station. There were, however, major problems of disease and consequently
large numbers of fatalities at both ITunterston and Glasgow. The discase was found to be
vibriosis (diagnosis made by researchers at the Aquatic Pathobiology Unit at Stirling University),
caused by mfcction with the facultative bacterium Vibrio anguillarum, although many fish also

displayed symploms similar to those described for the 'hepate-renal’ syndrome (Anderson et al.,
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Figure 2.1 History of fish from collection at Borth to laboratory in Glasgow

22



1976; Dick ef al., 1976). Subsequently, stock fish were held at Ardtoe whereupon there were
fewer disease problems. The majority of the results presented were obtained using fish from

Ardtoc.

2.1,3 Transportation of fish to (flasgow

Specimens of stock animals were collected from Ardtoe and transported to Glasgow by
road. Large, heavy duty polythene bags (80 1) were placed inside large plastic dustbins (120 1).
Sea water (50 1} was transferred from the holding tanks to the polythene bags and fish of selected
size were gently caught by net and placed in the bags. The waler in the bags was well ucrated,
then the bags were filled with oxygen from a cylinder and sealed with palytape. The fish were
transported at an approximate density of forty 20 g fish per bin.  The journey lasted
approximately five hours and a minimum of two stops was madc in order to maintain the
condition of the fish. At these times, the water was agitated for a couple of minutes to encourage
gas cxchange, then the bags were refilled with oxygen and reseated. Tlus method, whereby the
oxygen at the top of the bag was allowed to diffuse slowly into the water, was found to be
effective for the transfer of healthy fish stock. Reccent literature indicates that in some cases too
much oxygen (where extra oxygen is bubbled through the water) and in others a lack of oxygen
{where no extra oxygen is supplied to replace that lost in transit) may be responsible for scrious
stress-related problems including fatalities (Edwards, 1995),

On arrival, the containers were moved into a 10°C constant temperature aquarium, air
stones were introduced to each container and air was gently bubbled through the water. The fish
were then allowed to settle and come to temperature over a two to three hour period. The animals
were then placed in holding tanks and two to three days were allowed to pass before feeding of
the fish commenced. Generally, a threc-weck acclimation period was adhered to before

experiments were undertaken.

2.1.4  Aguarium conditions and maintenance of fish in Glasgow

Juvenile turbot were held in glass fibre tanks, measuring 400 mim x 560 nun x 240 mun,
(total volume, 54 1) in a 10°C constant temperature aquarivm under a 12 h light - 12 h dark
regime. The level of sea-water in the tanks wag maintained at 36 1. Larger holding tanks,
measuring 1200 mm x 560 mim x 240 mm (total volume, 160 1) were available for maintenance
of turbot prior to experiments. Stocking densities were dependent on the size of the fish and the

size of the holding tanks, but generally no more than twelve 30 g fish were held in the smaller

experimental tanks,




As a re-circulating sea-water system was not available, it was necessary to have a strict
and careful regime for the maintenance of the fish. Each tank was moderately aerated with an
airstonc and the sca-water was filtered through an Eheim pump. Fish were generally fed once
per day with Whitc Fish Authority peliets (WFA7) unless experimental proceduses called for an
alteration 1 dict and pattern of feeding. The following day's food was removed from the -20 °C
freezer cach evening and allowed {o thaw overnight in a refrigerator. Food was offered to the fish
until they began to refuse, whereupon all uneaten food was siphoncd from the tank. Faeces and
any other particulate matter were also removed daily.

The water quatity of each rank was monitored for changes in salinity and topped up with
freshwater or with clean sea-water from the reservoir tank when necessary (sea-water was
delivered periodically from Millport, Isle of Cumbrac, and held in a large reservoir tank at
envirommental temperature). Each tank was thoroughly cleaned once per wock and filicd with
fresh sca-water which had been allowed to come to desired temperature. The fish were
transferred to another tunk during cleaning. Generally, these maintenance procedures, wcluding
cleaning, took between two to three hours per day.

Various maintenance arrangements were tested but the once described above was found to
be the most satisfactory in maintaining reasonably good watcr quality whilst minimizing the
stress caused by handling the fish, A high death rate of 50 % resulting ftom other arrangements
(fish held at Hunterston) was reduced to almost zere by adopting these procedures and fish were
held in the aquarium at Glasgow for as long as 9 months. Occasionally, it was necessary to
administer antibiotics to the fish, especially during the carly stages of the work when fish were
obtained from Hunterston and outbreaks of vibriosis were comimon as was mfection with a
possible cytophagan bacterium causing fin-rot. At first signs of any infection, Terramycin
(Pfizers) was administered at a dose of 20 mg 11, Allerations in maintenance procedurcs were

sometimes necessary due to experimental protocol, Anv such changes are described in the

relevant sections.

2.1.5 Capture and handling procedures

To reduce the stress arising from capture and handling during weighing and measuring of
the fish, the anacsthetic MS-222 (tricaine methane sulphonate) was introduced into a tank at a
dose of 100 mg 1"1. Fish were removed from the tank and carricd to the faboratory in a bucket,
weighed and measured there and then quickly returncd to a tank of clean, acrated seca water in the

aquarium unless further experimental procedures werc to follow.




2.2 MEASUREMENTS OF TURBOT

The following standard wehniques wore used to obtain the length and weight of juvenile
turbot. The conditions prior to weighing and measuring (e.g. the length of time since last meal
and the temperature of acclimation)} are given in the relevant chapters but gencrally measurements

were taken 48 h afier the last meal was offered.

1) Total bady length: the body length was measured from the tip of the lower mandible to

the posterior edge of the caudal fin. Measurements were made to the nearcst miliimetre.

ii} Total body weight: the fish were blotted and weighed to the nearest milligram. Ifish

were killed by lethal exposure to anacsthosia (MS222 at Lg I°1), followed by spinal severing,

The carcass was placed over crushed ice and dissected to remove the internal organs for

measurement,
i) Liver weight: the liver was dissceled out, blotted and weighed to the nearest milligram.
v} Gut length and weight: the gul was dissceted out from the ocsophagus to the rectum

inclusive and its length measured to the ncarest millimetre. The gut was then blotted and

weighed to the ncarest milkigram.

v) Carcass weight: all visceral organs were removed, the fish carcass was blotied and then

weighed to the nearcst milligram,

2.3 MEASUREMENTS OF THE TAPEWORM BOTHRIOCEPHALUS SCORPIT
Some juvenile turbot were found to be infected with the diphyllobothriid tapeworm,
Bothriocephalus scorpii. ldentification of the tapeworm was made by microscopic observation
(see Chapter 6) of both fresh and fixed and stained preparations. Prevalence and intonsity data
were gathered from samples of fish randomly selected from each batch collected from the Marine
Farming Units. The number of worms per tish was counted and the location of the scolex in the
infestine noted. The tapeworms were then removed and the fresh length and weight of cach was

measured.

i) Length of tapeworm; the worms were carefully removed from the gut, untangled and




their length measured to the nearest millimetre,

it) Weight of tapeworm: the worms werc weighed to the pearest malligram.

iii) Prevalence _ number of infecied hosts « 100

number of liosts sampled ’

iv) Intensity = number of parasites per host

v) Parasite index = weight of tapeworms x 100

weight of fish

2.4 DIET FORMULATIONS
Turbot were fed WFA7Y pellets during maintenance and throughout cxperiments unless

experimental procedures called for a variation in diet.

1) Composition of WFA 7 diet by weight:

Cooper's vitamin binder mix 20 %
Sprats 20 %
Qucen offal 20 %
Iceatlantic pure white fish meal 40 %
Encrgy value 12.38 kI {g wet weight)"!
(1) Composition of Coopers vitamin hinder mix (Coopers Nutrition Products F.td.)
Moisture 10.8 %
Protein £3.8% ‘
Ash 5.8 %
01l 0.8 %

Carbohydrate (inert)
The vitamin mix provided the following vitamins and minerals Kgl:

Vitamin A, 36000 i.u.; Vitamin D3, 4000 1.u.; Vitamin E, 225 i.u.; Vitamin B9, 100 mg; Vitamin
K, 30 mg; Nicotinic acid, 300 mg; Pantothenic acid, 150 mg; Folic acid, 20 myg; Vitamin By,

400 mg; Vitamin Bg, 40 mg; lodine, 9 mg; Salt, 1%; Inositol, 800 mg; Biotin 2 mg; Vitamin C,
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800 mg; Vitamin By, 60 ng: Choline chloride, 400 mg; Magnesium, 900 mg; Iron, 400 mg,

Cobalt 5, mg; Manganese, 33 mg; Copper, 5 mg; Binding agent 98.85 %,

(1ii) Composition of Lleeatlantic pure white fish meal:

Qil 2.45 %
Protein 715%
Moisture 0.4 %

{iv) Composition of chromic oxide diet :

Sprats 68 %
Cooper's vitamin binder 10 %
[ceatlantic fish meal 20 %
Chromic oxide 2%

v) Composition of sprats:

Dry maltler 28.5 %
Of dry maiter:

Protein 57 %
Oil 4%
Free tatty acids (oleic) 8.3 %
Fibre Nil
Ash 8.6 %

(v1) Composition of Pruteen (supplied by ICL):

Moisture 10 %
Protein 72 %
Total tipids 8.2 %
Ash 7.7 %

Analysis has shown that Pruteen contained the following amino acids:
Amino acids; Lysing 4.7 g, Methionine 1.8 g, Cystine 0.5 g, Alanine 5.0 g, Arginine 3.6 g,
Aspartic acid 6.5 g, Glutamic acid 7.6 g, Glycine 3.8 g, Histidine 1.4 g, Isoleucine 3.4 g, Leucine
5.2 g, Phenylalanine 2.6 g, Proline 2.4 g, Scrine 2.4 g, Threonine 3.3 g, I'ryptotophan 0.7 p,
Tyrosing 2.3 g, Valing 4.1 g.

Prutcen is the name of the malerial resulting from the fermentation of methanol by the

micro-organism Methylophilus methylotrophus. The organism grows rapidly and efficiently on
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methanol as its only carbon and energy source and gives a product which is rich i protein and in
the essential amino acids lysine and methionine. The micro-organism is harvosted and dried to
yicld granules or powder containing over 70 % protein. Digestibility triafs were conducted for
ICI comparing the assimilation efficiencies of juvenile turbot fod on dicts containing Prutcen as
the major protein source with those fed on diets contaimng protoin from other sources (see

Chapter 3 for experimental design and resulés).

2.5 DETERMINATION OF DRY WEIGHT AND ASH CONTENT
The dry weight of foodstuffs and body tissues was determined by drying samples to a
constant weight in an oven set at 100°C. The ash content was determined by heating samples of

pre-dried matetial for six hours in a blast furnacc sct at 600°C.

2.6 DETERMINATION OF ENERGY CONTENT USING THE GALLENKAMP
BOMD CALORIMETER

The energy content of dried foodstuffs was determined by combusting 10 x 1 g samples
in an atmosphere of pure oxygen at 25 atmospheres of pressure. The heat of combustion is
taken up by a large heavy stainless steel shell. The temperature rise in the shel] is measured by a
thermocouplc. The instrument was calibrated by measuring the temperature rise preduced by the

combustion of a standard quantity of benzoic acid and results expressed in kJoules.

2.7 DETERMINATION OF LIPID CONTENT USING THE STANDARD
SOXHLET METHOD

The standard Soxhlet technique was used to extract the crude lipid componenis from pre-
dried material (Grodzinski and Klekowski, 1975). A known weight of pre-dricd material was
wrapped in a paper (owel and fastened with staples to form a small, secure parcel. Conlrols
using pre-weighcd parccls consisting of paper and staples only were used. All parcels were
weighed and placed in the Soxhlet apparatus where extraction of lipids with a hot solvent mixture
of chloroform:methanol (2:1) for 10 cycles (5 hours) was undertaken. The samples were
removed from the apparatus and the excess solvent driven off by drying the samples in an oven at
100°C overight. The samples were then re-weighed 1o the ncarest mg and any weight loss was

considered to be duc to the extraction of the crude lipid component from the dry sample.
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2.8 ASSIMILATION EFFICIENCY DETERMINATION USING THE INDIRECT
CHROMIC OXIDE METHOD

2.8.1 Introeduction
The nutrient assimilation efficiencies of turbot maintained under various conditions were

determined indirectly by mcorporating known quantities of chromic oxide (Cr03), a

physiologically inert reference matenal, mto the diet. The concentration of chromic oxide could
then be determined chemically in the food and facces and from the ratio of concentrations of
chromic oxide to that of a nutrient in the food and faccal samples, the assinulation efficiency
could be calculated without direet measurement of either food intake or facces output (Maynard

and Loosli, 1969). The following equation was used:

. - Cr20: : Nutrienr ratio in food
Assimilation efficiency % = 100 x (1— 2

Cr2 0; ; Nutrient ratio in faeces

A wet mix of the chromic oxide diet (scc above) was prepared by diluting the diet 1:2 with
deionized water (for variations in the composition of this dict and in cxperimental procedures,
see relevant chapters). Generally, food was withheld frem fish for 48 b prior to voluntary or
force feeding with the chromic oxide diet. The fish were then fed 2 % of their body weight of the
diet twice per day and at the same time cach day, using a 5 ml plastipak svringe for force teeding
procedures. Tanks were rogularty checked for appearance of faccal material and these were
promptly removed. Beamish ef al. (1975), suggested that faecal material should be removed
from tanks as soon as possible as the protein nitrogen content of faescal material aliowed to
romain in a tank of bass Dicentrarchus labrax, kept at 25 °C was found to decrease by
approximately 18 % over twenty four hours. Faecal samples from each group of experimental
fish (n = 10-12} were collected by syphoung out the facees from the botlom of the respective
tanks. Samples from each group were washed with deionized water, filtered and dried in an oven
at 100 °C to constant weight. All samples for micro-chemical analysis were ground using a
mortar and pestle, thoroughly mixed and diluted 1:10 w/w with silica gel. The dilution with silica
gel enabled small samples (o be measured out accurately for analysis. For most experiments, a
sccond and third series of force feeding with the chromic oxide diet foltowed hy collection of

faccal samples was undertaken giving three samples for each experimental condition.
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2,8.2  Chemical analyses:
Chemical analyscs were catried out on pre-dried material in accordance with the

following mcthods:

2.8.2.1 Chromic oxide determination

The quantity of chromic oxide in each sample was determined using the method
described by McGinnis and Kasting (1964). The chronic oxide was oxidised to dichromate and
analysed spectrophotometrically by the dipheaylcarbazide reaction.
Reagents:
Wet oxidation mix (WOM): 2 p sodiom molybdate dissolved m 30 ml distifled watcr; add 30 mi
concentrated sulphuric acid; 40 ml 70 % perchloric acid added finally.
Diphenylcatrbazide reagent: 0.25 % w/v diphenylcarbazide i 50 % aqueous acctone (freshly
made).
Standards:
Standards were prepared by mixing chromic oxide with silica gel such that |0mg aliquots

contained 600, 300, 150 and 100 pyg chromic oxide.

Method:

1 10 mg sample heated with 1 ml WOM for 30 min at 220°C

2 Resulting mixture diluted to 50 ml with distilled water

3 To 10 ml of this diluted mix, | ml of diphenylcarbazide reagent was added (with syringe

to ensure rapid mixing).
4 Mixture centrifuged for 5 minutes to remove silica gel particles and absorbance at 540
nim determined.

5 Blank prepared from 10 mg silica gel and treated in the same way as faccal sample.

2.8.2.2 Protein determination using standard micro-Kjeldahl technique,

Samples were digested in sulphuric acid and the resulting  ammonium nitrogen
determined spectophotometrically by the phenol-hypochiorite reaction. Ammonium sulphate was
used as a standard.

Reagents:
Digestion mix;
300 mg selenium oxide dissolved in 15 ml distilied water; 85 ml N-Fee sulphuric acid

added to above and made up to 250 ml with distilled water. {Can be stored).

Plenol reagent:




5 ml 80 % aquecous phenol, 20 mg sodium nitroprusside; made up to 400 ml with
distilled water. (Used ficsh).
Hypochlorite reagent:
2 ml sodium hypochlorite (IN in 0. 1N NaOH); 80 ml 2.5 % w/v sodium hydroxide
made up to 200 ml with distilled water. (Freshly madc).
Method:
1 10 mg sample heated to 350°C with either | or 2 mi digestion mix (depending on
whether food or faccal sample) until digestion products become clear and then for |

hour aficr this.

e8]

Mixture allowed to cool and made up to 20 ml with distilled water
3 To 1 ml (2 ml}) of diluted digestion product
add a)2ml 2.5 % Na OH
b) 4 ml phenol reagent
¢) 2 ml hypochlorite reagent
Make up to 10 mi with distilicd water, mixed well and centrifuged to remove Silica gel
particles.
4 Allow colour to develop for 20 - 30 minutes at room temperature and determine
absarbance at 635 nm.
5 Blank prepared from: 2 ml digestion mix, 98 ml distilled water.
Most protemns contain approximately 16 % by weight of nitregen and therclore
the protein content of cach sample can be determined from its nitrogen content by multiplying by

a factor of 6.25.

2.8.2.3 Energy value delermination
The energy value of foodstuffs and figh tissucs was commonly determined using

a Gallenkamp Ballistic Bomb calorimeter using benzoic acid as the standard (sce abave).
However, in some cases, and particularly when oaly a lunited amount of material was available
for analysis, the energy value was determined using the wet oxidation technique,
Wet oxidation method:

Using this technique, organic material is oxidised with potassium dichromate in
concentrated sulphuric acid and the uareduced dichromate determined spectrophotometrically
(O'Shea and McGuure, 1962).

Reagents:

Wet oxidation mix:




2.5 g KoCrp0O7 mixed with 10 ml distilled water and made up to 500 ml with
concentrated sulphuric acid.
Standard:

Solution of 0.5 % potassium dichromate in concentrated sulphuric acid diluted 25 foid
with distilled water and absorbance at 347 m determined (solution contains [0 mg KoyCra07 per
10 mt sample used).

Method:
1 10 mg samples mixed with either 2 ml or 4 ml digestion mix (for faecal and food

samples, respectively) and heated at 80-100°C for | h.

2 Mixture cooled and diluted to 50 ml with distilled water and centrifuged to
remove sitica gel particles.
3 Absorbance rcad at 347 nm.

4 A blank containing (.5 ml distilled watcr and 2 ml digestion mix was similarly treated.

Calculation of total energy:
Mecan absorbance of unknown — E{
Mean absorbance of standard = Ey
It Ey=FKj  then no reduction of KyCryO7 has occurred
AE=E9 -E; = BE9-E/Eq x 10 mg K7Cry O
Since 3 mg KpCrpO7 = 0.489 mg O and taking mean oxycalorific coefficient of
fat/carbohydrate/protein of 3.38 calories, then lmg KyCryO7 = 0.551 calories
(10 mg KoCrpO7 = 5.5 calonies = 23 . 1joules).
From the difference between the absorbance valuc of the standard and the

upknowns the amount of reduced dichromatc and the energy value of the samples may be
determined.

Hence AE = E2-E1/E2 x 5.52 calories

However, oxidation of protein tends to be incomplete during wet oxidation procedures
and hence a correction factor must be applicd. According to Forster and Gabbot (1971) a value
of 60% for oxidized protein may be generally applicable and thercfore a  correction for
unoxidized protein may be carried out as follows:

If the amount of protein in sample (N x 6.25) from micro Kjeldal is X mg

Then unoxidised protein is 0.4X g




Since calorific coefficient of protein is 5.65 calories/mg and 40 % of protein of tissue
sample is unoxidized then the corvection factor for unoxidized protein in the sample is :
0.4 x 5.65 x protein content in sample {X) = 2.26X calories.

Then total energy in sample:

TOTAL ENERGY = (5.52AL/E, + 2.26X) x 4.184 joules.

2.9 DETERMINATION OF OXYGEN CONSUMPTION USING A CONSTANT-
FLOW RESPIROMETER

A constant-flow respirometer was used to measure the oxygen consumption of fish in the
present study.  The theory behind the measurement of respiration rate and the desipn of the

apparatus used are described in Chapter 4.

2.10 MICROSCOPY TECHNIQUES

2.10.1 Preparation of fish tissue for light microscopy

Generally, fish were prepared for light microscopy in the following manncr.
i) Sampling procedure and fixation:

The alimentary tract was dissected ont and placed in neutral buffered formalin solution.
The inside of the gut was infused with fixative and the gut was then cut into the [ollowing
sections: &) oesophagus and stomach; b) pyloric cacca and amterior intestine; c) posterior intestine

and d) rectum. The sections were left overnight in fixative.

i) Tissue processing:

1 Samples rinsed in tap water, washed twice in 70 % alcohol and left overnight in 70 %
alcohol.

2 Wash in 70 % aleohol for 3.5 h

3 Change and wash in 70 % alcohol for further 4.5 h

4 Wash in 90 % alcohol for 2 h

5 Wash m absolute alcohol for 1.5 h

6 Change and wash in absolute alcohol for further 1.5 h

7 Absolute alcohol and xylene (5¢:50) for 1 h

8 Xylenc for 1 h

9 Xylene and wax (50:50)for 1 h
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10 Paraffin wax 1) for2 h
11 Paraffin wax 2) for3 h
i) Embedding:

Metal blocks were filled with molten paraffin wax and tissue specimens with tabels were
placed in the wax. The blocks were then placed on a tray with ice and water and the tops of the
blocks flamed every few seconds and extra molten wax added. This was carried out to prevent
air bubbles forming due to shrinkage of the paraftin wax. The blocks were then left on ice until
hardened and ready for sectioning and staining.

iv) Sectioning:
The wax blocks were mounied on wooden blocks and trimmed ready for sectioning.
Seital sections were cut at 5 jun intervals on a rotary microtome, It was decided to cut 20
scetions (=100 wm) and miss 200 sections (=1000 pum =1 mm } throughout the length of the gut.
Microscope slides were cleaned with alcohol and labelled using a diamond culier. A
mixture of albumen and water was placed on the slide, then the sections were carefully laid on the
slide and then left on a hotplate overnighi.
v) Staining:

Sections were stained with Ehrlich's Haematoxyfin and Eosin for pencral staining.
Fixatives:

Neutral buffered formalin solution (pH 7.0). Luna (1968)

Formalin (40 % w/v formaldshyde) 100 ml

Distilled water 900 mi
NapHPO4 6.5g
NaH»PO4 HyO 4g

Fish saline for turbot:

Ingredients expressed n g I NaCl, 9.28; KC}, 0.37; NaHyPO4 2H)0, 0.06; CaCly, 0.22;
MgCl5, 0.095; Glucose, 0.45; Hepes buffer, 1.09. Dissolve cach component separately (except
CaClp) m 750 mi distilled water and then dissolve CaCly in 250 ml distilled water.  Auntoclave

both solutions, cool and mix.

2.10.2 Preparation of fish tissue for Transmission Electron Microscopy

Generally, fish were anaesthetized and then killed by spinal severing and guts dissected
out in fish saline. The proccdure was carried out over a container of crushed ice to keep the
tissues cool and delay lysis of tissue. Small sections of gut measuring less than 1 mm were cut

from each of the following regions: oesophagus, stomach, anterior intestine, posterior intestine
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and rectum (3-4 sections from each region). The tissucs were then fixed and stained using the

following procedurcs.

i) Fixation:

1 1 mm sections of tissue immersed in gluteraldehyde fixative for 2 h
2 Rinsed twice with phosphate butier and left avernight

3 Fixed in ostniwm fixative and el for 2 h in a coot dark place.

4 Rapidly rmsed twice with buffer

Dechydrate in alcohols :
30 % ~ 10 min
50 % - 10 min
70 % - 15 min
90 % - 15 min
Absolute aleohol - 15 min (twice)
Absolute alcohol (anhydrous) - 15 min {twice)

1,2 Epoxypropane - 15 min (iwice)

i) Embedding:

1 For embedding, a 1:1 mix of Araldite mix plus accelerator with 1,2 epoxypropane was
prepared and left for at least for 5 h

2 Araldite mix poured over labels in foil dishes. Specimens placed at bottom of oven (45
*C) and left for at least 5 h.

3 Place in 60°C oven for 18 h then remove.

iii) Sectioning and staining:

Thin and thick sections werc cut on an LKB Ultramicrotome Type 1. Thick sections were
prepared using a dry knife and lified with a glass splinter then placed on a microscope slide with
albumen and stained with mcthy! bluc. Scetions were examined using a Leitz microscope.

Thin scctions were cut with a glass knife filled with 10 % alcohol then stretched with a
waft of chloroform and placed on the dull side of a copper grid. The shiny side of the copper grid
was then placed down on filter paper in a Petri dish and stained with saturated uranyl acctate in
50 % cthanol (15 min) followed by aqueous lead citrate solution (15 min). Scctions were
cxanined using an AE1 EMB801 electron microscope al an acceleraling voltage of 60KV and
photographs were recorded on Ilford EM4 plates.

tv) Reagents:
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Butfer:

A 2.26 % sodinm dihydrogen orthophosphate (11.3 g in 500 ml distilled water)
B 2.52 % sodium hydroxide (6.3 g in 250 ml distilled water)

C 5.4 % glucose

D 83 ml of A added to 17 mf of B and checked for pH of between 7.2-7 .4
Fixative:

Giluteraldechyde fixative: 9 ml of 25 % gluteraldehyde added to 50 ml of selution D
Buffer rinsc: 9 ml of distitied water added to 50 ml of solution D

Osmium fixative: 0.5 g phial of osmium tetroxide added to 45 mt solutionn P and 5§ nl

of solution C

Embedding resin:

Araldite mix: To 27 m! hardener and 23 ml resin (already mixed) added { il

2.10.3

accelerator (2 % DMP 30). Made in 100 wl plastic disposable

beaker and mixed thoroughly before usc.

Preparation of fish tissue for Scanning Electron Microscopy
Generally, fish were prepared for scanning electron microscopy in the following manner.
Sampling procedure and fixation:

The alimentary tract was dissected out in fish saling and switable sized scetions to fit the

mounting stubs were then cut from the anterior intestine, posterior intesting and rectum. These

sections were then opened out and placed in gluteraldehyde fixative and processed as fallows,

1

2
3
4

U

7

Sections of tissue immersed in ghiteraldehyde fixative for 2 .
Gently washed with buffer rinse to remove surface blood and mucous.
Placed in 1% osmium tetroxide fixative for 2 h.
Tissues trimmed to expose surfaces to be scanned,
Washed in buffer rinse for 2 h.
Tissucs dehydrated in acetone:

30 % acetone 10 min

30 % acctone 10 min

70 % acetone 10 min

90 % acetone 10 min

Analar acetone 10 min

Analar acetone overnight

Change acetone and critical point dry




8 Attach tissues (o aluminium stubs using silver paint. Allow to dry 30 minutes in an
oven at 37°C

9 Paint with gold

i) Pracedure for critical point drying:
The tissues are dried over CO; to obtain a distortion-frec surface followed by gold

coating to enhhaace resolution,

! Dehydrated tissues (in 100 % acctong) transferred fo basket filled with acetone.  Care
taken not to allow drying.

2 Basket placed in pressure drier (handle out) and door closcd

3 Inlet valve opened to allow liquid CO5 in to replace acetone, (This allows tissucs (o be
dried in CO9 as it changes from liguid to gaseous form thus preventing disfiguration of
tissucs, )
It is important to make sure liquid level docs not fall below level of basket.

4 Flush system 2-3 times over a period of -2 h to remove acetone.
Open vent valve anticlockwise then drain valve - watch liquid level.
Close drain and then vent valve,
Turn hot water system on and allow pressure to rise slowly to 400 psi (liquid COy

turns to gas at approximately 1100 psi)

Lh

Vent off gas slowly, remove basket and mount specimens on stubs as described.
The dried sections were glued to the stubs using Acheson's Dag 915 cement and were
then coated with gold in a Polaron SEM coating unit E500 and finally cxamined in a

Philips Scanning Electron Microscope at 25KV,

2.11 DATA ANALYSES

All statistical analyscs were performed using Minitab version 10.0 for Windows.
Parametric tests include t-tests, regression analysis and analysis of covariance. Mann-Whitncy
and Kruskal-Wallis non-paramotric tests were also used.  Statistical significance has been

accepted at a probability level of less than 0.05. Means are presented 4= their standard deviation

unless otherwise stated.
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CHAPTER 3

FEEDING, DIGESTION AND ABSORPTION IN TURBOT
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3.1 INTRODUCTION

Fish require an adequate supply of food contatning the necessary nutrients required in
appropriate amounts, Their food must contain sufficient encrgy and nutrients for routine
maintenance, the process of assimilation, any activity, growth and reproduction. In intensive
culture conditions, a fish does not have to seek and capture food; it is presented with food on a
regular basis. Knowledge of how much food a fish requires, how efficiently this food is digested
and absorbed, and how quickly the food passes through the gut under different environmental and
intrinsic conditions is essential in determining how often this food should be presented, the
optimal proportion of nutrients and cnergy content of the food and the overall conditions for

maximuum efficiency of utilization of the food.

3.1.1 Feeding mechanisms and the alimentary tract

The morphological structure of the mouthparis of a fish determine to a large extent the
type of food eaten (Chapter 1.4). Some fish expericnce changes in diet under certain conditions
(for example, during winter, spawning, specitic food shortages, parasitic infection or intcnsive
fish farming). Various authors bave shown the adaptability of the alimentary canal to changes in
the diet {Angelescu and Gneri, 1949 cited in Kapoor et af., 1975; Lange, 1962 cited in Kapoor ef
al., 1975; Siroband, 1977; Kuperman and Kuz'mina, 1994) although others have been more
sceptical of the refationship between feeding habits and gut structure (Bishop and Odense, 1966).
It would seem most likely that the phylogeny of a fish to a large extent, but not exclusively,
determines its feeding characteristics and also its ability to adapt to a variety ol [ceding
conditions, although it might be expected that some fish are more flexible in this respect than
others.

Fish under intensive culture tend to be fed a highly nutritive, easily digested, protein-rich
diet and it has been suggested that this may lead to a shortening of the alimentary canal
(Crompton, 1973; Jobling, 1994). Wild turbot (=110 num in length} feed on prey such as fish
that move very quickly whereas very young fish (60-110 mm in length) feed predominately on
mysids and young shrimps (Braber and de Groot, 1973a). The mauth of the turbot is almost
symmetrical with an apical aperture enabling the fish to snap at fast moving prey in front of il
(Van Dobben, 1937, cited in de Groot, 1971).  They are visual predators and do not rely on
chemical stimuft to any discernible degree, a system which correlates with the presence in the
brain of a relatively small offactory lobe and a large optical lobe (Evans, 1937). However,
chemoreception may play an integrated pait in the teeding strategy of larval turbot (Knutsen,
1992). According to de Groot (1971) digestion is slow (96 hours to clear all traces of food from

the alimentary tract at 10°C) which he maintains is in accordance with the feeding behaviour of
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devouring whole fish and the presence of a large stomach and short intestine. The buccal and
pharyngeal cavities, oesophagus and stomach represent about 50% of the turbot's alimentary
canal, the rest consists of a short, simpic intestinal loop with two small intestinal cacca (oflen
referred to as pyloric caeca) and rectum.  Braber and de Groot, (1973b) found the length of the
alimentary tract of turbot to be approximately equal to the body length throughout the life cycle,
although there is a gradual change in the relative lengths of the buccal-pharyngeal cavity and
oesophagus-stomach lengths, They postulated that the gradual increase in the relative size of the
buccal-pharyngeal cavity was probably correlated with the mcrease in the size of the prey
although the length of the witestine and rectum remait the same.

In this study, comparisons were made between  the gross structure and length of the
alimentary tract of farmed turbot fed on a pelleted diet with that of wild turbot feeding on natural
prey items. Observations were also made to find out if any changes in the length of the gut were
caused by differences in feeding level, frequency of feeding or by acclimation temperature,

The extent to which food is digested and absorbed is largely dependent on the structure
and function of the alimentary tract. Various studies have been carried out on the basic structural
organization and ultrastucture of the intestinal epithelium of teleost fish in relation to their teeding
habits (Al-Hussaini, 1949a,b; Moshin, 1962; Iwai, 1968ab, 1969; Western, 1969; Noaillac-
Depeyre and Gas, 1973; Anderson, 1986; Cousin ef a/., 1987; Kuperman and Kuz'mina, 1994;
Murray ef a/., 1994a,b, 1996). One aim of the present study was to compare the ultrastructure
of the intestinal epithelium of turbot, a carnivorous fish with a very fast growth rale, with that
roported for other fish 1o see if the turbot's life style is reflected in its intestinal composition. In
addition, the adaptability of the structure of the alimenlary tract of fed and fasted fish were

compared,

3. 1. 2 Factors affecting food intake, digestion and absorption in fish

The quasntity of food consumed, digestion and absorption of food may be influenced by a
number of different factors including size of fish, nutritional history, the size of meal, availability
of certain food items, size of food items and consistency, frequency of feeding, digestibility of
nutrients, ight regime. temperature, water quality and condition of fish (Tyler, 1970; Edwards,
1971; Elliot, 1972, 1975a, b; Jobling et ai., 1977, Thorpe, 1977; Elliol and Pcrsson, 1978;
Windell, 1978, Fange and Grove, 1979; Flowerdew and Grove, 1979; Jobling, 1980, 1981a,b;
Grove ef al, 1985; Pandian and Vivekanandan, 1983; Talbot, 1985; Bromiley, 1987, 1994;
Cousin et al., 1987, Munilla-Moran and Stark, 1989, 1990) {see Figurc 3.1). Stress induced by
the presence of dominant individuals {Abbot and Dill, 1989; IHuntingford et al., 1993), crowding

(Jargensen ef al., 1993) or hasdling (Waring et al., 1996) may also influence food intake and
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Figure 3. 1 Flow chart showing factors influencing eeding and digestion in fish
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growth, This may bc mediated by adrenaline or adrenergic releases stimulaled by stress, which
are known to reducc the blood supplv to the digestive system. Discase status may also be an
important factor m the nutrition and growth of fish. Tor cxample, Schistocephalus soliclus
mfection m the three-spined stickleback, Gasterostfens aculeatus, is known to have an adverse
aflect on the nutrition, prowth and metabolism of the infected fish (Arme and Owen, 1967,
Walkey and Meakms, 1970; Lester, 1971; Pennycuick, 1971ab,c,d; Pascoc and Maltey, 1977,
Tierney, 1994). Infection with the tapeworm Bothriocephalus acheilognathi has been reported
as causing sluggishness and emaciation in farmed fish (Hoole, 1994). Low level infection of
various salmonid fish with the tapeworm ZEubothrium safvelini has been shown to have a
deleterious effect on growih and swrvival of the fish (Boyee, 1979; Hoffmann ef «f., 1986:
Bristow and Berland, 1991). Tn addition, increasing levels of severity of infection of Atlantic
salmon with the tapeworm Eubothrivm crassum bas beon shown (o have a negative correlation
with the condition factor and gonadal development in the fish (Dorucu, 1996).

Feeding, digestion and absorption in fish are interrelated and this may obscure to some
extent the role of each in influencing the way in which cnergy is distributed between assimsilation,
maintenance, activity and growlh. Howcver, by aliering cxperimiental conditions it is possible to
deternuine the feeding rate, digestion rate and assimilation efficiency under specific conditions.
In this way, judgement can be made on the conditions which give the maximum efficiency of

utilization of tood.

3. 1.3 Rescarch aims
A number of feeding experiments were carried out to gain insight into aspects of feeding

and digestion in turbot and to explore the adaptability of these featurcs under different conditions.

In particular, the study had the following objectives:

| To examine the gross structure of the alimentary tract of juvenile turbot and relate this
to the function. To compare the structures of fish fed on a natural dict and those fed on
an artificial dict and assess whether changes in feeding rates, feeding pattcrns and
acclimation temperature have any affect on the kength of the alimentary tract.

2 To examine the general histology of the alunentary tract of turbol and determine if any
adaptive changes are made in response to different temperatures or feoding regimes,

3 To examine the fine structure of the absorptive epithelium of the alimentary tract of
turbot, a carnivorous fish, and comparc with other fish species and also observe any
diffcrences that occur between starved and fed turbot.

4 To determine the feeding/ingestion rates of fish held under various feeding regimes and

ul different acclimation temperatures.
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5 To study the rate of passage of food through the alimentary tract and examine the effect
of temperature and feeding regime on the time taken.

6 "l'o determine the pH of differeni regions of the gut and observe the condition of the gall
bladder at different phases of the digestive cycie.

7 To investigate the influence of difTerent dietary proteins, carboliydrate. temperature and

different foeding regimes on the assimilation efficiency of turbot,

3.2. MATERIALS AND METHODS
3. 2.1 Feeding experiments

3.2.1.1 Introduction
A large group of feeding experiments were designed to examine the eflects of
acclimation temperature, feeding level and frequency of feeding on the feeding rate, absorption
efficiency, respiration rate, growth rate, conversion efficiency, condition and body composition
of juvenile turbot. The morphology and histology of the alimentary tract was also examined to
discover if the differenl experimental faclors resuited in changes at this level. The overall design
of the experiments is described here but some specitic details are explained in other scctions of

this work. The basic experimental design is depicted in Figure 3.2 and explained here.

3.2.1.2 Experimental design

Fighty-six juvenile turbot, aged six months, wore obtained from Ardtoe and
acclimated to laberatory conditions at F0°C under a 12 h light - 12 h dark regime, following the
procedures described in Chapter 2. The fish were fed to satiation twice daily with WFA7 pellets
for a period of three weeks. Teeding occurred at 1000 h and 1500h or as close to those times as
possible. After this period of acclimation, the fish were separated into a control group of'ten fish
{(which were used to determine the initial propertics of the fish} plus four cxperimental groups of
twelve fish held under the conditions described for a period of ten weeks (Lable 3.1). Each group
of fish was held in a 54 litre polystyrene tank. The tanks were fitted with charcoal filtered Eheim

pumps and regular maintenance of the tanks was carried out as described in Chapter 2.
3.2.1.3 Feeding procedure

A preliminary experiment was carried out over a one week period to define the

maximum feeding rate and hence the level of feeding that approximated to suliztion for fish held
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Table 3.1 Summary table of experimental conditions during feeding expertment.

Acclimation Period of
Group Temperature Acclimation Feeding regime

One 10°C Ten wecks Fish fed twice cféﬁly to satiation

Two 10°C Ten weeks Fisl fed to satiation every four to five days

Three 10°C Ten weeks Fish fd twice per day on reduced ration
Four | 20°C Ten weeks Fish fed twice datly to satzation

Five 10°C Three weeks Fish fed twice daily to satiation {control -

representing indtial condition of fisiy)

under laboratory conditions. Four groups of six fish held in 54 litre tanks at 10°C were [ed to
satiation either once, twice, three or four times per day at 0900, 1200, 1500, and 1800 h.
According to de Groot, {1971), turbot mainly feed during the day with stomach filling showing
the greatest peak in the morning plus a secondary peak in the aftcrnoon. He also stated that
feeding ceases at night and for tiis reason only a daytime feeding schedule was used in this study.
It was found that satiation occurred at iwo meals per day for juvenile turbot held under the
laboratory conditions specified and so it was deeided to offer these meals at 1000 h and 1500 h
for the durartion of (he main feeding experiments.

The following day's food ration was removed from -20°C storage and thawed overnight
in a refrigerator. The food for each tank was weighed before and after feeding to determine the
amount consumied. Groups fed to satiation were offered food nntil rejection, whersupon any
remaining food was quickly removed from the tank and added to the leftover food for weighing.

A reduced ration of 1.5 % body weight per day was gtven (o group 3. This was deterinined from

the weight of fish in the tank and was re-cstimated every fortnight after morphometric
measurements had been re-asscsscd.  From these data the feeding rates and amount of food
consumed per group of fish per fortnight could be determined and related to the growth rate (sce

Chapter 4) of the fish undor the different experimental conditions.

3.2.1.4 Morphometric measurements
Morphometric measurements were assossed as deseribed in Chapter 2.2 for cach
of the five groups of fish. Measurements, including the weight and length of the fish, were taken
at the start and end of the experiment and at approximalcly two-weekly intervals throughout this

period. At the end of the experiment, the fish were sacrificed and further measurements were
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Figure 3.2 Flow chart depicting experimental design of main feeding experiments.
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taken including the weight of the liver, the number, length and weight of tapeworms present to
give information on the parasite status (sec Chapter 6) and length and weight of the alimentary

tract,

3.2.1.5 Cheinical analyses
Fish carcasses and liver tissuc (rom each group of fish were dried to a constanl
weight and prepared for chemical analysis as described in Chapier 2 sections 2.6-2.8. The
following components were determined for each group: percentage moisture, percentage ash,

percentage lipid, total protein, total nitrogen and (otal calories.

3.2.1.6 Determination of the effect of temperature and feeding regime on the length
of the alimentary tract.

‘t'he relative length of each part of the alimentary tract and the total length of the
tract from the oesophagus to the anus were assessed after three weeks for the control fish and at
the end of ten weeks for the experimental fish.

Braber and de Groot (1973b) expressed the length of the alimentary tract of turbot
(cxtending from the buccal-pharyngeal cavity to the anus, inclusive) as a perceniage of the total
body length. They found the length of the alimentary tract to be approximately equal to the body
length in fish ranging from 5-70 cm. In their work, the buccal-pharyngeal cavity represents
approximately 23-25% (= 24%) of the total body length i fish of < 250 mm in length and 25-
32% (= 27.7%) of the body length of fish of 250-650 mm in lengih, In the present work the
length of the alimentary tract includes the segment from the oesophagus to the anus, However,
comparisons can be made with Braber and de Groot il an estiation of the total length of the

alimentary tract including the buccal-pharyngeal cavity is madc based on their figures.

3.2.1.7 Parasite status
The condition of each fish was examined and the presence or absence of
tapeworms In the alimentary canal was noted. The number of worms per host was recorded and
the morphometric measurcments of each worm were assessed as described in Chapter 2.3, These

data are discussed in Chapter 6.

3.2.1.8 Gross anatomy and histology of alimentary tract
The alimentary tracts of three fish fod twice daily to satiation and maintained
under laboratory conditions at 10°C for three weeks were removed for examination of gross

morphological structure. The guts were dissected out, opened longitudinally and the anatomical
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features observed.  Samples from cach group of fish wore preserved and sertal sections of the

alimentary tract were prepared for histological examination as described in Chapter 2,10.

3.2.1.9 Fine structure of the epithelium of the alimentary tract
Samples were obtained from fed juvenile turbot after an imitial three week
acclimation period to laboratory conditions. Another group of fish had food withheld for two
weeks  and then samples were taken. These specimens were prepared for cleetron microscopicat

cxamination as described in Chapter 2.10.

3. 2.2 Rate ol passage ol lood through the alimentary tract

Three difforent methods were employed to cxainine the ratc of passage of food through
the alimentary tract. Firstly, mdcpendent of the main feeding experiments, a group of thirty-three
fish were acclimated to laboratory condittons at 10°C and fed to satiation on WEFA7 pellets for a
period of three weeks. Food was withheld from them for four days and then the fish were fed
veoluntarily to satiation betfore killing proups of fish at various time intervals after feeding,  The
fish were killed by spinal severing, weighed, the gut quickly removed, opened and the location of
the food in the alunentary tract abserved.

For the second approach, fish fiom each group of the main feeding experhment were
maintained on their specific feeding regime for the duration of the experiment and then force-fed
the relevant % body weight of an artificially prepared dict containing chromic oxide, an ert dye
which 1s not absorbed and which is readily detectable in the faeces {see Chapter 2 for details). As
this procedurc followed the experimental feeding pattern, it entailed Group Two fish having a
longer period (4 days) without foed than the other four Groups which were fed daily. The fish
were observed every hour until firsl facces appeared after feeding and then at 2-4 h intervals until
the last faeces appeared.

Thirdly, fish from each Group werc maintained under specific feeding regimes for the
duration of the test aftcr which food was withheld for 48 hours, the fish were then force-fed the

chromic oxide diet and the time taken for the first and last fasces to appear was observed.

3. 2.3 Determination of fluctuations in lumen pH in the alimentary tract during dilferent
phases of the digestive cycle

It is often the case that the pH of the substrate incubation media used in histochemical
studics of enzymes in tissue scctions may bear little resemblance to that existing i vivo
{(Western, 1971). The fluctuations of lumen pH of cach of the scparaie regions of the alimentary

canal during the different phases of the digestive cycle were determined so that the roles of the




enzymes possibly involved in the digestive scquence might be assessed more realistically and to
complement histochemical studics and so give an insight into the digestive sequence in turbot.
Fish of weight range 33-45 g were obtained from Ardtoe and were maintained at 10°C
for three wecks, The fish wore fed daily to satiation with WFA pellets.  The fish were then
deprived of food for four days and then aliowed to feed to satiation on WFA pellets before they
were sacrificed at various time intervals after feeding. Group size was three and only fish
observed to be healthy feeders were used for this investigation. Fish were killed by spinal
severing, weighed and the gut was quickly removed, opened and analyzed. The approximate
lumen pH was assessed using universal indicator test papers, followed by confirmatory fests with

BDIT 'marrow range'’ indicator papers.

3.2.4 Determination of feeding rates

The mgestion rales of fish held under the various conditions of the main feeding
experiment were assessed over the ten week period. The amount of food consumed by each group
was carcfully measured and expressed as a percentage of the body weight per day, All fish were

measured tor weight and length at approximately two weekly intervals throughout the experiment.

3. 2. 5 Determination of assimilation efficiency
The assimilation efficicncy for the five groups of fish held under various focding
conditions was measurcd using the indirect chromic oxide method (detailed in Chapter 2.7) to
determine if therc was any variation in the digestive efficiencies due to differences in acclimation
temperature, size of fish, frequency of feeding or quantity of food given.
At the end of the 10 weck acclimation period, tood was withheld for 48 hours after which
the fish were weighed and then force-fed 2 % of their body weight of the test chromic oxide diet.

This procedure was ropeated three times giving three samples from each group.

3.2.5.2 Digestibility trials

The indirect chromic oxide method was also employed to examine the
assimilation elficiency of [fish fed dicts containing a supplement of different protein sources (see
Chapter 2 for details of chemical analyses). Digestibilily trials were conducted to compare the
assimilation efficiency of turbot fod on dicts containing Pruteen (ICI, Macclesfield) as the major
protetn source with those fed on diets containing other profeins and also to test the sparing effect
of a carbohydratc (kaolin) on the digestive cfficiency of Pruteen. Pruteen is obtained from the
fermentation of the micro-organism Methylophilus methylotrophny (sce Chapter 2.4 for

composition of Pruteen and other dicts used).

48




Juvenile turbot in the weight range 4-12 g were obtained from the fish farming unit at
Humterston where they had been weaned on io a WFA pelleted dict and maintained at ambient
temperaturcs of approximately 10°C. The fish were transported to the laboratory where they
were acclimated to faboratory conditions and fed twice daily to satiation on WFA pelleted diet
and maintained at 10°C for three weeks before the fecding trials commenced. The fish were
divided into three groups of belween 12 - 16 fish. Each group of [ish was deprived of food for 48
h then individual fish were toree fed 2 % body weight of the test diet, using a 5 mi plastipak
syringe. The tanks werc observed regularly and faccal matier promptly removed and dried and
then chemical analyses carried out to determine the chromic oxide, protein and energy content of
the faeces.

The basic test diet consisted of 68 % sprats; 10 % vitamin binder; 2 % chromic oxide
and 20 % of one of the following protein sources: Pruteen; fish meal; casein or albumin. To
test the sparing effect of carbohydrate on the digestive efficiency of the protein source, the 20 %
Prutcen or 20% fish meal component was progressively substituted with 5, [0, 15 or 20 % kaolin
(starch). Sampics from cach dict were dried and analyses carried out to deterntine their chromic
oxtde, protein and energy content. The assimilation efficiency was then calculated using the

Tollowing cquation:

Cr203 : Nutrient ratio in food

Assimtlation efficiency % = 100 x {(1— e - —
y % ( Cr2 05 : Nutrient ratto in facces

Details of the chemical analyscs employed and the coneept behind the indirect chromic oxide
technique arc detailed in Chapter 2.8.

The energy value of each of the food samples was also determined using the Gallenkamp
bomb calorimeter. Analyses of the water, ash, and lipid content were also made (for details of
methods see Chapter 2).

The condition factor, conversion efficiency and specific growth rate of the fish are dealt
with in Chapter 4; the prevalence and intensity of infection with the tapeworm, Bothriocephains

scorpii, and the parasite index are detailed in Chapter 6.

3.2.6  Dala analyses

All statistical analyses were performed vsing Minitab version 10.0 for Windows.
Parametric tests included T-tests and non-parametric tests used included Manu-Whitney U-tesls.
Statistical significance has been accepted at a probability level of less than 0.05. Means are

presented + their standard doviaiion unicss otherwise stated.




3.3 RESULTS

3.3.1 Structure of the alimentary tract of turbot

3.3.1.1 General morphology

The overall organization of the alimentary tract of juvenile turbot from the
oesophagus to the anus is shown in Figure 3.3. The relative lengths of the different regions of gut
are noted in the legend. The alimentary tract is relatively short which is fairly typical for
carnmivorous fish and is differentiated into a large oesophageal region and large stomach, pyloric
valve, pyloric caeca, relatively short intestine, rectal valve and rectum. The buccal-pharyngeal
cavity is not included in the photograph but is relatively large (representing approximately 24 %
of the length of the alimentary tract in turbot ranging from 40-700 mm, Braber and de Groot,
1973b). Turbot possess a muscular tongue and a series of large gill rakers with four double rows
of small teeth just above the entrance to the muscular oesophagus. According to Braber and de
Groot (1973b), the buccal and pharyngeal cavity combined with the oesophageal and stomach

region of the turbot represents roughly 50 % of the alimentary tract
rectal valve oesophag us

miostime

pylorie cacenm

3{‘

rectum

pyloric valve
stomach

Figure 3.3 View of alimentary tract of juvenile turbot; dissected open from oesophagus to rectum
The buccal-pharyngeal cavity is not included in the figure but measured 30 mm in length. Scale bar
10.0 mm. (Oesophagus 10 mm; stomach 17 mm; intestine 53 mm; rectum 13 mm).

No demarcation between the oesophagus and stomach is visible until the alimentary tract

1s opened longitudinally whereupon the large muscular oesophagus is seen to be thrown into deep

muscular folds which probably help to propel captured food into the stomach. The stomach is
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also large but slightly less muscular than the oesophagus and consists of a moderatc number of
convoluted infoldings. A pyloric valve lcads into the intestine where two outgrowths are found at
the anterior end. These are often referred to as pyloric caeca (only one is visible in Figure 3.3 as
the opposite pyloric caccum ig lying in shadow).  The pyloric caeca arc histologically similar to
the intcsting and for this reason would be more aplly named intestinal cacca. The intesting is
relatively short and simple and is thrown into a loop. A rectal valve separates the intestine from
the rectum which is short, broad and moderately muscular and has a convoluted lining.

Scanning cleetron micrascopy revealed that the lining of the intestine was thrown into
many complicated convolutions which increase the surface area for digestion and absorption
{Figures 3.3 and 3.4). At higher magnification the apices of individual mucosal epithelial cells

were seen 1o possess many long microvilli (2-5.0 pm), (Figure 3.5, 3.6, 3.7).

3.3.1.2 Length of alimentary iract as percentage of body length

The length of the alimentary tract from the oesophagus (o the anus when
expressed as a percentage of the total body length of the fish was found to be 68.2 = 2.6 % in fish
acclirnated to 10°C for three weeks and fed to satiation lwice daily on WFA pollets (Figure 3.8,
Group 5). Following 10 weeks acclimation to different feeding regimes and temperatures, the
equivalent lengths were found to be 65,5 + 4,32 % (fish fed to satiation twice per day and
accliumated to 10°C), 59.8 1 3.2 % (fish fed to satiation once every 4-3 days and acclimated to 10
°C), and 59,1 £ 3.1 % (fed daily on a reduced ration and held at 10°C). Fish heid at 20°C and
fed to satiation twice per day were found to have a relatively shorter alimentary tract (33.9 £ 1.9
%) compared with fish at the starl of the experiment (68.2 + 2.6 %) (Mann Whimey U - test
significant at P = 0.0059).

An estimate of the total length of the alimentary tract including the buccal-pharvngeal
cavity was made based on results by Braber and de Groot, (1973b). The alimentary tract was
found to be 88.8 + 3.2 % of the body length in control fish (Group 5). This is significantly less
than the 99 £ 7.8 % found by Braber and de Groot for fish captured from the North Sea (size
range 40-150 mm, n = 60) (Mann Whitney U-test, significant at P = 0,0029), suggesting that fish

fed on an artifictal dict doveloped shorter alimentary tracts although stock differences may occur.

3.3.1.3 Gencral histalogy of alimentary tract
The alimentary tract of the turbot consists of four main layers which may vary in
form and function in the different regions of the tract.  Proceeding inwards towards the lumen
these are: 1) the outer serosa; 2) the muscularis exlerna, consisting of a thin outer layer of

longitudinal muscle and a thicker layer of circular muscle; 3) the sub-mucosa or conpective
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Figure 3.4 SEM of anterior intestine of juvenile turbot showing complicated folding of
mucosal epithelium. Scale bar: 1.0 mm

Figure 3.5 SEM of mucosal surface of anterior intestine of juvenile turbot showing apices
of individual mucosal epithelial cells with many microvilli. Scale bar: 10.0 um



Figure 3.6 SEM showing tips of microvilli at apex of mucosal epithelial cells of anterior
intestine. Gap where presumably mucous cell has been secreted; mucous droplet nearby. Scale
bar: 1.0 pm

Figure 3.7 SEM showing longitudinal view of columnar epithelial cells with long microvilli
(4.0 pm). Scale bar: 10.0 pm
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tissue layer and 4) the mucosa, consisting of a layer of columoar cpithelium. The mucosal
epithelium varies in composition throughout the tract whilst the sub-mucosa and muscularis vary
in thickness in the different areas of the gut, most likely in accordance with the function of each
particular region.
i) Oesophagus

The mucosal fayer of the oesophagus is thrown into large thick folds and consists of
columpar epithelium with numerous, mucous-scereting cells. The mucouns cells are so numerous
in some areas that there appear to be few normal epithelial cells (Figures 3.9 and 3.10). Very few
rodlet cells {see Chapter 6) are observed in the most anterior region of the oesophagus bul as Lhe
oesophagus nears the stomach there appears to be little differentiation in cell composition
between the two. ‘The muscularis externa consists of a thin (30 pm) outer layer of longttudinal
muscle and a thicker layer of circular muscle ranging in depth from 200-300 pum (Figure 3,10},
i) Stomach

The stomach mucosa consists of tall columnar epithelial cells and containg many rodlet
cells along with a number of typical mucous cclls. The sub-mucosa has longitudinal muscle
fibres scattered in places and the muscularis externa contains well developed circular muscle
(150 pm) and longitudinal muscle (150-180 pum) (Figures 3.11 and 3.12).
iii) Pyloric cacca

Two pyloric caeca are situated at the anterior end of the intestine and histologically they
resemble the intestine (Figure 3.13). The muscularis externa is narrower (80 - 100 ) than in
the ocsophagus and stomach and the sub-mucosa is also less developed. The mucosal epithelium
is thrown into many folds and consists of tall columnar epithelial cclls with a brush border
consisting of relatively long microvilli ranging from 3 - 5 um in length (Figure 3.14).
iv) Intestine

The mucosal epithelium of the intestine is thrown ito many filariform folds. The
muscularis externa are narrower (80 - 130 um) than in the ocsophagus aud stomach, as is the
sub-mucosa (Figures 3.15 and 3.16).  The most striking teature of the intestine is the brush
border of very long microvilli (Figure 3.17). These range in length from 2.5 - 5.5 un depending
on the location in the intestine but there appears to be a general reduction in size from the anterior
infestine to the posterior intesting and rectum. A muscular rectal valve leads from the intestine
nto the rectum,
v) Rectum

The mucosal epithelium of the rectum is supplied with munerous mucous cells as well ay
some rodlet cells and is simifar to that of the infcsting in posscssing a brush border of long

microvilll (2.5 - 4.0 pum) indicating an absorptive function (Figure 3.18).




3.3.1.4 Fine structure of the epithelium of the alimentary tract
The epithelium of the anterior portion of the intesting from the alimentary tract of
starved and fed juvenile turbot was examined using {ransmission clectron nicroscopy.
1) Fed turbot

The cpithelium of the anterior intesting consisted mostly of columnar absorptive cells
{Figures 3.19, 3.20). Mucous cells and rodlet cells were also observed (Figure 3.19 and Chapter
6). The most striking feature of (he mucosal epithelium was the apical brush border consisting
of very fong microvilli (Figures 3.19, 3.20}. Each microvillus is covered by a trilaminar cell
membrane, The microvilli show a dark cap (capitulum of Krementz and Chapman, 1975) and
have a glycocalyx or fuzzy coat of mucopolysaccharides (Figure 3.19, 3.20, 3.21). The
cytoplasm of the microvilli contained longiludinal fbres and occasionally these were observed
projecting into the torminal wek (Figure 3.22).  Pinocytotic vesicles were frequently observed
between the microvilli and in the terminal web arca (Figure 3.23).  Apart from the pinocytotic
vesicles and occasionally the filamentous extensions of the microvilli and some smooth
endoplasmic reticulum, the terminal web is generally devoid of organelles and inclusions (Figures
3.19, 3.20, 3.23),

Junctional complexes  consisting  of tight junctions, intcrmediate junctions and
desmasomes were obscrved in the apical region between neighbouring absorptive epithelial cells
(Figures 3.20, 3.23).

Mitochondria wore obscrved throughout the cclls cxcopt 1 the terminal web arca and
appeared to be more concentrated in the basal part of the cell (Figure 3.24). In the basal region
of the absorptive cells the lateral plasma membrancs form lamellar infoldings similar to those
identified by Stroband and Debets (1978) and Noaillac-Depeyre and Gas (1973) (Figure 3.24).

The mucleus of the columnar absorptive cells was basally located and contained a
prominent nucleolus, Rough and smooth endoplasmic reticulum was observed throughout the
cells (Figures 3.23, 3.24, 3.25).

ii) Fasted turbot

'I'he mucosal epithelium of turbot fasted tor 14 days was dramatically different from that
i fed fish in certain respects. There were clear signs of cellular degeneration with sloughed cells
visible in the lumen (Figure 3.26). Large supranuclear vacucles containing cellular debris were
obscrved m most scetions (Figures 3.27, 3.28). Mitochondria were obscrved i abundance in the
apical region of the cells and these contained dense granules dispersed throughout the matrix
(Figures 3.28, 3.29). Similarities between fasted and fed fish were observed, especially in the
long microvillus processes. Pinocvtotic vesicles were noted between the microvilli and in the

terminal web in fasted turbot as well as in the fed fish (Figures 3.30, 3.31).
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Figure 3.9 LM of transverse section through oesophageal region showing lumen (I) and
numerous mucous secreting cells (mc). Scale bar: 50.0 pum.

Figure 3.10 LM of transverse section through oesophagus showing lumen (1), folded mucous
membrane with numerous mucous cells, connective tissue layer (ct) and thick layer of circular
muscle (cm). Scale bar: 100 pum.




Figure 3.11 LM of transverse section through stomach region showing outer serosa (s);
muscularis externa of outer longitudinal muscle (Im) and inner circular muscle (cm); sub mucosa
(sm) containing scattered muscle blocks (mb); mucosal epithelium (me) and lumen (1)

Scale bar; 200 pum.

Figure 3.12 LM of transverse section through stomach showing outer serosa (s); thick
muscularis externa of longitudinal muscle (Im) and inner circular muscle (cm); and submucosa
(sm). Scale bar: 100 pm.




Figure 3.13 LM of transverse section through pyloric caecum showing lumen (1) and mucosal
epithelium (me) thrown into folds. Scale bar: 100 pm.

Figure 3.14 LM of transverse section through pyloric caecum showing muscularis externa of
outer longitudinal muscle (Im) and inner circular muscle (cm); sub mucosa (sm) and brush border
of long microvilli (mv). Scale bar: 50 um.



Figure 3.15 LM of transverse section through intestine showing mucosal epithelium (me)
thrown into filariform folds. Scale bar: 200 pm.

Figure 3.16 LM of transverse section of intestine showing filariform folds and brush border
with long microvilli (mv). Scale bar: 100 pum.




Figure 3.17 LM of transverse section of intestine showing brush border with long microvilli
(2.5-4.5 pm). Many mucous secreting cells (mc) and some rodlet cells (rc) are visible in the
mucosal epithelial layer. Scale bar: 20.0 pm.

Figure 3.18 LM of transverse section of rectum showing mucosal epithelium thrown into
filariform folds. Numerous mucous secreting cells (mc); and a brush border with long microvilli
(mv) are visible. Scale bar: 200 pm.




3. 3.2 Influence of feeding regime and temperature on the daily foed consumption and
feeding rates of turbot

Although food intake is well regulated in fish, many factors are known to influence the
feeding rate of fish. An experiment was carricd out to examine the effects of varying the
frequency of feeding, the amount of food offered and temperature on the daily food consumption
of juvenile turbot over a ten week period. The experimental design is explained in a flow chart

(Figure 3.2).

3.3.2.1 Determination of satiation levels in laboratory-maintained turbot
Prcliminary studies showed approximate satiation was rcached with two meals
per day Tor juvenile turbot in the weight range 10-35 g . Generally, the {ish fed well at the 0900 h
feed but tended to reject food offered three hours fater at noon, Appetites retumed by 1500 h but
m fish fed a fourth meal, three hours later at 1800 h, food was again rejected. The maximum

ingestion rate was quite low at 4.1 % (n = 20) body weight per day during the feeding trial.

3.3.2.2 Influence of frequency of fecding on ingestion rate of turbot
Fish fed to satiation twice daily and acchmated o 10°C for ten weeks had an
overall ingestion rate (amount of food consumed per day expressed as a percentage of the body
weight of the fish) of 1.69 % for the 10 week experimental period compared with an ingestion
rate of 1.04 % for fish fod to satiation once every 4-5 days (Table 3.2). The overall ingestion
rates of fish fed on a reduced ration twice per day and those fed to satiation every 4-5 days were

quite similar for the 10 week period at 1.14 % and 1.04 %, respectively (Tabic 3.2).

3.3.2.3 Influence of temperature on ingestion rate of turbot
The overall ingestion rate of turbot fed to satiation twice daily and acclimated to
20°C was 1.93 % comparcd with 1.69 % for tish fed to satiation twice daily but acclimated o 10
°C (Table 3.2). For the first 18 days of the experiment fish held at 20°C had a lower ingestion
rate of 0.94 % compared with 2.6 % for those held at 10°C. However this situation was reversed
for the remainder of the experiment with the 20°C acclimated fish showing a much higher
mgestion rate than the 10°C acelimated fish (Table 3.2).  The initial low ingestion rate tor the 20

°C acclimated fish was probably due to the sudden risc in temperature of 10°C.

3.3.2.4 Influence of ration level on ingestion rate of turbot

Fish fed daily to satiation and maintained at 10°C had a higher ingestion rate, as




Figure 3.19  TEM of transverse section of mucosal epithelium of anterior intestine of fed
turbot showing lumen (I); apical brush border with long microvilli (4.5 pm), absorptive columnar
epithelial cells (ec) and mucous cell (mc). Scale bar: 10.0 um

Figure 3.20 TEM of transverse section through anterior region of intestine of fed turbot
showing absorptive epithelial cells. Apical microvilli are relatively long (4.7 um) and display a
dark cap (capitulum) and a fuzzy border, glycocalyx (g). Junctional complex (jc) of tight
junctions and desmasomes are observed between neighbouring cells. Scale bar: 1.0 pm



Figure 3.21 TEM of transverse section through microvilli of epthelial cells of anterior
intestine showing core filaments, trilaminar cell membrane (tm) and glycoprotein surface layer,
glycocalyx (g). Scale bar: 0.1 pm

Figure 3.22 TEM of transverse section through anterior intestine showing microvilli (mv)
with longitudinal fibrillar structures projecting into terminal web (tw) of epithelial cell. Scale
bar: 1.0 pm.




Figure 3.23 TEM of section through anterior intestine showing pinocytotic vesicles (pv)
between long microvilli (5.0 um) and in terminal web (tw). Scale bar: 1.0 pm

Figure 3.24 TEM of section through basal region of epithelial cell showing laminar
infoldings of lateral plasma membrane. Mitochondria (m) are closely connected with lamellar
structure (1). Scale bar: 1.0 pm.




Figure 3.25 TEM of columnar absorptive epithelial cells of anterior intestine. Smooth
endoplasmic reticulum (ser) scattered throughout cells. Mucous cell (mc) in process of secreting
lipid droplets (Id) by merocrine secretion. Scale bar: 1.0 um

Figure 3.26 TEM of mucosal epithelium of anterior intestine of turbot fasted for 14 d
showing degenerative epithelium. Scale bar: 10.0 pum




Figure 3.27 TEM of anterior intestine of turbot fasted for 14 d showing large supranuclear
vacuoles (sv) containing cellular debris. Scale bar: 10. 0 pm

Figure 3.28 TEM of anterior intestine of turbot fasted for 14 d showing large supranuclear
vacuole (sv) with cellular debris. Many mitochondria (m) observed in apical region of cell. Scale
bar: 10.0 pum




Figure 3.29 TEM of anterior intestine of turbot fasted for 14 d showing many mitochondria
(m) observed 1n apical region of cell. Also shows part of rodlet cell (rc) and mucous cell (mc)
Scale bar: 10.0 pum.

Figure 3.30  TEM of anterior intestine of turbot fasted for 14 d showing pinocytotic vesicles
observed between microvilli (mv) and in terminal web. Scale bar: 1.0 pm




Figure 3.31 TEM of anterior intestine of turbot fasted for 14 d showing pinocytotic vesicles
observed between microvilli (mv). Scale bar: 1.0 pm.



expeoted, than those fod on a reduced ration and kept at 10°C (Table 3.2).  Figures 3.32
and 3.33 show ingestion rate against time and cumulative ingestion rate against time for cach of

the four experimental Groups of fish.

3.3.3 Digestion in juvenile turbot

3.3.3.1 Variations in lumen pH after feeding

The variation in p}l of the different regions of the alimentary tract al various
time intervals after feeding are given in Table 3.3 and Figure 3.34. At 2 h and 4 h after ingestion
of food, the stomach had a pH of 3.7 £ 0.2. This fell to 3.5 at 6 h after ingestion and appeared to
Jevel off at 3.5 until 98 h after feeding when there was a slight rise to 3.7. This was followed by
a decrease to 2.5 at 170 h (one weck) after feeding. However, there was more variation between
98 h and 170 h than at other times. The pH in the pyloric caeca ranged from 7.75 at 2 h after
feeding to 9.0 at 30 h post ingestion and fell again to 7.5 at 170 h aficr feeding. The anterior
mtestinc had an initial pH of 8.2 at 2 h after fecding, rose slowly to 9.0 at 8 h after ingestion and
then declined slowly to 8.5 at 98 h with a sharper decline to 7.6 one week after feeding. The
contents i the posterior intestine followed a similar slow rise and decline in pH but had slightly
lower values than the anterior intestineg until one week after ingestion when a pH of 7.6 was
recorded. The pld in the rectum fluctuated between valucs of 8.5 and 9.0 from 2 h to 30 h after
feeding and steadicd at 8.5 from 48 1 to 98 h after feeding but dropped (o 7.5 at one weok afler
ingestion of food. Differences in the initial pH values (96 h after feeding) with those 98 h after

feeding may possibly be accounted for by the inaccuracies of the technigue used.

3.3.3.2 Rate of passage of food through the alimentary fract

Investigations were carried out using three different methods to examine the rate
of passage of food through the alimentary tract. Firstly, a number of fish were killed at various
time mtervals after foeding and the countents of their alimentary lracts were observed (methads
3.23). Secondly, fish from thc major feeding experiment were fed on their respective feeding
regimes for ten weeks at the end of which a meal containing chromic oxide was substituted for the
WFA diet. The time taken for the first and last facees to appear was noted. Thirdly, food was
withheld for 48 h from cach group of fish at the end of the feeding experiment and the fish were

then fed the chromic oxide diet again and time taken for the first and last facces to appear was

noted.
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i) Movement and digestion of food through the alimentary tract at different time intervals
after feeding

The movement of food through the gut was obscrved and resulls are documented in
Table 3.4. Prior to feeding the gall bladder was swollen and full of dark green fluid, the stomach
was empty and the rest of the intestine contained a watery fluid.  Two hours after feeding, the
gall bladder was still full of dark green fluad but the stomach was very distended with a bolus of
food whulst the anterior and posterior intestine and rectum still had a watery fluid.  After 4 b the
gall bladder and stomach were still quite full and a small amount of semi-fluid food was present
in the anterior region of the intesting.  Twenty-four hours later the fluid in the gall bladder was
yellow in colour and some semi-fluid food was distributed throughout the intesline and rectum.
A small amount of food still remained m the stomach after 72 h and a very litle yellow fluid was
present in the gall bladder whilst a mixture of food and watery Quid was found in the intestine
and rectum. Aflter four days, a vory small amount of food and a watery fluid was present in the
stomach, The gall bladder was still almost empty with just a small amount of yellowy fluid and a
mixture of a tiny amount of semi-fluid food and watery fluid was present throughout the intestine
and stomach. One week after feeding, the stomach was completely emply. the gall bladder was

furll of green flnid and a watery fluid was found in the intestine and rectum.

ii) Time taken for first and last faeces to appear using the indirect chromic oxide method

Two different approaches were used Lo find out if the length of timc since the lasl meal
influenced the time taken for first and last facces to appear. In the first experiment, the time
period since the last meal varied depending on the particular feeding regime of cach group. The
results are shown in Table 3.5  In the second approach, food was withheld from cach group for
48 h before feeding to satiation with a chromic oxide meal. The results are given in Table 3.6

The results in Table 3.5 show that for fish fed to satiation twice every day at both 10°C
and 20°C the initial time taken for fasces to appear was relatively short (4-6 h) and it took
between 20-24 I for the last coloured faeces to appear, Comparison of the results for Groups 1
and 3 suggest that for fish held at the same acclimation temperature, the gastric evacuation rate is
faster [or those fed Lo satiation than for those fed on a reduced ration. The gastric cvacuation rafe
for fish fed to satiation only once every 4-5 d (Group 2) was also fower than for those fed to
satiation, The gastric evacuation rate of fish at the start of the experiment (Group 5) appeared to
be slow compared with fish held under similar conditions for the 10 weeks of the experiment
(Group 1) suggesting that the latter {ish had adapted to long term rcgular feeding to satiation.

The results in Table 3.6 give the gastric evacuation ratcs of each group of fish when the

test diet was administered after 48 h of food deprivation. Again Groups 1 and 4 had a relatively
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fast gastric evacuation period and there appeared to be little difference in gastric evacuation rates
due to temperature except that the time taken for the first theces to appear was again faster in fish
acclimated to 20°C. T'he time taken for the first facces to appear in Group 2 was also [ast but the
last coloured facces docs not appear until 48 h. Group 3 (on a reduced ration) had a slower
gastric evacuation rate as did Group 3. the fish at the start of the experiment,

The results suggest that fish fed to satiation on a regular basis have a faster gastric
cvacuation rate than those fed on a reduced ration or those fed (o satiation only once every four to

five days.

3.3.4 Assimilation efficiency in juvenile turbot

The assimilation cfficicucy is the proportion of food (cxpressed as protein or energy
content} which is absorbed by the fish. A proportion of the ingested food will pass through the
alimentary tract unabsorbed and will be lost in the faeces. Along with the undigested component,
the faeces also contains cells sloughed from the tract, mucous, bacteria and possibly shed
proglottids from tapeworms if the fish are infected. However, it is gencrally assumed that this
component, known as metabolic faccal nitrogen (MEN), contributes a minor amount to the faecal
maltcrial (100-200 mg N per 100 g dry diet consumed (Jobling, 1994) and neither MFN nor
excretory losses through urine were taken into account in (his study.

The experimental procedurc used in this study necessitated the pooling of samples (rom
cach group of 16 or of L2 fish. Three scparatc samples were taken from cach group and
chemical analysis of cach samplc was replicated 5 times. The results are presented in Tables 3.7,

38 and 3.9.

3.3.4.1 The cffect of body size on assimilation efficiency

There is no significant difference in assimilation efficiency (when expressed in
terms of protein) with variation In size of juvenile turbot. The assimilation efficiency was
generally very hiph: 95.9 % = 0. 6 se for small fish (3 mouths old) in the weight range 4-13 g (x
=033 gx14 se); 931 % £ 1.4 sein fish (6 months old) ranging trom 14-38 g (x = 23.7 g
+8.4 se) and 94.1 % £ 0.8 se in fish (9 months old) ranging from 24-75 g {(x = 46.7 g + 15.0 sc).
When the assimilation efficicucy is expressed in terms of energy content, the smallest fish (3
months) show a significantly higher level of digestive efficiency at 93.8 % than the 6 months old
fishat 81.7 % (T = 9.86 P = 0.0022 DF = 3) and also bighcr than the 9 months old fish at §2.2
% (T =7.95P =0.0042 DF = 3). When the smallcst sizc group is compared to the next two

size ranges collectively, there is no significant ditfcrence in their assimilation efficiencies (protein)
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but again the smaller fish show a higher assimilation efficiency in terms of energy than the other

two groups (T =8.1, P = 0.0002; DF = 6}. (Tables 3.7, 3.9}

Table 3.7 Assimilation efficiency in fish fed composite dict containing various protein

supplements

Protein supplement

Number of fish in

Mean Assimilaiion

Mean Assimilation

group efficiency + se (%) efficiency + se (%)
(Protein) (Energy)
Fish meal 16 05 910 6 95.8+0.9
Pruteen 16 96.0+1.2 97.3+0.9
Casein 16 05.8:+0,2 95.1%0.9
Albutnin 16 92.1£0,80 94 5+0.7
Kaolin 16 9().5::3,5 94.2:4:0.8

3-maonth old turbot (6.3 g *1.4) acclimated to 10°C

Table 3. 8 Effcct of varying carbohydrate source on the asshmilation efficiency

Carbohyvdrate source Number of Mean Assimilation Mean Assimilation

fish in group efficiency L se (%) elficiency + se (%)
(Protcin) (Encrgy)
Starch 20% 16 93.0:£0.7 93.7£0.7
Starch 15%, Pruteen 5% 16 94.9:0.9 04.0-L0.9
Starch 10%, Pruteen 10% 16 94 1-:0.8 93.241.6
Starch 5%, Pruteen 15% 16 96.320.4 04 3x0.7
Starch 15%, Fish meal 5% 16 94,5::1.0 04,803
Starch 10%, Fish meal 10% 16 95.94().6 95.7£0.5
Starch 5%, Fish mecal 15% 16 96.7=0.4 96.2+0 4

3-month old turbot (6.3 g£1.4) acclimated to 10°C.




3.3.4.2 The effect of temperature on assimilation efficiency
The assimilation elficiency of fish held at 10°C was not significantly different
from those held at 20°C when expressed in terms of protein content (T = 1.79 P =022 DI = 2).
However, when expressed in terms of energy contentt there is a significant differcnce between the
two temperatures with fish held at the lower temperature (10°C) having a higher assimilation

cfficiency than those held at the higher temperature (T =3.27 P=0.047 DF =3). (Tablc 3.9).

3.3.4.3 The cffect of feeding frequency on assimilation efficiency
The assimilation cfficicney (cxpressed as protein) of fish fed to satiation twice
per day was significantly higher than those fish fed ouly once every 4-5 days to satiation (T =
3.27 P =10.047 DF = 3) (Table 3.9). However, there appeared to be no sigmificant difference
between these two feeding regimes when assimilation cfficicncy was mcasured in calories (T =
312 P=0.052 DI =3). There was no significant difference in assimilation efficiency for
proiein and energy content between fish fed every day on a reduced ration and those fed to

safiation once every 4-5 days.(Table 3.9).

3.3.4.4 The effect of ingestion rate on assimilation efficiency
There was no significant difference in the assimilation efficiency of fish fed to

satiation twice daily and those fed on a reduced ration (Table 3.9).

3.3.4.5 The influence of different dietary protein supplements on assimilation
cfficiency

Alteration of the dietary protein supplement in the food of turbot (weight range

5.1 g+ 1.37) had very little effect on the assimilation efficiency (energy and protein) of these very

small fish. Generally, the digestibility coefficient remained very high at 90.53 - 97.3 % for all the

dictary supplements, including kaolin, showing the assimilation efficiency of juvenile turbot is

very high (Table 3.7)

3.3.4.6 Investigation into the sparing effect of carbohydrate on asgimilation
efficiency

No significant difference 1n assimilation efficiency was detected when the protein
supplement was replaced in part with a starch component although the assimilation efficiency

gradually decreased with increasing starch content {Table 3.8).
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3.4. DISCUSSION

A knowledge of the factors which influence the feeding rate, digestion and absorption of
nutrients in fish is important in arder to establish the conditions for optimum health and
production i farmed fish. Although fish to an extent regulate their food intake, various factors
may influence this. Once ingested the food must be digested and this will depend on the structure
and Tunctional propertics of the alimentary tract {e.g. the length and degree of folding of the gut,
the number and fength of micravilli, and the nature of the digestive enzymes present). These
properties may also be influenced by a number of factors. The rate of passage of the food
through the gut is also of consequence in digestion and assimilation and is kuown to vary
considerably under differcnt conditions. L'he proportion of food energy and of particular
nutrients in the food assimiated under different intrinsic and envirommental conditions are also
very important as the assimilated energy and nutrients ate used for maintenance and growth in the
fish.

Each of the features of fish nutrition can be influenced by a number of interrelated
environmental or intrinsic factors. It is necessary to determine the part playved by individual
factors for any fish species as their importance varies widely with different species. It was
therefore considered necessary to study these features in juvenile turbot,

Study of the morphology of the alimentary tract showed that its length is a variable entily
which reacts to changes in feeding condition (Kapoor ef al., 1975). The degree of such
adaptubility 1s probably hmited by the degree of specialization of the fish species, with
ommnivorous fish displaying the greatest plasticity. Gut length tends to be correlated with feeding
habits, especially with the quantity of indigestible matter. Carnivorous species generally have the
shortest gut lengths whilst species that feed on detritus and algae have the longest (Kapoar et al.,
1975). The long length of the alimentary tract in some species may compensate for the lack of
development of folds in the lining and may allow a relatively unimpeded passage of roughage
through the intestine (Kapoor et af., 1975). Species with short intestines often have complicated
branched folds in the intestine and this was found to be the case with juvenile turbot in this study
(Figures 3.3, 3.4).  Very long microvilli were also observed in the intestine and rectum of turbot
thus further increasing the area for digestion and absorption,

In some fish, especially ommivorous species, the gut length varies with the componcats of
the diet. Vickers (1962) demonstrated that the Jength of the intestine in Carassius auratus varicd
between individuals of the species and concluded that this was probably associated with the
specific character of the dict during development. Turbot also dispiay a variation in the relative
lengths of diffurent regions of the gut during development, although the total length of the

alimentary tract remains the samnc (approximaicly cqual Lo the body Iength in fish fed a natural




diet, Braber and de Groot, 1973b).  Juvenile turbot of 60-110 nun in length feed on mysids,
thosc of 110-300 mm rcly mainly on fish as food, whilst turbot of 310-650 mm are exclusively
fish feeders with the size of prey captured increasing with the size of the fish (Braber and de
Groot 1973a). Fish teeders which swallow large prey at once and swallow it whole tend to
possess a large buccal-pharyngeal cavity. The relative length of the buceal-pharyogeal cavity in
turbot changes in relative proportion te the rest of the gut probably due to this modification in
diet (Braber and de Groot, l973b)“ The oesophagus and stomach arc also large and this may be
correlated with the requirement of a long period for digestion in the stomach and with the short
length of the intestine. The present study also indicated that thets may be a shortening of overall
gut length in juvenile turbot maintained on an artificial diet and acclimated to 10°C in comparison
with figh fed on a natural diet. There appears to be an even more pronounced shortening of the
tract in turbot acclimated to 20°C.  Fish mamtained under intensive fish farming conditions also
tend to be fed a highly nutritious diet rich in protein which is very easily digested in comparison
te the natural diet which contains more indigestible material, and so it seems likely that they
waould be similar to the turbot in this study and have relatively short guts.

The histological organization of the turbot alimentary tract was examined and found to
bear many similaritics (o that of other teleost fish. Four main layers were observed, the serosa, a
double layercd muscularis, a sub-raucosa and mucosa. The size and composition of these layers
was found to vary in relation to the function of the pasticular region. The muscularis of the
oesophagus was very thick and the sub-mucosa also contained blocks of longitudinal muscle
fibres which is probably refated to its role as a transit tube transporting food inlo the slomach.
The muscularis of the stomach was also well developed as was the sub-mucosa which may act as
a strengthening layer and may help to regulate the distension of the wall. This has been described
by some researchers as an adaptive feature of camivorous fish (Al-Hussaini, 1949ab; Bucke,
1971, Murray ef af., 1994hb).

The mucosal epithelium of the alimentary tract is composed of colummnar cpithelial cells
and plays an important role in the digestion and absorption of food substances. Each region of
the tract bas mucoszl specializations which maximize the etficiency of the secretion, digestion
and absorptive functions (Buddington and Diamond, 1986, Stinson and Cothoun, 1993; Murray
et al., 1996). The mucosal layer of the turbot ocsophagus cantatns many mucous secreting cclis
which indicatcs a large output of mucin. ‘T'his probably replaces the secretion of salivary glands
which are absent in fish and may aid n the emulsification of food for rapid transmission into the
stomach. Eight to ten folds were scen in the mucosal layer of the oesophagus and a moderate

amount of folding was also observed in this layer in the stomach. This is conunon in fish which




capture live prey allowing expansion on ingestion of the prey and also allows a large quantity of
foad to be stored.

The mucosal layer of the stomach contains many rodlct cclls, a moderate momber of
mucous cells and also has some short, stubby microvilli.  The mwucous cells of the stomach
probably play a digestive role, helping to break down the bolus of food into a chyme which is
relcased Into the imtesline in regulated amounts.  'The muscular pyloric sphincter allows only
chyme (o pass through (o the intestine and prevents solid food particles from entering the mtestine
(Bromley, 1987).

Although the length of the intestine in turbot is short, the area for cligestion and
absorption is increased by wnfoldings of the mucosal epithelivn (Figure 3.3). This is greatest in
the intestine and rectun where many convoluted folds are found and the surface area is further
incrcased by numerous, unusually long microvilk. Microvilll arc known to mercasc the digestive
and transportive surface of the epithelial cells and form the basis for membrane digestion
(Upolev, 1972, 1985). The muscularis and sub-mucosa of the anterior and posterior intestine are
poorly developed 1 comparison with the oesophagus and stomach. The amtenor and posterior
intesting also comtain mucous secreting cells the number of which is seen to increase dramatically
in the rectum, probably as an aid in the lubnication of faccal substances.

The ultrastucture of the anterior intestinal epithelium of the alimentary tract of both fed
and fasted turbot was examined to gam further insight into the process of digestion and
absorption in turbot. Gonerally, the mucosal epithelium was composed of  typical columnar,
absorptive epithelial cclls (enterocytes) with mucous secreting cells and some rodlet cells (see
Chapter 6) dispersed throughout. The most striking feature was the apical brush border of very
long microvilli which greatly increascs the surtace area of the intestine for digestion and
absorption. Pmocytotic vesicles were observed between the microvilli and in the terminal web
area indicating protein. Mitochondria were obseryed throughout the cells except in the terminal
web area and appeared to be morc concentrated in Lhe basal part of the cell in the fed fish.

Turbot fasted for two weeks differed in some aspects from fish fed 24 h previously. Tn
particular, there werc clear signs of cellular degeneration and sloughed cells were observed in the
fumen. Large, supranuclear vacuoles containing cellular debris were observed in most sections.
Kuperman and Kuz'mina (1994) noted degenerative changes in the cntorocytes of bream, Abramis
brama L., during winter starvation and McFadzen ef ol (1994) demonstrated cellular
degeneration and lass of microvitli in larval turbot fasted for 48 h.  Fasting for two weeks did not
appear 1o reduce the number or height of the micravilli in the anterior intestine of juvenile turbot.
However, this feature has been demonstrated previously in catp, Cyprinius carpio L., fasted for

six months, where the microvilli were reduced in height (0.5-0.6 pum) compared with the
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microvilli of fed carp (1.2 um) (Noaillac-Depeyre and Gas, 1973). The age of the fish and the
extent of the period of fasting is probably crucial to the amount of damage incurred by the
mucosal epithelivm. 1t is possible that autophagy (use of endogenous energy sources by larval
turbot, Quantz, 1985) occurs in fish as a survival procedure against starvation as many fish
species are subjected to fluctuating food supplies or periods of winter fasting. Large
supraniclear vacuwoles were observed in the intestine of fasted furbot, possibly indicating
autophagy.

Mitochondria were noted in abundance in the apical part of the cells of fasted turbot and
they contained dense granules dispersed throughout the matrix. Stroband and Debets (1978) also
noted the apical locatization of mitochondria with dense granulcs dispersed throughout the matrix
in fasted juvenile grass carp, Cienopharyngodon idella, and thought this may be related to the
accumulation of calcium ions and a decrease in oxidative phosphorylation as deseribed by
Hackenbrock and Caplan (1969).

Recently, Kuperman and Kuz'mina (1994) examined the ultrastructare of the intestinal
epithelium of three spocics of fish with different feeding habits. They discovered the most
substantial variations occurred in the height of the microvilli with the pike Esox luciuy and the
burbot feia loia having the longest microvilli in the posterior part of the intesting whilst the
bream Abramis brama had the longest microvillf in the anterior region. Previous studies have
shown the length of the microvilli (o deercase from the anterior {o the posterior region of the
intestine (Anderson, 1986; Noaillac-Depeyre and Gas, 1979 and Stroband, 1977). 1n the present
study, the anterior intestine of fed turbot possessed microvilli measuring up to 5.6 pun in length,
aithough the range was from 3,0-5.6 pm. The microvilli in the posterior intestine and rectum
appeared to be shorter at 2.5-4.0 pm in length.  Short, stubby microvilli were found in the
stomach of both fed and unfed turbot, The length of the microvilli in turbot is much greater than
the length of the microvilli in many other fish species which generally measure around 0.6 - 2.0 p
m 1 length (hwai, 1968a,b; Krementz and Chapman, 1975; Stroband and Debets, 1978;
Kuperman and Kuz'mina, 1994), Since microvilli are known to increase the digestive and
transportive arca of the intestine, it would be reasonable to assume that the total area for these
purposes is preatly increased in turbot and that this possibly contributes to a highly efficient
digestive svstem,

Digestive enzymes are produced in the mucosal epithelium of the alimentary tract and
the pancreas and  liver (stored in gall bladder) and are secreted into the humen of the tract.
Together they degrade the proteins, polysaccharides, lipids and nucleic acids of the ingested food
into smaller molecules which can then be absorbed and assimilated. Protcin digestion probably

begins in the stomach of some fish rendering protein soluble and more readily digested by
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pancreatic and intestinal proteases. In fish possessing a stomach, the main gastric proteolytic
enzyme is probably a pepsin with maximum activity at pH 2.0 with a sccond peak between pH
3.0 and 4.0 (Bamington, 1957; Kapoor et al., 1975). The low optimal activity of the enzyme is
duc to the presence of HCI produced by gastric mucosal glands (Western and Jennings, 1970).

Preliminary investigations were carried out on the pH conditions of the mucosae of the
alimentary tract of turbot to give some indication of the enzyme activity present. In turbot which
had been deprived of food for one week the pH of the stomach mucosa was approxumately pH
2.5, whereas in fish two hours after feeding and np to 72 hours after feeding the pH reading was
3.5 - 3.75. This would appear to indicate a pepsio-like enzyme activity. Glass ef al., (1989)
demonstrated that Atlantic halibut Hippoglossus hippoglossus which have a clearly defined
stomach have a pepsin-like enzyme optimally active at pH 1.0-2.0 plus another peak of activity at
pH 5.5, whilst Munilla-Moran and Stark (1990) showed turbot to have a maximum gastric
activity at pH 2.5. In the present work, the pyloric caeca, intestine and rectum all demonstrated
a pH of between 7.75 and 9.0 from two hours after feeding until 98 hours after feeding. Tryptic
activity is maximal hetween pH 7.0 and 9.0 and trypsin and chymotrypsin from the intestine and
pancreas are probably the major digestive enzymes in the intestine.  This is consistent for
carnivorous fish on a high protein dict. More recent work on digestion in larval and juvenile
turbot has shown a slow but significant increase i proteasc activity occurs after ingestion of
rotifers suggesting a nutritional control of the rate of digestion (Munilla-Moran and Stark, 1989).
Later work by the same authors demoustrated a consiant high activity of pH 8.0-10.0 throughout
the intestine (Munilla-Moran and Stark, 1990).

In fish the pancreatic Juice also contains amylase, maltase and lipase which break down
carbohydrates and fats, Lipasc has been demonstrated in the stomach, pyloric cacca, intestinal
and pancreatic fluid and in the bile. The role of these and other enzymes varics in different
species of fish and tends to reflect the diet of the fish. For example, high chitinase levels exist in
fish that feed on crustaceans or insects (IFinge and Grove, 1979) whilst in plant feeding fish such
as Tilapia and carp, the amylase activity is much higher thao in the perch, Perca fluviatilis, or in
the pike, Esox fucius (Vonk, 1941; Fish, 1960). In the present study, the rcduction in gull bladder
volume was correlated with the passage of food from the stomach into the intestine commncncing
approximately 4-6 h after feeding and emptying over a 98 h period. The pH of the bile fluids fell
from pH 6.5-7.0 before feeding and 2 h after feeding to pH 5.5-6.0 between §-98 h after fecding.
This agrees with more recent work by Bromley (1987) who suggested this is consistent with the
role of the gall b]adlder as a source of bile assisting in the emulsification and absorption of lipids.

These pH conditions are also consistent with the presence of amylase, esterasc and lipase
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activities, all of which have been demonstrated in turbot in more recent research (Cousin el af.,
1987; Munilla-Moran and Stark, 1990, Koven ¢f af., 1994a,b).

The amount of food and frequency of food consumed by a fish (feeding rate) and the rate
of passage of food through the gut (gastric cvacuation / digestion rate) are closely linked. The
food intake of fish is controlled by metabolic debt and by foregut tullness (Colgan, 1973, Elliot,
1975a,b;, Grove ef al., 1978; Grove and Crawford, 1980; Godin, 1981). Metabolic debt arises
from food deprivation but the rate progressively deercascs as the fish adapts both behaviourally
and physiologically to conserve its encrgy (Jobling, 1981a,b; Talbot, 1985). The rate of gastric
emptying in fish depends on the quantity of food consumed, trequency of feeding, fish size,
texuperature, gasirie seereion, gastric motility and the capacily of the intesiine, A wide ravnge of
gastric gvacuation patterns have been reported trom difforent fish in reponse to varymg biotic and
abiotic factors demonstrating a surprising plasticity in digestive properties (Edwards, 1971;
Elliott, 1972; Grove et al. 1985; Jobling ef al. 1977; Tyler, 1970; Windcll et ol., 1976).

Various methods have been used by researchers to measure the rates of gastric
evacuation in fish. For cxample, sacrificing fish at different time intervals after feeding to
satiation (Western, 1971), removal of stomach contents by flushing or by emetics (Meehan and
Millar 1978; Strange and Kennedy, 1981), radiographic mecthods (Yobling er af., 1977,
Flowerdew and Grove, 1979; Grove ¢f al., 1985) and the production of coloured faeces (Rozin
and Mayer, 1964; Hadjichristophorou and Grove, 1983). These mcthods were reviewed by
Talbot (1985). Many rcsults are based on fish thar have been force-fed and this may have a
profound cffeel on evacuation rate with force-fed fish having an evacuation rate twice that of
voluntary-fed fish in some cases (Swenson and Smith, 1973). Force-feeding has also been shown
to physically damage the fish whilst radiographic techniques can prove quite stressful to the fish
(Windcli, 1978; Swenson and Smith, 1973),

Generally, digestive rates  increase with increased food intake (Windell et al., 1969;
Tyler, 1970, Elliot, 1972; Steigenberger and Larkin, 1974; Windell, 1978). In the present study
on turbot, increased food mntake appeared o have (ic grealest effeci on the rate of gastric
cvacuation. ‘This is consistent with studies on other fish where increased food intake and rate of
feeding gives faster rates of evacuation (Pandian and Vivekanandan, 1985).

The food particle sizc may miluence evacuation raies whilst food with a fipid
concentration greater than 15% of the dry weight has been shown to have an inhibitory cffect in
cvacuation rates (Kapoor ¢f al., 1975). Turbot of cqual size range fed on meals of varying
encrgy contents were able to increase their food intake to partly offset the decreased energy
supply (Flowerdew and Grove 1979; Grove ¢t af. 1985) and this was correlated with an increase

1 gastric cvacuation rate with increasing dilution of the energy content of food. The proportion
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of digestible to indigestible material in the food is also important as the indigestible proportion
has been shown to remain in the gut for longer in turbot (Bromiey, 1987). Grove et al. (1985)
showed the digestion rate of {urbot fed on fish fillets was 40 % of that in lurbot fed on pellets.
They poited out that data obtained from fish fed on pelleted diets camnot be applied to natural
populations.

Small fish tend to exhibit greater rates of gastric cvacuation than larger [ish (Pandian,
1967, Brett, 197%; Moriarty and Moriarty, 1973; Flowerdew and Grove, 1979). Bromley (1987)
demonstrated that the relative raics of cvacuation of wet material and protein were greater in
smaller turbot. A decrease in relative evacuation rate with increase in body size in turbot was
noted by Flowerdew and Grove (1979). However, Bromiey (1987) demonstrated that the relative
rate of evacuation in encrgy terms was greater in turbot of 2.8 kg than in smaller turbet of (.42
kg. 1o the present study no difference in cvacuation ratc was noted between turbot of 20 g and
turbot of 45 g probably because the size range was too similar.

Temperature tends to have a large influence on digestive rates with a temperature rise ol
10°C  resulting in a threefold increase in digestion rate, Windell ef af. {1976), however, found
temperature changes in the range between 0 and 5°C had a much greater influence on gastric
evacuation rates than changes in the higher temperature ranges of 15-20°C. Flowerdew and
Grove (1979) found the gastric evacuation rate of turbot increased with increasing temperature.
In the present study a risc in temperature of 10°C (10-20°C) only produced a slight increasc in
gastric evacuation rate which is more in agreement with Windelt ef al. (1976) than that of other
workers and may partly reflcet the only slightly greater ingestion rate of the 20°C acclimated fish.
The secretion and activity of digestive enzymes, gastric motility and intestinal abserption are all
influenced by temperature (Molnar and Télg, 1962; Molnar ef /., 1967; Smit, 1967; Edwards,
1971). However, it is possible there may be a compensatory effect with long term acclimation to
higher femperature.

The time elapsed since the last meal also influences the subsequent cansumption of food
and evacuation rate with tish tasted for long periods generally having slower rates of evacuation
than fish fed more recently (Windelt, 1966; Sarokon, 1975). In the present study, turbot fasted
for periods of 5 d had a slower cvacuation ratc than those fed every 24 h which is consistent with
the observation that increased fecding frequency accelerates the passage of food through the gut
(Talbot, 1985).

Grove ef al. (1985) showed that turbot fed through demand feeders regulate their food
intake so that feeding activily starts when the stomach is 10-20 % full and that feeding ceascs
when the fish are 80-90 % full. When the turbot were fed regularly via automatic fecders they

fed steadily, maintaining the stomach at approximately 85% fullness. Bromley (1987) suggested
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turbot may have a high degree of control over the process of digestion and evacuation and this
may rcgulate the flow of chyme mto the small intcstine, possibly at an optimum ratc for
completion of digestion and absorption of nutricnts.  Although the mechanisms of control of
gastric evacuation in fish arc not completely understood, Bromley's work indicates an in]lil?itﬂl}f
reflex is in operation in furbot. Work on mammals has shown that control of gastric evacuation
may be achieved by suppression of gastric secretions which are reguiated by a neuro-hormonal
fecdback which is triggered by mechanicai and chemical stimulation of the forcgut.

The ingested food is only uscful to a fish if it can be dipested and absorbed by the
intestinal epithelrum.  The amount of energy available for growth and maintenance for the fish
depends on the amount of food consumed, its encrgy valuc and its digestibility (assimilation
efficicney). If the assimilation efficiency is low then much of the energy and nutrients are lost in
the faeces. This occurs in plant-eating {ish, where a large propaortion of the food is indigestible.
The digestive efficiency is found to be in the range of 40-80 % for herbivorous fish, whilst the
assimilation efficiency tends to in the range of 70-95 % for carnivorous fish where a large amount
of protein is prescnt in the food (Jobling, 1994).

In the present study the assimilation efficiency of juvenile turbot at 10°C was gencrally
found to be very high and the results are very similar to the more recent results obtained by Grove
et gl (1985) for turbot held at 16°C. For turbot of a similar weight range, the proiein
assimilation and energy assimilation efficiencies in this study were 96 % and 95 % rcspectively.
Grove ¢f al. (1985) reported similar high assimilation efficiencies (the equivalent figures being
97.5 % and 91 %). When expressed in terms of protein assimilation, there was no significant
difference between 3, 6 or 9 month old fish in the present work, When expressed in terms of
energy value, however, the smallest fish showed a signiticantly higher assimilation elficiency than
the 6 and ¢ month old fish, indicating an ontogenic shift in the energy assimilation cfficiency of
turbot. A temperature increase of 10°C  significantly decreased the assimilation efficiency of
turbot when expressed as encrgy value, but no difference was found in terms of protein
assimilation. Increased feeding frequency significantly increased the protein assimilation
efficicney but not the cnergy assumilation efficiency in 6 and 9 month old turbot in the present
work. In contrast, Grove ef a/. (1985) found no diffcrence in the protein or energy assimilation
cfficicneies of fish fed single meals and those fed multiple meals, although the cxact feeding
{requency was not described by the authors and the fish used in their experiment were much
smaller. The present study shows however, that very young turbot generaily have a very high
assimilation efficiency and for these fish no significant difference was found either for protein or

energy assimilation efficiency between fish fed daily on different ration levels. This is in

agreement with data noted in Grove ef af. (1985).




Generally, the assimilation efficiency of very young turbot is very high but there appears
to be a very slight decrease in the energy assimilation efficiency as the fish increase in size whilst
the protein assimilation remains high. The energy assimilation efficiency also appeared te be
decreased by incrcasing temperature whilst the protein assimilation remained unaliercd. This
may be a reflection of the very high protein content of the diet as some studics have shown the
assimilation efficiency to be reduced at lower temperatures (Jobling, 1994). Lower feeding
frequency on the other hand appeared to decrease the protein assimilation efficiency but not the
energy assirnilation.

Finally, incremental replacement of the protein content of the diet by starch had no
significant difference in the protein or energy assomilation in 3 nionth old texbot. This reflects the
high efficiency with which very young turbot assimilate energy and nutrients from food.
Presumably, this efficiency will depend on the relative proportions of nutrients in the food and its
cnergy value and it could be that the efficiency is reduced if the values fall below a critical level.
This coudd be tested by adding progressively more kaolin to the diet,

In conclusion, different species of fish display a wide range of feeding patterns. The type
of food consumed is reflected in the structure of the alimentary tract and is dependent on the
cvolutionary history of the fish. However, within certain limits, il has been shown that the gross
and fine structure of the alimentary tract may be altered by a number of factors including the type
or amount of food consumed and the temperature of acclimation. It has been shown that the
ingestion rate, the process of digestion, including the rate of gastric evacuation, gastric enzyme
secretion and assimilation in fish are dependent on a number of intrinsic and extrinsic variables,
are all closely refated, and arc in fact very much interdependent. The amount of time the fish is
subjected to the various conditions is also important as the fish may show some ability to
acclimate to some long term couditions. For instance, fish may reduce their activity level in
responsc to a decrease i food supply in order to reserve their resources. Ultimately the fish may
adapt metabolically by reducing the basal metabolic rate (See Chapter 4).  The degrec these
processes are altercd by the amount of available food, proporlion of nulrients and energy value of
the food, food size and consistency, frequency of feeding, temperature, light regime, size of fish,
condition of fish including parasitic status, quality of water and holding conditions will vary for
different species of fish. However, an insight into the faclors that affect feeding, dipestion and
absorption in fish and how these arc related is very important i optimunm conditions for cconomic
growth under intensive fish fartming conditions are to be achieved.  Some of the factors that
affect the structure of the alimentary tract, feeding, digestion and absorption in juvenile turbot
have been discussed in this Chapter in relation to other work. Generally, the alimentary tract of

turbot is typical of carnivorous fish and would appear to have a certain degree of plasticity in its




gross morphology. 'I'he lengih of the intestinal and rectal microvilli are exceptionally long and
are perhaps, in part, responsible for the very high assimilation efficiencies recorded for turbol. A
more detailed study of the effecets of diet and temperature on the number and height of the
microvilll, using digital analyses, would be interesting. 11 1s unportant, however, to remember
that the results found here and by other workers have been obtained under laboratory conditions
and should be inlerpreted with this in mind. They give an insight inle the very complicated
relationship between feeding and growth in fish and they should be applied to fish farming

conditions cautiously,

3.5 SUMMARY

1 ‘I'he alimentary tract of turbot is typical of carivorous tish that capture live prey. The
buccal-pharyngeal cavily, ocsophagus and stomach are relalively large to accommodale
large prey. The intestine and rectum are relatively short and simple with their lining
thrown into many camplicated convolutions which increase the surface area for digestion.
The ratio of gut length to body length of farmed turbot maintained in the laboratory,
acelimated o 10°C and ted on WFA pelleted diet, was found to be 0.88 : 1.0. This is
significantly shortor than the ratio of 1.0:1.0 found by Braber and de Groot (1973b) for
wild caught fish feeding on natural prey items and may possibly reflect adaptation to the
highly nutritious, easily-digested pelleted dict.  Fish acclimated to 20°C had a ratio of
gut length to body length of 0.7:1.0, which was significantly shorter than that for 10°C
acclimated fish. This possibly reflects the greater proportion of casily-digesled food
eaten by the 20°C fish.

2 The histological organization of the turbot alimentary tract has many similarities to
other teleost fish,  Therc arc four main layers, the outer serosa, a muscularis of
longitudinal and circular muscle, a sub-mucosa and mucosa. The mmscularis of the
oesophagus 1s very thick as is the sub-mucosa which contains blocks of longitudinal
muscle scattered throughout the connective tissue. The mucosal epithelium of the
ocsophagus contains many mucous cells indicating a large output of mucin which
probably aids in the production of chyme. The stomach also has a relatively thick
muscularis and sub-mucosa whilst the mucosal epithelium of this region shows large
numbers of rodlet cells and a moderate number of mucous cells and also has shart,
stubby microvilli. In contrast the muscularis and sub-mucosa of the intestine and rectum
are thin whiilst the mucosal epithelium is thrown into filoform folds and is characterized

by the brush border of numerous, long microvilli (2.5-5.6um). The microvilli greatly




increase the surface area for digestion and absorption. The intestine also contains
mucous-seercting cells.  The number of thesc incrcases dramatically in the rectum,
possibly to aid in the lubrication of faccal material. The microvilli of the anterior
intestine of turbot appear to be longer (3.0- 5.6 wm) compared to those of the posterior
intestine and rectum (2.5-4.5 pum).

Cellular sloughing as well as large supranuclear vacuoles containing celtular debris

wete observed in fish fasted for 14 d. This is possibly due to autophagy. Tish fed 24 h
previously possessed typical absorptive columnar cpithelial colls. The microvilli had a
glycocalyx where possibly proteins are adsorbed to the coat and taken to the cell.
Pinocytosis was observed showing active digestion.

Fish acclimated to 10°C and fed twice daily to satiation for 10 weeks had a higher
ngestion rate {1.69 % body wt/day) than fish held under the same conditions and fed to
satiation only once cvery 4-5 days (1.04 % body wt/day). However, they had a lower
ingestion rate than fish acchimated to 20°C (1.93 %).

The pH of the stomach of turbot was 2.5 in fish fasted for 7 days whereas in fish fid
between 2 h and 72 h previously, the pH of the stomach was found to be 3.5-4.0. This
suggests the possible presence of a gastric proteolytic enzyme such as pepsin which has
a maximum activity of pH 2.0 and a sccond peak at between pH 3.0 - 4.0, The pyloric
caeca, intestine and rectum had a pH of between 7.75 - 9.0 from 2 h after feeding to 98 h
after feeding which would be consistent with trypsin as the active cnzyme.

Atter fasting for seven days it took approximately 98 hours for a meal of 2 % body
welght to pass completely through the alimentary tract of turbot acclimated to 10°C.

The stomach remained very distended with a bolus of food for 8 h and only after 4 h was
the first food visible in the anterior part of the intestine. There was a reduction in the size
and contents of the gall bladder during gastric evacuation indicating the involvement of
bile which assists in the emulsification and absorption of lipids.

Increased feeding frequency produced fasicr evacuation rales in turbot.  The greater the
period of fasting, the longer the period for complete evacuation. The time taken for the
first appearance of coloured facces in fish acclimated to 20°C was less than for fish
acclimated to 10°C, but the time taken for the fast coloured facees to appear was the
same.

The asstnilation cfficicney for juvenile turbot at age 3, 6 or Y months old is gencrally
very high and there is no significant difference when expressed in terms of protein content
(95.9, 93.1 and 94.1 % respectively). When expressed in terms of energy content the

smaliest fish show a significantly higher assimilation efficiency at 95.8 % comparcd with
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81.7 % and 82.2 % [or the 6 month and 9 month old fish respectively, possibly 1adicating
an ontogenic shift.

A temperature increase of 10°C signiticantly decreased the assimulation efficiency of
turbot when expressed in terms of encrgy content, but no difference was found in protein
assimilation etficiency,

Increased feeding frequency sigmificantly increased the protein assimilation etficiency

of turbot but did not appear to influence the assimilation efficiency when expressed in
terms of energy content.

No significant diffcrence was found between the assimilation efficiencies (expressed in
terms of protein or encrgy content) of fsh fed to satiation daily or thosc fed on a reduced
ration daily.

Ideally, larger numbers of fish should have been employed for each of the experimental
treatments desecribed in this chapter and replicates of cach cxperimental set-up used.
Constraints, however, in thne and the number of Juvenile turbot available for this
research combined with limitations in number and size of tanks due to shortage of
aquarium space, imposed severe restrictions in cxperimental design. ‘The lack of a re-
circulating sea-water system necessitated the usc of an Eheim charcoal filter pump for

each tank and involved lengthy daily maintenance procedurss (see Chapter 2).
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CHAPTER 4

ASPECTS OF THE ENERGY METABOLISM
OF TURBOT
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4.1 INTRODUCTION

4.1.1 Bioenergetics and the energy budgel

Fish farming is a busincss and the ultimatc aim of the fish farmer is to make money; this
is achieved by producing the maximum amount of healihy fish flesh in a given time with a
minimum amount of food input and other forms of expenditure. A highly efficient and speedy
growth rate for their stock, with negligible Iosses due to disease, stress and predators is desirable.
A comprehensive understanding of the fishes' performance capacity under various environmental
conditions and at different ontogenic stages is essential. Increase in fish mass depends on the
energy made available to the fish in the form of food and how that energy is utilized within the
fish, Energetics its the study of the energy requirements and flow of energy, or energy
partitioning, in a system (Dc Silva and Anderson, 1995).

In chapter one the concept of fish energetics and the energy budget was introduced and
the uttlization of food energy for metabolism and growth was explained on the basis of
thormodynamically balanced energy equation (Iviev, 1939 Winberg, 1956; Beamish ef al., 1975;
Webb, 1978, Brett and Groves, 1979; Cho ef al.,, 1982; Calow, 1985; Weatherly and Gill, 1987,
Jobling, 1994; Cho and Bureau, 1995; De Silva and Anderson, 19935). Basically this means that
all the encrgy entering and feaving a system should be accounted for and can be represented in its

stmplest form in the following cquation as:
Ei=E,+E,

where E{ = food consumed
Eg — eneigy lost in faeces (F), urca and ammonia (1)), through gilts (G),
mucous and sloughed cells (MSC) and energy cost of metabolic processes (R):
(U, G, MSC and R = catabolism).
B, = energy uscd in growth (anabolism)

With this approach, growth (cither somatic or reproductive) is represented as an anabolic
component of an animal's total metabolism. Each aspect of metabolism can be represented in
cnergy units (joules). The respiratory metabolisin (R) can be divided into the following
subcomponents: standard metabolism (Rg) = fish at rest; routine metabolism (Rr) = roulinely
active fish; feeding metabolism or specific dynamic action of fish = (Rgqa) and active
metabolism (R,) = actively swimming fish. The oxidation of foodstuffs during metabolism can
be estimated by measuring the oxygen consumnption of the fish which in turn can be converied to

cnergy upits (11 O9 = 19.4 kJ).  Thus, cach component of metabolism can be determined and
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insight gained into the relationships between the food consumed and the various components of
utilization of that food including growth under different conditions such as temperature, stress,
disease, feeding regimes, diet, and at varying levels of activity. The e¢nergy budget equation is a
meaus of balancing the energy intake (food consumed) against energy expenditure (loss in faeces,
uring, mucous and sloughed cells, through gills, energy used in metabolic processes and the
component used in the production of fish ttssuc - growth).

Brett and Groves (1979) carried out an cxiensive review of published data by workers on
physiological cnergetics (Mann, 1963; Paloheimo and Dickie, 1966, Wartren, 1971; Solomon and
Brafield, 1972; Elliot, 1976a,b,c) and {rom these data devised formulac to scrve as a general

indication of energy usage in carnivorous awld herbivorous fish. These are:

Carnivores: I00I=@d422TM+(2926) G- (27£3)E
Herbivores: 100 =37M+20G+43C

Where: 1= ingested energy; M = metabolism; G = growth and E = cxcretion.

These formulae are helpful for comparing the gencral energy utilization n different
feeding types of fish and suggest marked vartations in the metabolic usc of ingested tood between
these large trophic levels.  They do not, however, account in detail for the cncrgy use of the
different subcomponents of metabolism which are of particular importance to fish farmers and
field biologists examining a certatn species of fish,

Various schemes of energy utilization by fish have been devised by a number of authors
and many are discusscd by Weatherley and Gill (1987). Most agree with the basic assumption
made in the energy equation uscd by Drelt and Groves (1979) but differ in the components they
atiribute 10 excretion or 10 metabolism. In the present study facces are not considered to be
metabolic waste, although it is recognized they consist of both undigested food plus a metabolic
component of mucous and sloughed epitheliat cells.  In practice it is difficult to scpurate these
components of faccal cnergy and generally the metabolic faccal content is thought to be very low.
The digestible encrgy component is therefore equal to the ingested food energy minus the encrgy
lost m the faeces, In this study the urinary cnergy is considered as the energy products of
metabolic processes e.g. urea and ammonia. The gill excretion encrgy is cqual to the energy of
the compounds excreted through the gills. A diagrammatic representation of the energy
utilization of a fish is shown in Figure 4.1,

Energetic approaches and the use of predictive cnergy budgets have flourished over the
past 13 years. They are particularly useful in aguaculture where they can be tested over

relatively short time periods. Tor instance the effect of a new dietary formulation, change in
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Figure 4.1 Diagrammatic representation of the utilization of ingested energy by a fish
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temperature, feeding regime, stress and disease on the growth rate of fish can be predicted quite
rapidly. Data can also be gathered at intervals over longer time periods 1o build up a piclure of
seasonal chunges in growth but without experiencing the inherent problems involved in long-terin
growth experiments, This approach was adopted to study the encrgetics of sockeye salmon,
Oncorfynchus nerka, (Brett, 1983).  Schreck (1981) produced models for the effects of stress on
smolting in salmonids and, more recently, Davis and Schreck (1997) investigated the metabolic
cost of stress due to handling in juvenile coho salmon O Kisuich. A study on the energetics of
striped bass, Morone saxalilis, bluefish, Pomatomus saltatrix, and weakfish, Cyrnoscion regalis,
showed the growth of the three species appeared to be related to the water temperatures
cxperienced during estuarine residency (Hartman and Brandt, 1995).  The proportion of cnergy
devoted to growth in six species of teleosts was shown to range trom 21.3 % 10 63.4 % (Cui and
Liu, 1990). The Chinese catlish, Siluris meridionulis, was demonstrated to use around 60 % of
the ingested encrgy on growth (Xic and Sun, 1993). Bioenergetic approaches were uscd 10 assess
the conditions pertaining to the long-term successful maintenance of the bull shark, Carcharhinus
feucas, (Schmid and Murru, 1994) and to estimate the food consumption of roach, Rutilus rutilus
(L) in a entrophic lake (Horppila and Peltonen, 1997)

Bicenergetics models are also very importani i the understanding and modelling of
marinc ccosystems since the food consumed by a fish and its relationship to growth can be
applied directly in the study of transfcr of energy from one trophic level to another in the food
chain (Steele, 1974). Such uses of bioenergetics models along with new applications have
recently proliferated e.g. prediclions of larval survival, estimates of the intensity and dynamics of
predator-prey interactions, nutricnt cycling within aquatic food webs of varying trophic structusc,
and analysis of ecosystem function (Bevelhimer and Adams, 1993; Brandt and Hartman, 1993;
Hansen ef al., 1993; Labar, 1993; Ney, 1993; Rudstam ¢f af., 1994).

Some critics of biocnergetics models claim the models fack sufficient detaill to produce
reliable resuits in ficld applications whilst others have claimed they are too complicated and oo
species specific and so it is unfikely that the general hypotheses of fish energy budgets will be of
great use to the aguacultwalist (De Silva and Anderson, 1993),  However, some studies have
combined more conventional growth studies to test or corroborate predictions of bioenergetics
models for certain fish. For example, Fox (1991) compared food consumption and growth rates
of young of the vear walleye, Stizostedion vitrewm vitreum, with predictions of a bioenergetic
mode] for walleye by Kitchell ef a. (1977) and found that maximum walleye growth rates were
adequately predicted by the model but food consumption was much lower than predicted. Boggs
(1991) estimated the proportion of food cnergy used for growth and maintenance was 65 % in

adult anchovy, Engraulis mordax, tested at different swimming speeds and noted that the
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bioenergetics model dertved for adult anchovy was consistent with observed growth and
reproduction rates, and the few measurcments of ration and swinuing speed in naturc. Boisclair
and Sirois (1993) tested the hypothesis that activity rates can represent a Jarge and variable
component of a fish's energy hudget by directly comparing model predictions with direct
estimations of growth, consumption, and activity rates. In general, thc morc comprchensive the
study, the more accurate the bioenergetic model will be (Jobling, 1983b).

To achieve a more comprehensive picture of the bicenergetics of juvenile turbot, aspects
of the respiratory metabolism under varying conditions were investigated and comparcd with
direct estimations of the food consumed, digestive efficiency, growih and body composition of
the fish.

4.1.2 Respiratory Mctabolism

In homeotherms, the main demand for [ood before any somatic or reproductive growth
can be achieved 1s to meel the maintcnance demands of the amimal 7.e. the 'basal metabolism’ or,
in other words, the minimum rate of cnergy expenditure to keep the organism alive (Brett and
Groves, 1979). Poikifotherms have resting metabolic rates 10-30 times lower than mammals and
up to 100 tumes less than small birds of the same weight (Brett, 1972). Due to such low
mainfenance demands, fish may survive long periods without food. However, the case of
elevation of the resting metabolic rate in fish along with the accompanying problems in measuring
the resting ratc has resulted in a varicty of methods and a number of terms being used
synonymously.  The terms used in the present study are explained to avoid any counfusion.
Generally, these are the definitions given by Breit and Groves (1979).

The term 'standard metabolism' was used in early studies to describe the minimuin ratcs
obscrved in {ish (Krogh, 1914). 'Standard mctabolism' will be retained in the present study and
refers to the minimum ratc of oxygen consumption of an organism at rest in the postabsorptive
state and thermally acclimated, or in other words, maintenance metabolism. It is difficult to
determune the post absorptive state exactly, as the time taken for the cffects of the last mcal to
completely clear are dependent upon the size of the fish, the quantity, quality and consistency of
the food, water temperature, stress levels and discase status. A period of between 48-72 h after
feeding is comumonly allowed before attempting to measure standard metabolism in fish. 'Routine
metabolism’ is defined as the metabolic rate of an organism during normal spontancous activity.
The 'fecding metabolism', or, ‘specific dynamic action’ (SDA) is the mctabolic heal toss
associated with the digestion and biochemical transformation of foed following a meal (Beamish,
1974). The active oxygen consumption is defined as the maximum oxygen consumption observed

during sustaived cruising swimming {Priede, 1983). The conditions and experimental set-up used
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to determine 'standard’, 'routing' and "feeding metabolism' (SDA) in the present study were all
standardized and are detailed in section 4.2.1.1.

Metabolic rate in nammals is often recorded directly by calorimetry measuring ‘heat
loss', however, this is unsuitable for fish due to their relatively low heat production and the high
thermal capacity of the water wherce the ‘heat loss' would be estimated. In fish, metabolic rate is
usually determined by measuring oxygen consumption.  Various methods have been devised for
measuring the oxygen consumption of fish and these are reviewed in section 4,211, Once the
oxygen consumption of a fish at rest has been recorded, the amount of cnergy required Tor
maintenance of bodly functions of the fish can be calculatcd by using an oxycalorific cocfficicnt.
A figure of 19.4 ki per | of oxygen consumed is recommended for fish (Jobling, 1994), This is
based on the assumption that the metabolism is acrobic and that the primary respiratory

substrates arve protein and lipid.

4.1.2.1 Factars affecting metabolic rate

i) Body size

A numbcer of factors may affecl the metabolic rate of the fish such as body sizg,
temperature and oxygen availiblity. The relation of body weight 1o standard metabolic rate has
received much attention (Winberg, 1956, 1961; Fry, 1957). The metabolic tatc is greaier per g
of tissue in smaller fish than that for larger fish measured at the same temperature. This scaling
cffect can be described mathematically by the formula: Y = axX™. where, ¥ is the metabolic rate,
¢ 18 a constant, X is body weight, & describes the effect of body size on the metabolic rate (= the
slope of the regression ling).

Values of between (.7 - 0.8 have been reported for & for fish. A slopc of around 0.7 has
been recorded for several species of Natlish (Edwards ez o, 1969, 1970 Jobling, 1982; Brown
et al., 1984, Waller, 1992), whilst in roundfish the exponent is reported at values of around 0.8
(Winberg, 1956; Brett, 1965; Brett and Glass, 1973; Waller, 1992: Jobling, 1994; De Silva and
Anderson, 1993).

ii) Temperature

Temperature may affcet the metabolic rate of fish in two ways, Generally, if a fish is
acclimated to a certain temperature and is then moved to a higher temperature there will be an
acutc change in metabolic rate which, if the fish is returned to its original temperature of
acclimation, its original metabolic rate will be restored.  If, however, the fish is kept at the new
higher temperature for a period of a few weeks there will be a decrease in the fish's metabolic rate
as it becomes acclimated. Temperature fluctuations may be considerable and may occur rapidly

i an intensive fish farming situation and therefore the affect of temperature on the metabolic rate
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is very important. 'The term Qqq is often used to describe the effects of temperaturc on the
metabolic rate. 'This refers to the increase in the rate of physiological process accompanying a 10
°C rise in temperature ¢. g. if the rate doubles Q¢ is 2 (Prosser, 1973).

The Q¢ can be derived from the formula:

Q10 = (Vo VI T=T)

where V1 and V7 are the rates of the physiologicul process at times T and Ty.
iii) Feeding

An increase n metabolic rate following feeding is common to all vertebrates. The rise in
metabolic rate due to feeding may vary with the composition of the diet, the energy level, the size
of the meal aud the twmperature of the water (Jobling, 1981a,b). The period of time the metabolic
rate remains elevated varies in relation to these factors and increases with increasing period of
food deprivation (Soofiawi and Hawkins, 1982). Each of the aforementioned factors influences
the rate of passage of food through the alimentary tract and it is possible therefore that a
relationship exists between rate of gastric evacuation and the heat increment (Jobling, 1981a,b).
The proportion of the encrgy intake dissipated as heal increment may be as much as 3¢ % (Pierce
and Wissing, 1974) It is thereforc important (o agsess the factors lcading (o an mcerease m heat
increment and to ohserve those feeding procedures which result in the minimum energy cost and
consequently leave more cnergy tor growth.

The above factors may alfect the metabolic rate in the shorl lorm over hours or days but
there is some evidence to suggest that the long-term uutritional history of an animal may influence
the standard metabolic rate. This would have the cffcct of a well fod fish having a higher
standard metabolic raic than a poorly fed conspeeific of equivalent age. 1o investigate if some
form of physiological compensation to ration levet occurs in turbot, the standard metabolic rate
was determined for fish mantained on a reduced ration for 10 weeks and this was compared with
fish fed to satiation daily for 10 weeks.

iv) Activity

There has been a great deat of debate over the years as to what proportion of the energy
intake of a fish is used in active metabolism. Some authors claim that the energy expended in
active metabolism accounts for a large proportion of a fish's energy intake (Brett and Groves,
1979). Others claim that levels for active metabolism are ofien oblained by forcing fish to swim
against a current and that this does not relate to activity levels in nature (Jobling, 1994). Some
authors say the encrgy cost of activity may be closer to that described as 'routine metabolism' as

defined by Brett and Groves (1979). Recent consensus is that relatively little time and energy are
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expended on swimming activity and that this is approximately equal to 10 % and probably no
more than 20 % of the energy intake (Jobling, 1994), However, the cnergy cost of sctivity s
likely to vary between species depending on the behaviour and body shape of the fish (De Silva
and Anderson, 19935). It is worth noting that activity does not only result in a negative effect on
growth. It bas been shown in Arctic chair {ry, (Salvelinus alpinus) that sustained swimming was
related fo increased growth rates (Christiansen ef af.,, 1989)., A method for measuring the routing
activity in turbot was investigated in the present study.

v) Stress

Various factors may be atiributed to causing stress in fish (see Chapter 1.9 for deiails)
all of which have the effect of increasing the metabolic rate of the tish. This means a greater
proportion of the encrgy intake is uscd it catabolic metabolism rather than growth, ‘The salinily
of the water has a marked elfcet on the metabolic rate of fish as osmorcgulation 1s metabolically
costly at salinitics above and below the iso-osmotic point between body fluid and ambient water,
for a given species (Farmer and Beamish, 1969; Von Oertzen, 1984, Waller, 1992; Gaumet ¢/
al., 1995).

Other forms of stress such as handling, crowding, acute changes in temperature, low
oxygen fension or in some cases saturated fevels of oxygen may increasc the motabolic rale and
this in turn may reduce the capacity for growth in fish (Wedemeyer and McLeay, 1981: Pickering
1993; Waring ¢ al.; 1996; Davis and Schreck, 1997). There may also be a natural fluctuation in
metabolic rate following seasonal cycles (Karas, 1990) or cven fotiowing Lunar cycles (Farbridge
and Leatherland, 1987).

In the presont study precautions were taken to ensure any stress suffered by the fish was

kept to a mintmum.

4.1.3 Growth

The proportion of energy available for somatic and reproductive growth is dependent on
ibe amount of assimilated energy gained from the faod consumed minus the proportion used for
mamtenance, feeding and active metabolism and the energy lost in excretion.  Although growth
may appear to have the lowest immediate priority, it is ultimately the feature that dictales the
survival of a species. Many factors affoct the growth rate of fish but, in general, there is a
decrease in growth rate with an increase in sizc and age of the fish, Digestion, absorption,
assimilation, metabolic expenditure and excretion are all influenced by many factors and, in turn,

these affect the growth rate of fish. A knowledge of how these factors affect the growth rate of

tish species is essential to achicve oplimum growth.




4.1.3.1 Measurement of growth

Growih in fish generally refers to a change in magnitade. This may be measured
in terms of length ot weight of the whole fish, or of its various tissucs and organs, It may also be
measured in terms of the rclative proportion of the protein, lipid, carbohydrate, ash and water
content of the body, or, in terms of the energy content of the body. Tn fish farming, it 1s valuablé
to measure somatic growth in torms of efficiency of food utilization (conversion efficiency), or, in
terms of the fate of the assimilated food in respect to the relative growth of the body tissues and
the composition of these tissues. The latter method is perhaps the most reliable as this gives a
deeper wnsight into the ellicicncy with which the ingested food cncrgy is deposited as body tissue.
For example, a fish fed maximally will tend to bave a lugher lipid content than one fed on reduced
rations and older fish tend to lay down more lipid than younger fish. However, the conversion
efficicney (growth/ration x 100) is perhaps the quickest and simplest indicator of the nutritional
adequacy of a particular diet and ration level, the suitability of the environment the fish is held n
and the health of the fish (Brett and Groves, 1979).

Growth studies on fish usually concern the change in magnitude (length/weight/energy
content) of a samplc of individuals over a period of time; that is, growih is usually expressed as
the growth ratc. This may be expressed as a percentage body weight gain per day, or, as an
instantaneous percentage growth rate per unit of time using both fength and weight as indicators
of changes in size i.e. the specific growth rate.  This is also known as the relative growth rate
and is generally greatest in the smallest fish (Brett and Groves, 1979) (See 4.2 [or details).

Other indircet methods of assessing the energy status of fish which arc commonly used
by fish biologists are, the condition factor (CF), which is an index of the body condilion or
‘fatness’ or ‘well-being’ of fish, that is the extent to which the total body weight of a fish is heavy
for its length, the somatic condrtion factor (SCF) which is the extent to which the carcass weight
1s heavy for a given length, and the hepato-somatic index (FISI) which is a measurc of the
relative weight of the Uver mn relation to body weight (Chellappa ef afl, 1995) (see 4.2. for
details).

4.1.3.2 Growth-ration curves
I might be expected that the more food a fish consumes the faster it will grow
with the maximum growth rate being equal to the maximum amount of food a fish can consume.
The relationship between the growth rate and the ingestion rate m fish was cxamined by
Paloheimo and Dickie (1966) for several species of fish and they concluded there was @ tendency
for gross conversion cfficiency to fall with increasing ration size. That is, maximum growth rate

and maximum conversion efficicncy occur under different feeding conditions.




'The devetopment of a mathematical equation to describe the relationship between growth
and ingestion has progressed over the years (Palobeimo and Dickie, 1966; Ursin, 1967, Warren
and Davies, 1967; Brett ef al, 1969, Kerr, 1971a,b,c; Ware, 1975). However, Brett et «f
(1969) in their study on the growth of sackeye salmon used a simple method in wlich they plotted
growth rate against rations (GR curvc) and tfrom this the ration lovels approximating to
starvation, maintenance, optimal and maximal growth conld be obtained.

‘I'he use of the gross conversion efficiency equation was further devcloped by Brett and
Groves (1979) who estimated the effect of various environmental [actors (temperature, light,
salinity, oxygen tension) and biotic factors (ration, size, competition) on the growith-rations curve.

If ration is expressed in the same ynits as growth rate (% body weight per day) then the
relation for grass conversion efficiency (GCE) is found to be a dome shaped curve and the value
of rations that produce the highest value for GCE can be estimated. At maintenance rations,
GCE is zero: at optimal rations, GCE is ¢qual to the peak of the dome. Variations in the shape of
the curve occur under different environmental conditions and biotic factors.

Brett ¢f al. (1969) investigated the effect of temperature on the growth-rations curve of
fingerling sockeye salmon. At 5°C the curve is far to the left with a low growth rate and small
maintenance ration. As temperature increases the curve shifts to the right and is clevated as
optimal temperatures are approached and hencc maximum growth rates arc inercased and
maintenance rations arc incrcased. Temperatures above optimum produce @ further shifl to the
right as maintenance costs are increased but arc accompanicd by a decreasc in maximum growth
rate despite an increase in maximum rations; that is, conversion efficiency has declined (Bretl,
1979). In other words, the cfficiency of digestion and absorption decreasc with increasing
temperature and ration size. Allen and Wootton (1982) studicd the relationship between growth
rate and ration size at diffcrent tomperatures for the three-spined stickleback, Gasterosteus
aculeatus. They found that at 3°C the maintenance ration was 1 % body weight per day, whilst
at 15°C the maintenance ration was 2 % body weight per day. This indicales that basal
metabolic ratc increases with increasing temperature. This occurs in poikilothermic animals
where body temperatures and hence the ratc of metabolic rcactions are increased with
temperature. The authors also showed that maximum ration was equal to 2.5 % at 3°C, whilst
maximum cation was cqual (o 8 % at 11°C. The increased ration was accompanied by an
mereased growth rate. However, at above optimal temperatures for fish, growth rate is limited by
an increase in metabolism (De Silva and Anderson, 1995).

Osmorcgulalory processes have an cnergy cost {Brett and Groves, 1979; Waller, 1992,
Gaumet ¢t al., 1995) and therefore finding the salinity conducive to optimum growth rates is

important in fish farming. The capacity to adapt to various salinities has been studied mostly in




euryhaline species living i freshwater, brackish or sca water, for example in the plaice,
Pleuroneetes platessa (ITutchinson and Ilawkins, 1990; Nonnotte and Truchot, 1990). Recent
studies on the turbot have shown they have an ability to osmoregulate between 1000 and 3500
(Waller, 1992; Gaumet ef g, 1995) and, although they are a marine fish, data suggest growth for
‘o' group fish may be improved by acclunation to lower salinities.

Photoperiodic intluences on growth have been observed in many species of fish and have
been shown to be independent of temperature changes for some species of salmonids (foblug,
1994), Growth rates of Atlantic salmon (Salme salar L.) subjected to natural daylight were
depressed durmg the autumn and winter, whilst no change in growth rate was observed in fish
held under a continuous light regime (Forsberg, 1995). A photoperiodic effect on the rouline
oxygen consumption of turbot has been observed (Waller, 1992) indicating the importance of
studying the scope for metubolic adjusiments under changing environmental conditions in order 1o
establish the parameters conducive to optimum growth for different size turbot.

In the present study, standardized niethbods for mecasuring oxygen consumption were
developed 1n order to oblum the standard metabolic rate of juvenile turbot. The relationship
between body size, temperature, ration level and feeding frequency and the standard metabolic
rate were invostigated.  Comtinuouws recordings of standard metabolic rate were carried out to
observe if any daily thythms occurred.  Feeding metabolism was measured by providing turbot
with different sized ration levels and length of time taken for metabolic rates to return to standard
levels noted. A method was devised to measure the rouline metabolic rate of juvenile turbot.
TFrom these data the amount of cnergy used per day for standard, routing and feeding metabolism
could be estimated.

Feeding experiments (see Chapter 3 for details) carried out in the present study provided
data on the amount of food consumed per day by fish held under different temperature and
feeding regimes. The assimilation etficiency of each group was analysed. Data were gathered on
changes in body weight and length for cach group during a 10 week period, providing information
on differences in growth rates and condition factor (W/L3) of the fish. Growth-rations curves
were then produccd tor each group of fish. Conversion efficicncies were obtained for each group
and were used to investigate the relationship between certain biotic and environmental factors and
growth. Finally, the body composition of each group was analysed for dilferences in prolein,
lipid and moisturc content of the fish and the hepato-somatic index obtamed.

Data on ingestion rates, digestive officiencies, respiratory metabolism and parasitic status
werc used to construct a bioenergetics model of energy partitioning of food consumed by turbot.
These data were also used to predict the proportion of the energy consumed available for growth

in turbot held under different conditions. It was also decided to test this model by direct




measurement of growth rates, using weight/length measurements and by measuring changes in

total energy content.

4.1.4 Research aims

| To develop a method for measuring the standard metabolic rate of juvenile turbot.

2 To determine the relationship between body size and standard metabolic rate.

3 To ascertain the effect of the length of time since feeding on metabolic rate

4 To examine the effect of acute and long term (acciimation) temperature changes on the

standard metabolic rate.

5 To assess the affect of different feeding levels on standard metabolic rate
(determination of specific dynamic action).

6 To discover if long term adaptation to different fecding levels occurs in the standard

metabolic rate.

7 To devise a method for measuring routing oxygen consumption in furbot,

2 To measurc the ngestion rates of fish held under various conditions.

9 To determine the growth rate of fish held under different conditions.

10 To establish the conversion efficiencics of fish at different temperatures and on

different focding rogimos.

11 Derive growth-rations curyes from data to oxplai relationship between food intake and
growth under different environmental conditions.

12 Construct bicenergetics model of energy partitioning in turbot, including estimate of
energy consumed used by tapewarms in infected turbot.

13 Use modcl to predict proportion of energy consumed that is available for growth under
different. conditions.

14 Use direct measurements of ingestion rates, growth rates aud energy content at start and
finish to test precision of bioenergetics model.

15 Determine condition factor, hepato-somatic index and carry out analyses of body
composition of fish held wnder varying conditions to asscss type of growth ocourring

under different conditions,

4.2. MATERIALS AND METHODS
The overall experimental design, feeding procedures employed and many of the

experimental procedures used in this Chapter are described in detail in Chapters 2 and 3.
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4.2.1 Respiratory metabolism

The measurement of the amount of oxygen consumed by fish 1s a convenient, indirect
method of monitoring the energy costs associated with mainienance metabolism, feeding
metabolism and active metabolism, The energy equivalent is estimated by using an oxycalontic
cocfficicnt valuc of 194 kJ I-1 of oxygen, which assumes lipid and protein are the man
substrates and that the fish is respiring aerobically (Jobling, 1994),

Various methods of measuring the oxygen consamption of aguatic animals have been
developed mcluding the measurement of oxygen consuinption in a closed chamber, the oxypen
depletion during flow through a chamber, and also the measurement of oxygen consumption using
manometric methods such as the Gilson systom. Problems arise i closed systems duc to
decreasing O, concentrations and the build up of metabolic wastc products such as CO,, NH;
and H. These problems are exacerbated during long term experiments and therefore limit the
use of closed systems for such purposes. Despite the limitations of closed systems in aguatic
respirormetry, von Oertzen (1984) stated that, until 1984, approximately 90 % of all
measurements on aquatic animals were based on these methods.

Open-flow respirometers allow continuous measurement of oxygen consumption whilst
maiataining relatively stable chemical and dynamic conditions, Constant flow rates can be
mainfained in open-flow systems either by a high preciston pump or by a constant head of watcr.
These features make it possible to carry out long term measurements of oxygen consumption.
Towever, a number of practical problems are encountered in flow-through respirometers which
may nfluence the results of experiments. For example, the animals may react to the geometry of
the respirometry chamber and to the flow regime. According to Hughes ef al. (1983), these
factors give widely varying results in rates of oxygen consumption. Although the development of
stable oxygen sensors and pumps allows recording of oxygen over long time periods (Soofiani
and Hawkins, 1982), problems of starvation and bacterial contamination should be recognized
and dealt with. The design of some aqualic respirometers and the type of oxygen electrode
sensors used may involve large time delays or lags between the animal chamber and (he cleclrode
sensor and this should be taken inta account (Fry, 1971). The detays in the recorded signals may
be due to the oxygen sensor's incrtia, to the type, length and diameter of the tubing used and (o the
flow rate and mixing efficiency within the animat chamber. Hughes ct al. (1983); Niumi (1978)
and Propp ef al. (1982) all described mathematical corrcetion calculations to deal with lag in
specific situations and Kautimann ef af. (1989) described a correction formula for a more general
sttuation. Steffanssen (1989) reviewed the probleins and sources of crrors involved in closed and
flow-through respirometry and how to correct them. Howcever, cach individual study should

design the most suitable apparatus for their experimental animals and expcrimental design, The

109




optimum design should be a small respirometer chamber and high flow-through rate with efficient
mixing. The apparatus should be cleaned thoroughly and frequenily and tubing should be
replaced regularly to prevent bacterial build up. The conditions should be standardized to

decrease variability as far as possible.

4.2.1.1 Description of constant-flow respirometer
The apparatus used in these experiments was the same as lhat deseribed by
Jobling (1978), except for a number of refinements and modifications made to suit the
experimental animals. A diagrammatic representation of the constant-flow respirometer used for
this rescarch is shown in Figure 4.2.

The respirometer consisted of an animal {est chamber and a polarographic chamber
sondaining a ‘Clark-typc' oxygen probe connected to a chart recorder. A supply reservoir of sca
water located above the animal chamber contained an overflow tube connected to a catclment
reservoir below., Water was recycled to the supply reservoir via an Eheim pump, thus
maintaining » constant water level and hydrostatic pressure. The water from the supply reservoir
flowed by gravity through the animal chamber, then through the polarograph chamber and back
to the catchment resoryvoir.  Both reservoirs were supplied with air stones to ensure air saturated
water was used.

The oxygen probe was fitted and sealed into a Perspex chamber containing a magnetic
stirrer which allowed u sufficienily fast flow rate 1o enswre the membrane was insensitive to flow
ratc vanations but slow enough to detect the oxygen consumption of the experimental fish.

The supply reservoir, animal and polarograph chamber and catchment reservoir were
connected together using vinyl tubing (Portex NT12), whilst rubber laboratory tubing was used to
conuect the Eheim pump to the supply reservoir,

Two animal chambers of 650 ml and 850 ml respectively, were used to test the oxygen
consumption of juvenile turbot (Figure 4.2). The size of chamber used was dependent on the size
of the fish, Each contained an inlet at the bottom of one side of the chamber and an outlet at the
top of the opposite side and to ensure adequate mixing of water occurred, the chambers also
housed a perforated perspex tube containing a magnetic stirrer,  The tubing on either side of the
animal chamber was fitted with thiee=way stop cocks so that the water could be shunted directly
to the oxypen probe. This cnabled probe rcadings to be taken prior to and during each test. Also,
the sodiwm dithionite reservoir allowed probe readings to be zeroed both during and after tests
with the stopcock preventing leakage of dithionite into the animal chamber. Since the probe was
calibrated using sodivm dithionite and fully saturated sca water it was possibie to adjust the flow

ratc through the chamber such that the experimental fish consumed not more than 30 % of the
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oxygen. Flow rate was measured by shunting the water supply to the animal chamber into a
measuring cylinder for a period of one minute.

The supply reservoir, the animal and polarographic chambers were snrrounded by a
thermal jacket and the temperature of the system was controlled using an aquacooler in
combination with a temperaturc control unit. The experimental chamber was always removed
from the system whilst still sealed and opened and closed under sea water so that no air bubbles
were introduced into the system.

After the introduction of the animal to the system a period of time was required for the
system to equilibrate and for the animal to settle. Standardization experiments were conducted to
delermine @ suitable length of time for equilibration to take place. Equilibration time was
dependent on a number of variables but an attempt was made to control for as many of these as
possible and to reduce the delay between introduction of the animal to the sysiem and the first

reading. Tiese steps included:

| Handiing of fish reduced to minimum prior to experiment;

2 Animals fasted for 48 h prior to experiment;

3 A two hour period for the animals to become acclimatized to the chamber;

4 Prevention of wide Nuctuations a Jow rate;

5 Tumperature kept at constant level;

0 Laboratory air conditioning unit remained on and kept al constant temperature

The design of the apparatus allowed continuous recordings of the oxygen consumption of
experimental animals to be taken over long time periods. Standardization experiments
demonstrated that approximately two hours was an adequate interval for the animal to settle into
the experimental chamber and for the apparatus to cquilibrate. The oxygen consumption of the
resting animal then remained fairly constant for a period of approximately 12 hours although
fluctuations were observed over a 24 h period. The results of these preliminary experiments also
showed that diurnal variations in oxygen consumption were not strongly evident in juvenile
turbot, although a slight increase in respiration between 1200 h and 1800 h was observed.
Disturbances caused by human activity in the laboratory did have an effect on oxygen
consumption and these were controlled for as far as possible.  The experimental design is

described in detail in Chapters 2 and 3 and depicted 10 a flow chart (Figure 3.2).

4.2.2 Growth

Methods for measuring the weight and length of the fish are described in Chapter 2.




4.2.2.1 Specific growth rate
Growth ratc in turbot was expressed as an instantaneous percentage growth rate

per unit time (Ricker, 1979) using weight and length as indicators of change 1n size:

(InW, — TnW, )
L1

Specific growth ratc — x 100

where: Wy = the mean weight of samplc 1(g)
Wy = (he mean weight of sample 2(g)
t] = the date of sample 1 (d)

%) the date of sample 2 (d)
To determine the specitic growth rate in terms of length the same formula was used but
meau lengths (min) were used instcad of mean weights, Both give measurcs of growth relating to

the sampling time scalc.

4.2.2.2 Conversion ciliciency
The gross conversion efficicncy measurcs the growth ratc of fish in relation to
the feeding rate. Tt is commonly used as an indicator of the physiclogical energetics of a fish held
under experimental conditions instead of determining a complete energy budget or in order to test
the coergy budget of a fish {De Sitva and Anderson, 1995). The gross conversion cfficicncy was

determined in the present study using the following equation:

. S Growth increment (G
Gross conversion efficiency  (K) = . . ©) x 100
il Ration (R)

where growth increment and ration were both measured in terms of cnergy content (joules).

4.2.2.3 Growth-ration corves
Growth-ration curves depict the overall relation of growth-~rate to the rate of food
uptake and give important intormation about optimum and maintenance rations, Both growth and

ration arc expressed n lerms of % body weight per day.
4.2,2.4 Condition factor

The condition factor (CF) is an index of the body condition or well-bemg' of fish

and 1s based on the hypothesis that the heavier the fish is for a given leagth the bLetter the

il3




condition than the lighter fish. The relationship between the weight and the length of fish may be

expressed by the following equation:
(1) W= al®

where W is weight, L is the length and & and & are constants. The linear form of the squation is:
(2) Log W=loga+blogL

where b is the slope of the line and log a is the intercept on the y axis.

1f the fish is growing isometrically then the length expanent is thought to take the value of
3.0 where weight increases as the cube of the length. Tf this value is significantly higher or lower
than 3.0 then the growth is allometric (Ricker, 1979). A value for the slope of preater than 3.0
indicates the fish are becoming heavier for their length whilst a value of less than 3.0 indicates
they are becoming lighter. If the slope of the line does not deviate much from 3.0 it can be

substituted in equation (1):
(1) W=al?
this may then be rearranged to give:

“7
a —i pw—
L3
The constant a is therefore a measure of the condition of the fish. Many authors have found it

convenient Lo use the following simple equation for the determination of condition factor:
" W
condition factor (CF) = o x 100

where CF 1s the condilion factor, W refers to the weight in g and L is equivalent to the fork iength
of the fish measured in om. This formula tends to fit the body plan of salmonid fish better than
other fish e.g the condition factor for cels using the above calculation is significantly less than

unity, whereas less elongated specics may be greater than unity (Weatherly and Gili, 1987).

{14




4,2.2,5 Hepato-somato-index
The hepato-somatic-index (HSI) is a measure of the rclative weight of the liver
expressed as a percentage of the total fish weight, The liver is an important store of energy
reserves, especially in non-fatty fish, and the HSI is often used (where dissection is possible) as
an indirect measurement of the energy status of the fish (Wooten ef af, 1978; Campbell and

Love, {978, Chellappa ef af.,, 1995). The HSI 1s caloulated using the following formula:

- ic index (HSD) weight of liver 100
cpato - somatic index (I r———
pato - somatic tndex woight of fish

4.2.2.6 Analyses of body composition
The methods used for determuning the protein, lipid, water, ash and cnergy

content of turbot under various conditions are described in Chapter 2.

42,3 Data analyscs

All statistical analyscs were performed using Minitab version 10.0 for Windows.
Paramelric tests include Regression analysis and Analysis of covariance, Mann-Whitney non-
parametric tests were used, Statistical significance has been accepted at a probability level of less

than 0.05. Means are presented + their standard deviation unless otherwise stated.

43 RESULTS

4.3.1 Respiratory metabolism

In order to test the effect of varying intrinsic and cxternal factors on the standard
metabolic rate of turbot, a standardized method was first devised. The respiration rates of fish
fed 48 h proviously were measured continuously for periods of time ranging firom 20-48 h. It was
hoped that any possible daily fluctuations in standard mectabolic rate would become apparent

using this method.

4.3.1.1 Standardization and continuous mecasurement of standard metabolic rate

(daily rhythms)
Line diagrams of the respiration rate versus time over a period of 24 h, for six

turbot, are depicted in Figure 4.3, All the fish were fed 48 h previously and allowed two hours to




settle before measurements were started at mid-day. Some fluctuation in the respiration rate of
the fish did oceur, but no particular pattern or daily rhythm was obvious.

The same procedure was followed for another five fish (Figure 4.4) only this time the
respiration rate was tollowed tfrom 1000 h and the readings were started mmediately after the
fish entcred the cespiration chamber and continucd for 24-48 b, 'I'he results showed a drop in
respiration rate for the first two hours for four of the five fish with some fluctuations around a
standard rate during the following 24 b.

Results for three fish where the readings were started at 1400 h and the {ish were allowed
a 2 h period to settle into the armumal chamber and for three fish where the readings began at 1800
h and no settling-in period was given are shown in Figure 4.5, Again no particular daily rhythin
could be followed apart from a possible fall in standard metabolic rate in the early hours of the
moming belween 0200 hand 0400 h and a possible rise from about 0400-0700 h,

Generally, it was considered that a two hour acclimation period was sufficient before
taking a reading to represent the standard metabolic rate of the fish and that these readings should
be taken, where possible, between 0900 h and 1600 h. Ilowever, it was also noted that this was
perhaps not the ideal method as there was a certain amount of fluctuation during any day.
Possibly the most accurate method of assessing the standard metabolic rate of the fish would be
to take continuous readings over 2 24 h period and work out the total oxygen consumplion per 24

h.

4.3.1.2 Lffect of body size vn standard metabolic rate
The results obtained from experiments on the relation between standard
metabolic rate and hody weight show a positive relationship. However, the increasc in oxygen
consumption does not increase with equal magnitude for cach additional unit of tissue and so
smaller fish were found to have a higher rate of oxygen consumption per gram of tissuc than
larger fish, This scaling effect was found to be represented by the following regression cquations

for fish acclimated to 10°C and 20°C (Figures 4.6 and 4.7):

10°C:  LaY — 0.77LaX+2.027 (t2=0.89, sd=0.032, n =75, p =<0.001)
20°C:  LaY =0.81LnX +2.152 (r2 =0.86,sd= 0.72, n=22, p= 0.000)

From these data the amount of energy used per day for standard mctabolism of a specific

sizc of fish at 10°C and at 20°C was cstimated (Table 4. 1},
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Figure 4.6: Relationship between standard metabolic rate and body
weight in turbot. Regression cquation is shown in graph.,
Natural logs (n=75).
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4.3.1.3 Effect of time since last meai on metabolic rate

The relationship between oxygen consumption and body weight was cxamined
for turbot at different time intervals after feeding to find out if nutritional history affected the
standard metabolic rate (Figure 4.8). Regression equations representing the relationship between
oxvgen consumption and body weight are shown in the graphs. The relationship between oxygen
consumption and body weight was significant showing a decrease in oxygen consumption for a
given weight in fish deprived of food for over 192 h comparcd with those deprived of food
between 13-60 h. A significant difference in the slopes of the two regression lines (ANCOVA F
s, = 14.11, P = 0,000} and a significant difference in their elevations (ANCOVA Fy 57 = 12.09,

I' =9.001) was observed.

4.3.1.4 Effect of temperature on standard metabolic rate
Groups of turbot were acclimated to temperatures of 10°C and 20°C for periods
of three and ten weeks respectively, The fish were then respired at their respective  bolding
temperatures and at either a lower or higher tompeorature {o examine their response to acute and
jong term temperature changes,

The responsc in rate of oxygen consumption of fish acclimated to [0°C and 20°C for a
period of three weeks then measured at their respective holding temperatures and also at 15°C s
shown i Figure 4. 9. The respiration rate of the 20°C fish measured at 20°C 1s higher than that
for 10°C adjusted fish measured at 10°C.  When measured at 15°C, the 10°C acclimated fish
had a higher rate of respiration than the fish held at 20°C, suggesting partial acclimation.  Also,
when measured at 10°C, the 20°C adjusted fish have a higher rate of respiration than the (0°C
acclimated fish again suggesting partial acelimation.

The pattern of acclimation of fish adjusted to 10°C and 20°C for 10 wecks then respired
at their respective holding temperature followed by measurements at a higher or lower
temperature is represented in Figure 4,10, The pattern of acclimation was diffcrent from the
three week acclimated fish. There was translation of the curve whereby the 10°C acclimated fish
had a higher rate of respiration than the 20°C adjusted fish at all temperatures and there was no
(iittle) change in the slopc of the line.

There is thercfore some compensation in respiration ratc to accommodate an increase in
temperature of 10°C over ten weeks which results in the respiration rate of 20°C acclimated fish
being only shightly higher than that of 10°C acclimated fish, There is therefore only a small
increase in the amount of encrgy used in standard metabolism at 20°C over that required at 10°C.

This result was further investigated by comparing the standard metabolic rate versus

body weight of Group | (fed daily (o satiation and held at 10°C for 10 weeks) and Group 4 (same
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Figure 4.9 Lffect of temperature on the respiration rate of fish acclimated to 10 C

and 20 C for 3 weeks.
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as for Group 1 except acclimated to 20°C). Figure 4.14b. A sigoificant relalionship between
oxygen consumption and weight was found for both 10°C and 20°C fish with the fish at the
higher temperature having a greater oxygen consumption for a given weight. There was no
significant difference in the slopes of the two regression fines (ANCOVA Fy 4, =337, P =
0.096) bul a significani difference in their clevations was observed (ANCOVA Fy ;.= 1626, P
= (.002).

4.3.1.5 Effect of feeding on metabolic rate (SDA)
The standard metabolic raie of a number of turbot was measured for a period of
24-48 h after which the fish were removed from the respiratory chammber and torce fed either 3 %
or 3 % of their body weight in food and their oxygen consumption followed lor another 24-48 b,
The post-prandial mercase in oxygen consumption (SDA) following meals of 3 % and 5

% body weight is depicted in Figures 4.11., 4.12., and 4,13, The graphs show an incrcasc of

between 9.5 and 18.0 % (X = 12.3 %+ 3.0 sd) n the respiration ratc of fish fed 3 % of their

body weight m food. Fish fed 5 % of their body weight i food show an increase in respiration

ratc of between 8.5 and 23.8 % (X = 14,9 £ 4,8 sd). Generally there was a slight delay of 1-3
hours before the meal had an effect on the respiration rate and in most cases the respiralion rale
remained elevated for more than 24 I,

From these data and with reference to the data for the effect of body size on the standard
metabolic rate of turbot; the energy used per day by a specific sized fish fed a known amount of

food can be estimated (sce Table 4.9 and Figures 4.26 - 4.29 for details),

4.3.1.6 Inmvestigation (o find ovut if a long-term adaptation in standard metabolic rate
aceurs at diffcrent feeding levels
The relationship between standard metabolic rate and body weight of fish held
under different feeding regimes for a period of 10 weeks is shown in Figure 4.14. No significant
difference was found iu standard metabolic rate between Group 5 (fish at starl of experiment) and
Group 1 at the end of the foeding cxperiment (ANCOVA py 10, F = 0.02, P = 0.00). Group .
fed fwice daily to satiation had a shghtly lower standard metabolic rate for a given weight of fish
than Group 3, ted twice dally on a reduced ration. A significanl relationship beiween oxygen
consumption and weight was found for both Group 1 and Group 3 with the fish fed on a reduced
ration having a greater oxygen consumption for a given weight. There was no significant
difference in the slopes of the two regression lines (ANCOVA Fy 1y = 3.37, P — 0.096) but there
was a significant ditference in their clevations (ANCOVA Fy 1y =16.26. P =0.002). No
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G 1 10 C acclimated fish, fed daily to satiation

G 2 10 C acclimated fish, ¥ed to satialion every 4-5 d
G 3 10 C acclimated fish, fed restricted ration daily
G 4 20 C accliamted fish, fed daily to satiation,
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Figure 4.15 Effect of feeding regime and temperatire on growth rate of turbot.
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Group 4 20 C acclimated fish, fed daily to satiation.

Figure 4.16 Effect of fecding regime and temperature on growth of turbot.
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significant difference in standard metabolic rate was observed between Groups 1 and 2 fed on

different feeding regimes.

4.3.2 Growth and condition

Four groups of 12 fish werce held under different feeding regimes for a 10 week period
(see Chapter 3.2 for experimental design). Comparisons were made a) between the growth and
condition of fish held on unrestricted and restricted diets, b) betwoen the growth and condition of
fish fed to satiation daily and those fed to satiation only once every 4-5 days and ¢) between the

growth and condition of fish held at 10°C and those held at 20°C and both [ed to satiation.

4.3.2.1 Effect of feeding regime and temperature on mean specific growth rate
Growth curves of the four experimental groups are depicted in Figures 4.15 and
4.16. Groups 1 and 4 starl off with the lowest mean weight and length but finish with the highest
mean weight and length, despite a stationary period over the first 18 d for Group 4. Group 4
have the highest mcan length at the end of the ¢xperiment,

The mean specific growth rates of experimental groups at different time intervais are
shown in Table 4.2, Fish held at 10°C and {ed twice daily to satiation (Group 1, unrestricted
dict) had the highest mean specific rate of growth overall in terms of weight at 1.30 % body
weight per day.  Fish held at 20°C and fed to satiation twice daily {Group 4} had a slightly

lower overall growth rate {1.21 %) than that of Group 1. When the growth rate was examined at

Table 4. 2 Mean specific grawth rate (SGR} of turbot

Group 0-18d 19-37 d 38-52d 53-66 d 0-66 d
] 1.22 % 1.58 % 1,20 % 1,14 % 1.30 %
2 0.61% 0.74 % 0.93 % 0.29 % 0.69 %
3 0.50 % 0.68 % 093% ). 07 % [ 069% _
4 0.03 % 1.42 % 2.15 % 1.43 % 121 %

tunc intervals throughout the experiment it became evident that Group 4 showed almost no
growth over the first 18 d but their growth rate increascd in the second time interval and was

higher than that for Group | for both the third and fourth time interval. {The temperature was
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increased slowly o 20°C for Group 4, however, there was possibly still an acute effoct on the fish
and il may bave taken them longer to adapt than expected).

Group 2 (held at 10°C and fed to satiation cvery 4-5 d) and Group 3 (held at 10°C and
daily on restricted ration) had the same overall mean specific rate of growth in terms of weight at
0.69 % and this was almost half that shown in Groups 1 and 4 {Table 4.2). The results suggest
that frequency of [eeding is very important as Group 2 arc unable to accommodaie fo the less

frequent feeding regime than Group 1 cven although they are offered food to satiation.

4.3.2.2 Effect of feeding regime and temperature on gross conversion efficiency
When the overall cfficiency (Table 4.3) with which each experimental Group of
fish converted food inta fish flesh was examined in terms of weight gain (g) / food consumed (g)
x 100, Groups | and 3 were the most efficient at 60.1 % and 59.9 % respectively whilst Group 2
at 56.0 % was less efficient and Group 4 (held at 20°C) at 53.3 %, the least efficient converter
(Tables 4. 3 and 4.4).

Table 4. 3 Gross conversion efliciency (weight gain g / food ingested g x 100)

Group GCE GCE GCE GCE GCE
0-18d 19-37d 38-52d 53-66 d 0-66 d
1 520 % 72.5 % 58.0 % 560.0 % 60.1 %
2 68.0 % 59.0 % 63.0 % 28.0 % 56.0 %
3 43.0 % 555 % 73.9 % 66.0 % 59.9 %
4 2.15 % 46.0 % 66.0 % 57.5 % 53.3 %

The results suggest that allowing fish to feed to satiation at frequent intervals is the most etficient
mcthod of converting food into [ish Jesh. Although the 10°C fish had a higher gross conversion
cfficiency than the 20°C fish the optimum tetnperatwe is likely to be somewhere in between these
two temperatures and according 1o published literature is more likely to be around 15-17°C
(although this is dependent on fish sizc).

If the overall gross conversion cfficiency is expressed in terms of energy (kJ) again
Group 1 appear to be the most efficient in converting food inte energy at 17.7 % with Group 3
next al 16.6 %, Group 4 at 16.4 % with Group 2 the least efficient at 15.5 % (Table 4.5). These
data are based on the cnergy values obtained for each Group of fish from bomb calorimetry

experiments.
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Table 4.4 Cumulativc gross conversion cfficiency (weight gain g / food ingested g x 100 )

Group 0-18 d 0-37d 0-52d 0-66d
1 520 % 63.5 % 63.0 % 60.1 %
2 68.0 % 62.7 % 64.2 % 36.0 %
3 42.8 % 498 % 57.9 % 39.9 %
4 2.15% 37.8 % 51.5% 53.3%

Table 4.5 Gross Conversion Efficiency (GCE) (Weight gained kJ /food ingested ki x 100}

Group GCE GCE GCE GCE GCE
0-18 d 19-37 d 38-52 d 53-66 d 0-66 d

1 15.2 % 214 % 172 % 16.4 % 17.7 %

2 19.5 % 17.0 % 192 % 8.3 % 15.5 %

3 118 % 15.4% 205 % 18.4 % 16.6 %

4 0.66 % 14.4 % 20.7 % 17.7 % 15.4 %

4.3.2.3 Growth-ration curves
The overall relationship between mean specific growth rate and ingestion rate for
the four experimental groups are shown in Figure 4.17. Group 4 has the highest ingestion rate
bul has a slightly lower mean specific growth rate then Group |, Groups 2 and 3 have the same
mean specific growth rate even although Group 3 has a slightly higher ingestion rate.
The relationship between ingestion rate, mean specific growth rate, conversion cfficicncy
and temperature is depicted in Figure 4.18. The ingestion rate of the 20°C acclimated fish is
higher than the 10°C acclimated fish but the mcan specific growth rate and the conversion

officiency are higher in the cold acclimated fish.

4.3.2.4 The effect of fish body size on the mean specific growth rate
The relationship between mean specific growth rate and body size for fish on

restricted and unrestricted dicts is shown in Figure 4.19. The larger tish on an unrestricted diet
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G1. Tish fed twice daily to satiation and beld at 10 C.

G2: lishfed to satiation once every 4-5 d and held at 10 C,
G3: Lish fed twice saily on reduced ration and held at 10 C.

Ge: Fish fed twice daily to satiation and beld at 20 C.

Figure 4. 17. Relationship between mean specific growth rate and ingestion rate in

fish held under different feeding regimes.
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——O——  Unreslricted diet

......... A Restiricted diet

Figure 4.19 Comparison of the relationship between the mean specific growth rate
and body size for small, medium and large [ish on an unrestricted and those on a
restricted diet.
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had a lower mean specilic growth rate than the small and medinm sized fish whilst the Lwger fish

on the restricted dict had a higher speeific growth rate than both the small and medium sized fish.

4.3.2.5 The effect of temperature on the relationship between bady weight and body

length
The cffect of temperature on the relationship between body weight and body
length at intervals throughout the feeding experiments is shown in Figure 4.20. A significant
relationship between weight and length is observed throughout the feeding experiment for both
groups of fish, At the star( of the trial, no sigmificant difference was observed between the slopes
(ANCOVA F( 5 = 2.83, P = 0.108) or between the elevations (ANCOVA g 92~ 1.80, F =
0.194) of the regression lines of the two groups of fish. However from 37 d and to the end of the
frials a significant difference was observed between the clevations of the two lines (ANCOVA T

27, =4.52, P =0.043); fish at 20°C were lighter than those at 10°C for a given length of fish.

4.3.2.6 The effect of feeding frequency on the relationship between body weight and
body length
‘I'he effcet of frequency of teeding on the relationship between body weight and
body length is shown m Figure 4.21. A significant rclationship oxists between weight and length
for both groups of fish throughout the feeding trials. At the start no significant difference is
obscrved cither between the slopes of the regression lines (ANCOVA F( 1= 0.57, P = (.459) nor
in their elevations (ANCOVA F; 2, = 1.37, P = 0.255), After 37 d and to the end of the feeding
trials Group 1 fish are heavier for a given length than Group 2 shown by a significant difference
i the elevations of their regression lines (ANCOVA Fy 5, = 7.61, P = 0.012). No significant
difference was observed between the slopes throughout the trial (ANCOVA F|. ,,= 000, P =
0.951).

4.3.2.7 The cffect of unrestricted and restricted rations on the relationship between

body weight and body length in turbot
The effect of feeding an unrestricted (Group 1) and restricted ration (Group 3) on ihe
relationship between body weight and body length is shown in Figure 4,22, A significanl relationship is
observed belween weight and length throughout the experiment. At the start of the feeding trial no
significant difference was found between the slopes of the regression lines (ANCOVA Fy (= 3.39, P =

0.081) or in their elevations (ANCOVA | 22 = 0.95, P =0.340). From 37 d to the cud of the feeding

trials Group I were heavier for a given length than Group 3 with clevation (ANCOVAT 22 =516, P
= {.034) and slope (ANCOVAF,, 5.~ 3.48, P = 0.077).




4.3.2.8 Comparison of the relationship between body weight and body length in
turbot fed on different feeding regimes
The relationship between body weight and body length for Group 2 (fed cvery 4-
5 d to satiation) and Group 3 (fed a reduced ration daily) is shown in Figure 4.23. The amount of
food consumed (%% body weight per day) by cach group over the entire experiment was almost
equal. A significant relationship between weight and body length was observed in the two
Groups throughout the feeding tiial. At the start of the trial no significant difference was
observed in the slopes of their regression lines (ANCOVA F)5; = 0.39, ¥ — 5.38) or in between
the elevations of the regression lincs (ANCOVA Fy 4, = 048, P = 0.498). At the eod of the
experiment the smaller fish in Group 3 were heavier for a given length. than fish of similar length
in Group 2 but this is reversed for the larger length of fish where Group 2 are heavier for a given
length than Group 3. This is reflected in a significant ditference between the slopes of the
regression lines at (ANCOVA F 5y = 12.35, P = 0,002); no significant diffcrence was observed
in the elevations of the lines at the end of the experiment (ANCOVA Fy o; = 0.80, ' = 0.383).

4.3.2.9 Effect of different feeding regimes and temperature on Condition Factor

At the start of the feeding trials no significant difference was observed n
condition [actor between any of the four Groups of fsh (Munn-Whitney Test). At the ond of the
feeding trials Group | had a significantly higher condition factor than that observed for this
Group of fish at the start (Mann-Whitney, W = 111.5, P = 0.0282); having increased from 1.64
to 1.8, Group 1 also had a significantly higher condition factor at the end the feeding trials than
Group 2 {Mann-Whitney, W = 194.0, P = 0.0119); and was also greater than Group 3 (Maan-
Whitney, W = 128.5, P = 0.0192). No significant difference was observed in condition factor
between Group 1 and Group 4 at the end of the feeding trials, See Figure 4,24,

4.3.2.10 Effect of different feeding regimes and temperature on Hepato-somatic

index
No significant difference was found in the hepato-somatic index of fish tested at the
start of the feceding trials with those at the end of the experiment (Mann-Whitney tests). However, a
significant difference was noted in hepata-somatic index when three month old fish were comparced with

(ish at the start of the feeding triats (Mann-Whitney, W = 71.5, P = 0.0075). See Figure 4.25.

4.3.2.11 Effect of different feeding regimes and temperature e¢n body composition
‘The gross body composition of turbot prior to, and at the cad of the feeding trials

ts shown i Table 4.6 (see Chapter 2 for methods), The water content was very similar in cach
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Figure 4,24 Changes in condition factor with time in turbot held under different
feeding regimes. Values given as mcans + sd.




n=10 n=4 n=4 n=4 n=53

Hepato-somatic index

]
Start Gl G2 G3 G4

Fish Group

G 1 Fish keld at 10 C and fed daily to satiation

G 2 Fish held at 10 C and fed once every 4-5 d to sation
G3 Fish held at 10 C and fed reduced ration daily

G4 Fish held at 20 C and fed daily on reduced radon

Figure 4.25 Hepato-somatic index of fish Groups held under different feeding
regimes and at different temperatures,
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Group at approximately 80 % except for Group 4 which had a shghtly lower water contenl al
78.9 %. Group 4 had the highest pereentage protein at 94.4 % dry weight with Group 3 next at
92.6 % and then Group 1 at 92.2 % and Group 2 at 91.9 %. Group 5 had the lowest percentage
protein at 86.8 %. Carcass lipid lovcls were highest in Group | at 14.85 % dry weight with
Group 4 at 14.06 %. Groups 2 and 3 had similar lipid levels to those of the fish at the start of the
experiment ranging form 11.7 to 12.11 %. Liver lipid levels were very high in Group 4 at 52.9 %
with Group 1 at 33.7 % followed by Groups 2 and 3 respectively at 30.7 and 27.25 %. The
energy level of the fish carcusses was highest in Group 4 at 3.81 kJ g”1 wet weight with Groups

1,2, 3, and 5 at 3.66, 3.55, 3.43 and 3.68 kJ g'] wel weight, respectively.

4.3.3 Energy budget of turbot held under different feeding regimes and at different
temperatures

The standard metabolic rale of juvenile turbot ranging from 3.7 g to 91.7 g and held at
10°C and fed to satiation twice daily was measured (4.3.1.2), The cffcel of ucule temperature
changes and short and long-tcrm acclimation to temperature on the respiration rate was recorded
(4.3.1.4). The thermic effect (SDA) of feeding fish, 3 % and 5 % of their body weight 1 food
was also evaluated over a 48 h period 1o assess the exira energy used by fish fed at these levels
{4.3.1.5), The assimilation effRciency of fish held at 10°C and at 20°C and under different
feeding regimes was assessed {see Chapter 3.3.4.1; Tables 3.7-3.9) as well as the standard
metabolic rate under these conditions (see 4.3.1.6; Figure 4.14). Continuous measurements of
standard metabolic rate were made over 24 h to assess the total amount of oxygen and therefore
the total energy used for maintenance in one day (4.3.1.1). Also, the amount of the host's encrgy
uscd by the tapeworm, Bothriocephalus scorpii in infected turbot, was estimated (see Chapter 6,
section 6.3.10 and Table 6.3).

From these data the amount of energy used by infected and non-infected juvenile turbot
for maintenance and due to feeding at 10°C and at 20°C, under differcnt feeding regimes was
estimated (Tables 4.7, 4.8).  An estimate of the energy partitioning in turbot ranging in weight
trom 10 - 100 g, at 10°C and fed 2 % body weiglit d-1 is given in Table 4.9. The energy budgets
of various species of fish is compared with those obtained for turbot held under differcat foeding
conditions in the present study (Table 4,10},

Flow charts showing the energy parlitioning for 10 g and 100 g turbot at 10°C and fed 2
% body weight per day and for 100 g turbot held at 20°C and ted 1.83 % and 4 % body weight
per day are depicted in Figures 4.26-4-29. (At 100 g {ish often have 100 % prevalence of

infection).
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©057:5dhrnrdly camskdal

Figure 4.26 Energy budget for 10 g turbot fed 2 % bwt d"! and held at 10 C. All
data are estimated from work carried out in the present study apart from Ra which is
calculated by difference and also Urine + Gills which is based on an estimate from
other authors work. (R, = standard metabolism; Rg4,= feeding metabolism; Ry=

active metabolism).
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G3krd-H+a2kd ) +e9KkId Y

Figure 4.27 FEnergy budget for 100 g turbot fed 2 % bwt d"landheldat 10 C. All
data arc cstimated from work carried out in the present study apart from Ra which is
calculated by difference and also Urine + Gills which is based on an estimate from
other authors work. (R}, = standard metabolism; Rgq,= feeding metabolism; R, =

active metabolism).
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Figure 4.28 Epergy budget for 100 g turbot fed 4 % bwt d*! and held at 20 C, All
data are estimated from work carried out in the present study apart from Ra which is
calculated by difference and also Urine + Gills which is based on an estimate from
other authers work. (R, = standard metabolism; Ry q,= feeding metabolism; R,=

aclive metabolism).
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Figure 4.29 Encrgy budget for 100 g turbot fed restricted ration of 1.85 % bwt d-1
and held at 20 C. All data are estimated from work carried out in the present study
apart {rom Ra which is calculated by difference and aiso Urine + Gills which is

based on an estimate from other aulhors work. Ry, = standard metabolism; R

feeding metabolism; R,= active metabolism).

161

sda™




4.4 DISCUSSION

The main aims of any fish farmer are to maximize the growth and survival of hcalthy [ish
stock whilst incurring minimum costs.  This is especially difficult to achieve in intensive fish
culture systems where the cost of protein-rich foods arc very high and reduction in  growth and
occasionally high mortalities due to discase and other stresses may occur. It is therefore
important for a fish farmer to have empirical knowledge of the cffects of variations in diet,
feeding regimes, temperature, salinity, stocking density and water quality on the metabolism,
growth and condition of the fish stock so that the optimum conditions for the rapid growth of
healthy fish tissue may be adopted. The use of thermodynamically balanced energy budgets,
where all the energy entering and leaving a system is accounted for, can be a very uscful tool in
the prediction of the effect of dietary or temperaturc changes on the growth and condition of fish
(Beamish ez af., 1975; Brett and Groves, 1979; Cho ef af., 1982; Calow, 1985; Weatherley and
Gill, 1987; Cho and Burcau, 1995; Cui ef al, 1996). The more comprehensive the study the
morc accurate the prediction of any unknown minor components (Jobling, 1983b, Knights, 1985).
The respiratory and growth experiments rcported in this chapter were designed with the aim of
constructing a predictive energy budget for juvenile turbot of different sizes, held under various
conditions and also aimed to give an insight into the type of growth occurring (production) under
these parameters.

A standardized technique was devised to measure the standard metabolic rate of turbot
(4.2.1.1). This procedure was considercd suitable for juvenilc turbot fed on WEA moist pellets
and respired in the apparatus described but might not be suitable for other species or for turbot
fed on a more natural diet which would take longer to digest. Continuous measurement of the
oxygen consumption of fish at rest over a period of 24-48 h revealed fluctuations arcund a mean
but no distinct daily pattern. Waller (1992) noted a diurnal pattern in the routine oxygen
consumption of juvenile turbot held under natural illumination which reflected their normal
activity pailern. However, it was assumed that maintaining the fish at constant temperature and
under a 12 h light 12 h dark regime overcame daily and seasonal variations in standard
metabolism.

The relationship between the standard metabolic rate and body size was established for
fish held at 10°C and ranging in size from 3.7 - 91.7 g and at 20°C for fish ranging in size from

4.6 - 70.3 g and was found to be reprosented by the following equations:

10°C: LY =0.771nX +2.027 (2 =0.89, sd = 0.032, n =75, p = 0.001)
20°C: LnY =0.81LnX +2.152 (r2=0.86, sd =0.072, n =22, p= 0.000)




Waller (1992) found the relationship between body size and routing oxygen consumption for

turbot to be expressed by the equation:

LuY = 0.699EnX - 0.278 (r=0.995, n=9, p <4.001)

and notcd that the exponent for this rclationship in roundfish is usuatly given as 0.76-0.86

(Brett, 1962). He commented that for flatfish the slope is always around 0,7 (Brown ef af, 1984;
Bdwards et al.. 1969, 1970; Jobling, 1982) and proposed that a value of 0.7 be used for the
weight dependent relationship of metabolic rate, However, on examining these papers, values of
0.724 (Edwards ef g/, 1970) and 0.721 (Edwards ef af., 1969} were found for plaice and 0.75 for
turbot at 9-10°C (Brown ef al., 1984) and therefore 0.7 may possibly be too low for all flatfish,
especially as a value of 0.77 was cstimated in the present study.  Variations in the weight
exponent may possibly be due to differences in the weight range of the fish used for the
experiments or, may be due to the conditions and methods employed in measuring the respiration
rate. For example Brown et al. {1984) found the relationship varied with temperaturc. Further
work on the relationship between standard or routine metabolism and body weight in different
specices of flatfish should be carried out before a general figure for this exponent in flatfish is or,
can be assumed.

Comparisons were made of values for standard oxygen consumption of turbot in the
present stucdy with those obtained for routine oxygen consumption by Brown et al. (1984) and
Waller (1992) and were found to be slightly lower for standard respiration as would be expected.
However, again caution should be used when interpreting and comparing results of different
studies employing varying techniques.

Temperature acclimation experiments showed that after three weeks acclimation at 10
and 20°C acclimation was partial. This is indicated by the fact that when measured at their
respective temperaturss the 20°C acclimated fish had a higher rate of respiration than the 10°C
acclimated fish. When both groups were measurcd at 15°C, the 10°C fish had a higher rate of
respiration than the 20°C acclimated fish. After 10 weeks acclimation at the respective
lemperatures the pattern of acclimation was different with translation of the curve whereby the 10
°C fish bad a higher rale of respiration than the 20°C fish at all tcmperatures measured and very
little or no change in the slope of the line. Some compensation therefore occurs in standard
metabolic rate (o accommodaie in part for the increase in temperaturc. This may mvolve
adaptation at the tissuc and at the cellular level (such as changes in muscle fibres; number of

mitochondria; changes in biochemical pathways and rates of enzyme reactions ¢.g. cytochrome ¢




oxidase, succinate dehydrogenase and citrate synthase {aerobic energy function) show greatest
changes, incrcasing  activity in  cold acclimated fish; whilst glycolytic enzymes
(phosphofiruktokinase, lactate dehydrogenase, pyvruvate kinase) show little change during thermal
acclimation) (Hochachka and Somero, 1971; Hazel and Prosser, 1974).

Acute temperature changes gave a corresponding increase or decrease in respiration rate.
Where possible, temperature changes should be gradual to avoid respiratory stress to the fish and
period of acclimation should be quoted when measurements of metabolic rate are given.

The thermic affect of feeding was examined and revealed a definite increase in respiration
rate, after an initial delay of 1-3 h, which lasted for a period of approximately 24 h. The size of
this increase was positively correlated with the size of the meal ingested. This is in agreement
with other work carried out on the effcets of feeding on respiration rate of fish (Brett and Groves,
1979, Jobling and Davies, 1980; Jobling, 1981b, 1983a; Knights, 1985; Cho and Burcau, 1993).

Growth-ration curves were constructed from data obtained in feeding experiments, to
give some insight into the relalionship between mean specific growth rale and ingestion rate, and
between Imgestion rate, mean specific growth rate, conversion efficiency and lemperature for
jovenile turbot. These revealed that although turbot held at 20°C had a higher ingestion rate than
fish at 10°C their mean specific growth rate was poorer and their conversion efficicney lower
than those beld at 10°C.  This may be slightly mislcading as a lag phase occurred in the 20°C
Group at the start of the feeding experiments whilst the turbot acclimated to temperature.  {f the
growth-ration curves are adjusted to include only the final 7 weeks of the feeding experimont then
the 20°C fish have the highest growth rate although their gross conversion efficiency expressed in
terms of encrgy contenl is still poorer at 16.4 % for the 20°C acclimated fish compared with 17.7
% for the 10°C acclimated Group fed (o satiation. Jones er al. (1981) found the temperature for
maximum growth for juvenile turbot was 18.9°C bul the temperature for maximum food
conversion efficiency was 16.2°C. This agrees with morc rccent work which has shown the
growth rate of young turbot (25-74 g) to b grealest between 16-20°C (Brown ef al., 1984;
Scherrer, 1984; Imsland e al,, 199G). The ingestion rate for juvenile turbot in the present study
was quite low, possibly duc to the size of the tanks the fish were being held in or perhaps the fish
were poor feeders since fish were selected by WFA from the smalf size grade. It has been shown
that size rank correlations remain stable in cortain species of fish, including turbot, and that this
is common under culture conditions (Purdom, 1974; Rosenberg and Haugen, 1982; Economon ¢t
al., 1991; Imsiand et al., 1996).

That fish in general tend to have a temperature range which is optimal for growth and
survival (Brett and Groves, 1979; Weatherley and Gill, 1987; Gadomski and Caddell, 199];

Imsland ef al., 1996) and that this range may vary with age and size of the fish since juveniles of




a great many species prefer warmer waters than aduits (McAuley and Huggins, 1979; Pedersen
and Jobling, 1989; Imsland ef al., 1996) is of great importance both to the natural distribution of
different life stages of the species and to the optimal rearing of the speeics under culture
conditions (Imsland ef al, 1996). The temperature optimam of several fish species has been
shown to decrease with increasing size i.e. there is an ontogenic shift (Pedersen and Jobling,
1989; Fonds ef ai., 1992; Hallardker ez al., 1995, Bjoornsson and Tryggvadottir, 1996; Imsland
el gl., 1996). Imsland ef af. (1996} observed that the temperature opiimum producing maximum
growth rate in turbot decreased rapidly with increasing size, and for 100 g turbot was between
13-16°C althougl Waller (1992) suggested that the preferred temperature of 100 g turbot is
around 17°C which he found corresponded to the maximum routine oxvgen consumption. This
may reflect a difference between the populations of turbot sampled or may be due fo different
technmigues cmployed.  According to Person-Le-Ruyet (1990), the opiimum environmental
recuirements for young turbot are still poorly understood as they are often based on data obtained
by a variety of techniques and for fish beld under different conditions and therefore comparisons
are difficult. The data on oxygen consumption of different sized turbot at rest, at specific
temperatures, during feeding and {or fish held under different feeding regimes for a period of 10
weeks was converted to energy values. In conjunction with data obtained on the assimilation
etficiencies, the parasite status, and on the actual growth rates and energy values of the fish held
under these different conditions, energy budgets were constructed which revealed patterns of
cnergy partitioning in juvenile turbot ranging in weight from 3-100 ¢ (4. 9). Energy values for
standard mctabolisin it turbot at 10°C and 20°C in the present study, when compared with those
obtained for routinc metabolisim by Brown ef @l (1984) and Waller (1992) were found to be
slightly lower as might be expected. However, direct comparisons are difficult due to differences
in techniques used in the three studies, variation in the nutritional and energetic content of the
diets used and diffcrences m the length of time allowed after feeding before measurements wore
taken. Brown e al, (1984) look measurements in the field whilst Waller's tesults arc bascd on
laboratory studies. Muller-Feuga ef o/ (1978) demonstrated that large variations may exist
between data published on oxygen consumption measured in the laboratory and that measured
under farm condilions.  In turbot acclimated to 10°C and fed to satiation twice daily, 16.5 % of
the ingested cncrgy was used for standard metabolism. The proportion of ingested energy uscd
for standard mctabolism increased in turbot fed less frequently (26.3 %), for those fed on a
reduced ratton (30.9 %) and in those held at 20°C (22.2 %).

It was estimated that in juvenile turbot fed 2 % body wcight d-! on WFA pelicted dict
and held at 10°C; 5 % of the ingested energy d”! was last due to the thermic effects of teeding;

i.e. the increase in heat production associated with amino acid mobilization and the biochemical




processes following digestion (Kieiber, 1973, Emmans, 1994). The energy loss due to feeding
turbot held at 20°C was estimated at 10 % of the ingested energy. Pricde (1985) suggested that
SDA varied between 5 and 20 % of ingested energy depending on the protein content of the dict.
Cho and Bureau (1995) aitributed 9 % of ingested energy of 100 g rainbow trout, Oncorhynchus
mykiss, held at 15°C, to feeding metabalism.

Energy budgets were constructed for turbot held at 10 and at 20°C and under different
feeding regimes (Table 4.7). These were compared with those obtained by other workers for
different species of fish (Table 4.10). In turbot, the proportion of ingested energy uscd for
respiration varicd depending on feeding regime and temperature of acclimation with the highest
proportion of energy for overall respiration being used by the 10°C acclimated fish fed daily to
satiation and those fed daily on a reduced ration. There was a large variation between the amount
of food energy used for maintenance metabolism and activity between the two groups with only a
slightiy greater proportion of the food energy used for growth in the fish fed to satiation. Turbat
held at 20°C and fed daily to saliaon bad a slightly higher proportion of food encrgy used for
mainicnance metabolism with an increase in the proportion lost due to feeding and to faccal and
non-faecal excretion. There was a substantial decrease in the amount of food energy used for
active metabolism leaving only a very slight decrease in the proportion used for growth. These
data are perhaps slightly misleading as a large growth check was incurred by the 20°C acclimated
fish whilst they acclimatized to temperature at the start of the feeding experiments.

Generally, the proportion of energy used for maintenance tmetabolism and activity
metabolism are very labile depending on lomperaiure of acclimation, the amount of food eaten
and the frequency of feeding and size of fish.  Results also show that increasing temperature and
decreasing feeding frequency result in a large decreasc in assimilation officicney. The amount of
tood energy used for growih was lowest in the 10°C fish ted to satiation every 4/5 days. The
assimilation cfficicncy was lowest in this group and it was found they were unable to
accommodaic 1o the infrequent feeding programme, The results suggest twice-daily feeding to
satiation give the optimum conditions for growth in juvenile turbot, The amount of ingested
energy consumed by the tapeworm, Bothriocephalus scorpii, also varics depending on
lemperature and amount of food consumed by the fish and this may constitute a considerable cost
on a large-scale fish farm. Generally, the proportion ot the host's food cnergy consumed by the
tapeworm increases with increasing temperature and decreasing food intake (Chapter 6).  Further
studics, where the cnergy partitioning of ingested food in turbot held under a greater range of
tempetatures, covering the opiimum temperature for growth and the optimum tempetature for
maximum food conversion etficiency over a range ol sizes, arc nocessary to give further insight

nto the optimum conditions for the growth of healthy fish tissue at minimum cost.
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Compared with other data for carnivorous fish (Tablc 4.10) the proportion of food
energy used for growth (17.8 % for turbot compared with 29.6::6, Brett and Groves, 1979 aod 40
%, Cui and Liu, 1990) was slightly low but this most likely reflects the fiuct that 10°C is far from
the optimum temperature for growth for turbot in the weight range of 20 - 75 g and at 20°C thers
was a large growth check at the start of the experiment. Also, the fish in the present study were
measured cvery 2 weeks which may have imposed a further growth check on the fish.  Boggs
(1991) found the proportion of food energy used for growth and mctabolism of adult northerm
anchovy, Hngraulis mordax, was about 65 %; this comparcs with a range of 62.8-73.7 % for
turbot in the present study.

Fnergy budgets for turbot ranging in weight from 10-100 g, fed 2 % body weight d-1 and
held at 10°C werc constructed (Table 4.9). Turbot < 10 g had a very lugh assimilation
efficiency, in terms of cnergy, at 93.8 % comparcd with 82 % for turbot in the weight range 11-
100 g. The proportion of ingested energy used for standard metabolism decreased from 23 % in
fish < 10 g to 10.9 % in fish weighing 90-100 g,  Unfortunately the growth rate of fish < 10 g
was not established bul as the assimilation efficiency was very high it mighl be expected that
there is a correspondingly high growth rate in these small turbot; it would be interesting to see i’
the proportion of ingested energy used for growth is similar to the larger fish. Also, the proforred
temperature of turbot in the 20-75 g range has been cstablished at 16-20°C (Brovwn ef /., 1984,
Imsland ez al., 1996) with an optinium temperature for growth at 18.5°C (Jones ¢/ af., 1981) with
an ontogenic shift in the optimum tomperature for growth in 100 g turbot 1o 13-16°C (Imsland ¢/
al, 1996). Idcally, growth experiments closer to the preferred oplimum femperalures for (he
different sized fish should be carried out.

Many studics on fish growth simply express the change in magnitude of the weight or
length of the fish but neglect to explain what type of growth has occurred. Huxley {1932)
discussed the relative, or allometric, growth of diffcrent parts of the body; i.e. the differences in
the retative rates of increase in bulk or volume of different parts of the body which can produce
changes m the body proportion. This is clearly of major importance to the fish farmer who is
concerned with obtaining a product which is acceptable to the consumer. In the present study,
changes in body composition, in energy value, in condition factor and in hepato-somatic index of
the turbot held under diffcrent feeding regimes and at differenl lemperatures were therefore
monitored to give an ingight into the type of growth obtained under the specified conditions. In
turbot held at 10°C and fed daily to satiation, thc condition factor (i.e. the *fatness’ or 'well-being'
of the fish) incrcased significantly over the experimental period compared with the 10°C fish fed
on reduced rations and with the 20°C acclimated fish where the condition factor decreased over

this time, The hepato-somatic index was also greatest in the 10°C acclimated fish fed daily 1o




satiation and lowest in the 20°C acclimated fish, although the carcass lipid levels of these two
groups were similar whercas the liver lipid levels were far greater 1n the 20°C acclimated fish.
The protein and energy contents were slightly higher in the 20°C acclimated fish whilst the water
content was slightly lower in these fish compared with the 10°C acclimated fish. "These resuits
suggest that condition factor and hepato-somatic index may not be the most accurate indicators of
growih in turbol.

Finally, that smaller turbot of 20-75 g have a higher optimum iemperature for growih of
16-20°C (Jones ef al., 1981; Brown ¢f al., 1984; Imsland ef /., 1996) than 13-16°C for turbot of
100 g (Imsland et al, 1996); should be balanced with the fact this may not be the optimum
temperature for maximum food conversion cfficiency. The frcguency of feeding, biochemical,
energy content and consistency of food, salinity of water (rccent work by Gaumet ¢f al. (1993))
has shown that growth of young turbot may be improved by acclimation to salinities closest to the
1sosmotic point since the larvae of many marine fish have been shown to be good osmoregulators
(Alderdice, 1988), health of the fish, stocking density of (ish and perhaps most importantly the
population of turbot from which the stock are derived may all interplay to produce different
optimum. conditions for the growth of healthy, fish flesh which is acceptable for the luxury
market, Further studies, where the energy partitioning of ingested food in turbot held under a
greater range of temperatures, covering the optimum temperature for growth and the optimum
temperature for maximum food conversion efficiency at different ontogenic stagsos, ar¢ nocessary
to give further insight into the optimum conditions for the growth of healthy fish tissue at
minimum cost.  Also. parasitism by the tapeworm, Bothriocephalus scorpii, induces low but
nonelheless energetic costs to turbot and it should be noted that under conditions where [ood is
rationed or, iF a fish is diseased and consequently, eating less or has a smaller proportion of a
nytrient necessary to the parasite, then the proportion of the host's assimilated cncrgy or nutrient
consumed by the tapeworm: will be increased. The encrgy drain of the parasite may feasibly
account for as much as 10 % of the ingested food (Chapter 6). Further work is necessary to
assess the damage und economic cost of this parasite along with the rclative cost of anthelminthic

treatment compared with other preventative measures.

4.5 SUMMARY
1 Standardization methods, using a continuous flow respiremeter, were devised to
measure the standard metabolic rate of juvenile turbot. Fish were held under a 12 h

light: 12 h dark regime, fasted for 48 h, placed in respirometer and allowed 2 h to settle
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before measurements were taken, No distinct daily rhythms in standard metabolic rate
were discernible using this procedure,
The relationship between body size and standard metabolic rate was represented by the

Tollowing equations for turbot acclimated to 10°C and 20°C:

10°C:  y=0.77x +2.027 (r2 = 0.89, sd = 0.032, n =75, p = 0.001)
20°C: y=0.8Ix+2.152 (2=0286. sd=0072 n=22, p=0.000)

Only a slight decline in metabolic rate occurred with increasing time since last meal.
Acute temperature changes were followed by a corresponding increase or decrease in
standard respiration rate in turbot., Partial acclimation to temperature change occurred
over 3 woeks with further compensation taking place over 10 weeks.

A post-prandial increase in respiration rate occurred after a meal; the size of increase
and the length of time the respiration rate remained elevated, increased with increasing
size of mecal. A delay of 1-3 h occurred before the meal had an effect on the respiration
rale.

Long-term adaptation to focding lovels appearsd to produce a slight modification in
standard metabolic rate.

1Jaily ingestion rates of turbot appeared to be quite low,; this may roflect size of tank or
possibly turbot sclected for cxperiment were poor growers.

A feeding regime where turbot were fed twice daily to satiation achieved the highest
mean specific growth rate over a 10 week period in turbot of iitial weight of
approximately 20 g.  Infrequent teeding to satiation did not produce efficient growth
rates.

Mean specific growth rate was highest in the 20°C acclimated fish if the frst two weeks
of the growth experiment are discounted where a large growth check occurred whikst
the fish acclimated to temperature.

The highest food conversion efficiency was found in the 10°C acclimated turbot fed to
satiation, even when the first two weeks of the feeding experiments, where a growth
check oceurred in the 20°C acclimated fish, were discounted.

Growith-ration curves showed that although ingestion rate, expressed as % bwt d™1, was
higher in 20°C acclimated turbot, their mean specific growth rate and food conversion
cfficiency was lower than in the 10°C acelimated fish,

Fish fed twice daily to satiation and held at 10°C had the highest condition factor i.e.

they were heaviest for a given length at the end of the 10 week feeding experiment and
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also had the highest hepato-somatic index. Analyscs of body composition however,
revealed the 20°C acclimated fish to have a slightly higher protein content and fir
greater liver lipid content as well as slightly higher energy content than the 10°C
acclimated fish. Protein levels, carcass lipid levels and energy content was lowest in

fish fed on a reduced ration and those fed every 4-5 d to satiation.

Encrgy budgcets were coustructed for juvenile turbot from data obtained on the efTects of
intrinsic and extrinsic variations on the respiratory physiology, assimilation efficicncy
and growth of the fish. Generally, the proportion of ingested cnergy used for standard
and active respiration were quite labile, depending on size of fish, and temperature of
acclimation. The proportion of ingesied energy lost in feeding metabolism was
dependent on size of ration and temperature, whilst the proportion of mgcsted cnergy
used for growth was very similar in all experimental groups with only a slight incrcase
seen in the 10°C fish fed twice daily to satiation,

The proportion of ingested energy used for growth was slightly low when compared with
the results of other workers but may reflect the nature of the dict, the holding conditions
or possibly the fish, having been sclected from the small size grade stock at Ardtoc, were
inherently poor growers,

1t was cstimated that the tapeworm, Bothriocephalus scorpii, imposed a small, but
nonetheless significant cnerpetic cost to its host of between 1.5-14 % of the host's
ingested lood encrgy. The cxtent of the cncrgy drain is dependent on the size and health
ol the fish, ration size and quality, and the temperature of acclimation, The most
signilicant costs oeeur in small fish where the parasite tndex is highest and where fish
are on a reduced ration and held at a high temperature (Chapter 6).

Constramts in the number of juvenile turbot available for this rescarch combined with
limitations in number and sizc of tanks duc (o shortage of aquarium space, imposed
severe restrictions in expeorimental design, The lack of a re-circulating sea water system
necessitated 1n the usc of an Eheim charcoal filter pump for each tank and involved
lengthy daily maintenance procedurcs (sco Chapter 2). Ideally, larger numbers of fish
should have been employed for cach of the experimental treatments with cach treatment
being performed in eriplicale to overcome any bias in the experimental set up.

Much work is yet required on the effcets of various intrinsic and extrinsic [actors on the
energy partitioning of ingested food in turbot to elucidate the optimum conditions for

maximum growth of healthy fish tissuc at ditferent ontogenic stages and at mininmin

cost.

170




CHAPTER §

REVIEW OF INFECTIOUS DISEASES OF TURBOT




5.1 INTRODUCTION

Infectious diseases of fish may affect the host in a number of ways from suppiession of
the host's appetite, depriving the host of nutrients and energy, adverse effects on reproduction, to
even causing mortality (Ash et /., 1984; Sindermann, 1990; Grabda, 1991). This study was
primarity concerned with the energetics of turbot, but it was considered appropriate to include a
short review on infectious diseases of turbot in order to stress their importance in intensive fish
culture, and as an introduction to Chapter 6 on 'Infection of turbot with the tapeworm

Bothriocephalus scorpii'.

5.1.1  Jmporiance of disease in intensive fish culture

A major increase in intensive fish farming and the development of aquaculture over the
last 20-25 years has been accompanied by a greater approciation of the problems posed by
diseases of fish in nature and under aguaculture conditions. The significance of {hosc diseases to
humans and other verlebrates duc to parasitic zoonoses, the constraints they impose on the
productivity of aquaculture systems, and the need for control of infections arc now more widely
accepted (Kent and Foumnie, 1993; Young, 1994; Amigo ef al., 1996).

Conditions in the sca arc relatively constant and the transmission and reproductive rate of
a fish parasite are often adapted to a relatively low host density. Fish woder intensive cultivation,
however, may be challenged with fluctuating water quality, crowding, confinement and handling,
all of which may cause nmunosuppression and thus lower the resistance of the fish to disease or
factiitate the spread of disease by increasing the transmission rate (McVicar and MacKenzie,
1977, Fagerlund ef «if., 1981). Fish discases may be introduced to a new environment via water,
diet or by introduction of a fish species (Kent and Fournic, 1993; Michel, 1993). If the
condilions cxist for the completion of the lifc history pattern of a parasite then it wiil become
established in the new situation (Kennedy, 1994).

Particular attention has been given to bacterial infections, such as vibriosis and
furunculosis, and viral infections, such as infoctious pauncreatic necrosis (IPN} and viral
haemorrhagic septicaemia {(VHS), as thesc have been responsible for many sertous outbreaks of
discase and for most fatalities in fish tarms {(Roberts, 1989; Shepherd and Bromage, 1989).
More recently, the potential danger to marine aquaculture and possibie threat to human health due
to protozoal infections such as Glugea stephani and Tetramicra brevififum has been recognized
{(Figucras e/ al., 1992; Diamant and Papcrna, 1995, Dykova, 1995; Dykova ef al.1995; Amigo
ef al., 1996). Many studies have been conducted on metazoan parasites including ectoparasites
such as the sea licc Lepecphtheirus salmonis and Caligus elongatus  (Sharp et al,1994),

Helminths such as the monogencan fluke Gyrodactylus salaris pose a serious threat to salmon




farmers (Mo, 1994), largely duc to having a  direct life-history and their ability to produce
infections of cnormous proportions on fish in confined areas. Larval digeneans such as
Diplostomum specics are also recognized as serious pathogens of captive fish. Ilowever,
intestinal hefminths of [ish, including cestode infections, have frequently been considered as less

serious and requiring less attention than other discases.

5.1.2  Diseases of turbot

Investipation into the diseases of turbot has followed a similar trend to that described
above for fish in general. An increase in turbot farming in Britain and France in the late nineteen
seventies and in Denmark, Norway and north-west Spain in the carly nincteen eighties has been
accompanied by a rise in the awarencss of the pathological problems of turbot (Novoa ef al
1992; Toranzo e¢f al., 1993a,b) and so has stimulated a number of studies on the characicrization
of the aetiological agents (Devesa et af.,, 1989; Lupiani et al, 1993; Toranzo ef al., 1990,
Toranzo and Barja, 1990; Bloch ef «f., 1991, Fouz et al, 1992) and on the prevention and
control of the discases (Santos ef al., 199]; Toranzo ef af, 1992). 'Table 5.1 summarizes ihe
infectious diseases of turbot.

Bacterial and viral infections have received a great deal of attention as outbreaks often
cause very heavy mortalities in turbot stocks. Outbreaks of vibriosis caused by the bacterium
Vibrio anguillarium have occurred in cultured turbot over many vears. Fatalitics due to infection
with this orgamsit were in fact a problem at the heginning of the present study when turbot were
obfained from Hunterston. These were overcome partly by improvements in husbandry
techniques and also with reference to the existing knowledge on control of the disease. Many
studies into the causc of the disease and to methods of prevention and control have bheen
undertaken (Horne ¢f af., 1977, Santos ef al., 1991; Vigueulle and Laurencin, 1991; Westerdahi
etal, 1991; Olsson et al., 1992; Skiftesvik and Bergh, 1993; Toranzo, ¢f af., 1993a.b; Munro ef
al, 1995). Generally, losses due to Vibrio anguillarium can be controlled by chemotherapy
(Toranzo ef af., 1993b). More recently, other biotypes have also been shown (o be responsible
for outbreaks of vibriosis e.g. Vibrio damsela (Fouz ef o, 1992); Vibrio alginolyticus (Austin ef
al., 1993); Vibrio pelugius (Toranzo ef af., 1993b), Vibrio splendidus (Angulo et af., 1994). V.
alginolyticus is frequently associated with mortalities of larval stage turbot (Toranzo ef al..
1993b).

A rare oxidase-negative strain of the bacierium Aervmonas salmonicida was reported to
be the causative agent of two disease outbreaks leading to 100 % mortality in turbot in a [ish
farm in Denmark (Pedersen et al, 1994). A simultancous report of the isolation of a rare

oxidase-negative strain of Aeromonas salmonicida {rom the ulcers of flounders, Pleuronectes
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Aesys, in the Baltic Sca (Wiklund and Bylund, 1991) supgpests the existence of a formerly
unrecognized but potentially important group of fish pathogenic bacteria (Pedersen ef al., 1994).
The possibility of links between disease of wild and captive stocks also stresses the need for
widespread epidemiological knowledge of the area surrounding fish farms, Systemic disease i
turbot in Scotland was found to be caused by a previously unrecoguized cytophagan bacterium,
Flavobacterium scophihalmum sp. nov. (Mudarris ef al,, 1994). A specific mfection of the
lateral line by eytophagan bacteria in turbot held at cold water temperatures has also been
observed (Roberts, 1989). In recent years there has been an increase in the number of cases of
ulcerative disease due to the filamentous gliding bactetria, Flexibacter maritimus. which,
althougl it does not causc direct mortality, is believed to facilitate the infeetion of turbot by other
pathogens (Toranzo et al., 1993b).

An outbreak of encephalomyelitis resulting in 100 % wortality n larval turbot was
caused by a virs belonging to the Picornaviridae or possibly an enterovirus (Bloch ef af., 199]).
A Danish rearing wnit attributed 70 % mortalities in turbot fry duc to an ividivirus-like agent
{Bloch and Larsen, 1993). Light but persistent mortalities in a turbot farm in Galicia,
northwesten Spain, were duc (o a Birnavirus; mfoctivity triels found the virus ounly produced
mortalities in small turbot (2 g) (Novoa ¢f «l, 1993ab). Infecticus pancreatic necrosis virus
(TPNV) has been described in turbot fry (Castric ef @l., 1987; Morlenson ¢f «f., 1993; Novoa et
al., 1993a.b). Viral haemorrhagic septicacmia virus (VASV) causing dark skin, baemorrhagic
head, eyes, fins, liver and abdominal wall as well as spleen and kiduey necrosis was observed in
turbot by Castric and Dekinkelinv (1984).

Herpesvirus disease is an infection of turbot caused by Herpesvirus scophihalmi and
characterized by giant cells on the skin and gilf epithelium of voung fish (Buchanan and Madeley,
1978; Buchanan e¢f al., 1978; Plumb, 1993), The diseasc has been shown to occur in both wild
and intensively reared fish in Scotland where heavy mortalities have been recorded in fish farms
(Buchanan et af., 1978; Plumb, 1993),

The understanding of (he pathogenicity of some parasitic protozoa and the dangers posed
to marine fish farming, including turbot farming, has improved in recent years (Diamant and
Papeorna, 1995, Dykova, 1995), McVicar and MacKenzie (1977) discussed the mfluence of
intensive monoculture systems on the transmission of parasites with direet life-cycies such as the
ciliate protozoans. They noted infections with the ciliste 7richoding sp. were common amongst
flatfish. Infections with Trichodina sp. and Cryptacarvon sp. have been reported in turbot farms
in Galicia, north-western Spain (Novoa ef al, 1992} and a histophagous ciliate causing
mortalities in turbot was observed by Dykova and Figueras (1994).  Endoparasitic protozoans

such as microsporidians have become increasingly abundant and are gaining importance as fish
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pathogens in the Mediterrancan. Iligh mortalities in turbot due to the micrasporidian Teframicia
brevifilum have been rocorded over the last fow years (Estevez ef al,, 1992; Figueras et af.,
1992; Novoa ef al., 1992; Dykova and Figueras, 1994; Lom and Bouix, 1995). Figueras ef al.
(1992) noted losses of 11,5 % in a stock of 30000 fish infected with Tetramicrea brevifilum in onc
grow-out plant in Gulicia along with a reduction in growth rate of 50 % in infected fish.
Economic losses are high because the parasitc causes high morbidity, a reduction in fish growth,
is difficult to control and necessitates the destruction of all affccted stocks {Toranzo ef al,
1993b). Anderson ¢/ al. (1976) reported the presence of the myxosporean Myxidium incurvaium
and another parasile, Rhabdospora thelohani, in turbot suffering from the hepato-renal
syndrome. They suggested the parasites played an opportunistic role it the diseased tish.
Rhabdospora thelohani was observed in turbot in the present study, however its status as a
protozoan parasite or as a type of host cell remains in question and this problem is addressed in
Chapter 6. Inlection rates of up to 6 % by the hemogregarine, Hfaemogregarina sachai causiag
myeloid leucosis in culturcd turbot were recorded in Scotland (Ferguson and Roberts, 1975;
Kirmse 1978, 1980; Sindermann, 1986). The hemogregarines are common blood parasites of
fish and are vormally benigh, however intensive culture conditions, such as overcrowding and
involving other stressors, may lead them to become pathogenic.

Although lesions due to amoebic infections are relatively rare in fish, a recent serious
outbreak of amocbic inlection affecting the gills of turbot has been observed in turbot farms in
Spain (Lom and Bouix, 1995); the parasiic speeics is as vet unidentified.  According to Diamant
and Paperna (19935), there is an epizootiological link between protozoan infections of wild and
captive {ish which is responsible for the appearance of previously unknown speeics.  They
recommendcd studics on protozoonoses of culfured fish should be associated with simultancous
research of wild fish.

Of the parasitic metazoans, leeches of Hemibdella sp. have been shown 1o be important
ectoparasites of cultured turbot (Roberts, 1989). Interest and research into intestinal helmiaths of
turbot has not recetved the same amount of attention as viral, bacterial and protozoan infcctions
despite the fact that infection with the tapeworm, Bothrincephalus scorpii, 1s widesprcad in
turbot and may cause mortality through intestinal blockage and reduction in growih rate of the
infected fish (Duran, er al., 1989; Sindermann, 1990).

A relatively high prevalence of infection with the tapeworm Bothriocephalus scorpii was
observed 1 turbot during the present study. As one of the objectives of this project was to
examine the partitioning of energy consumed by the fish for maintenance, activity and growth, it
seemed important to study any possiblc cifect the parasite may have on its host. The biology and

epidemioiogy of the infection in turbot are investigated in Chapter 6.
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5.2 DISCUSSION AND CONCLUSIONS

The study of infectious discascs of fish is of great importance both to fish farmers and
fisheries scientists trom a biological and, ultimately, an economic point of view. Detailed
cpidemiofogical surveys are required to gain accurate knowledge of the incidence, intensity, and
mortality ratcs of discascs in wild and captive stocks (Anderson, 1978, 1979. Anderson and
Gordon, 1982: Munro ef al., 1983; Sindermann, 1986, 1990). It is important to be aware of the
possibility of introducing pathogens which may then spread 1o wild stocks when fish species are
translocated from one area to another for aquaculturaf purposes (Sindermany, 1990}, Knowledge
of the biology and the response of fish to pathogens would help give an understanding of the
pathological effects of disease on the health and, consequently, on the growth raic of cultivated
fish stock. Little is known of the bicenergetic cost of disease in fish; this is an area that has only
recently begun to draw research interest (Beamish ¢/ ¢/, 1996). An accurate knowledge of the
aetiological factors contributing to disease, such as pollution levels and other forms of stress, is
required to (urther the understanding of, and hence the prevention of, such discases. An
understanding of these relationships could contribute to the usc of fish diseases as ndicators of
environmental pollution levels (Méller, 1986). The study of the relationships between infectious
diseases of fish and hwman health is of prime importance as fish are such an important source of
protein for humans. Diseased fish are often rejected by the public and reduced demands may
ensue, especially if' a risk to public health is pereeived (Amigo et af., 1996).

The control of fish diseases in intensive fish farming is critical and depends on extensive
knowledge of the aetiology and the epidemiology of the discase, accurate diagnostic techniques,
management of stress, prophylactic measures such as unmunization and chemotherapy, and
chemotherapeutic treatment. Chemotherapeutic techniques are standard practice on many fish
farms but the problem of possible drug-resistant strains developing should be considered as well
as the any negative effect the chemicals may have on the on the food chain or on the environment
(Young, 1994),

Although the study of infectious discases of turbot has increased in recent years it is an
arca still very much in its infancy. The importance of bacterial and viral infections has received
most attention whilst the pathogenicity of some parasitic protozoa 1s becormmng mercasingly
cvident (Sindermang, 1986, 1990; Diamant and Paperna, 1995: Dykova, 1995).  Research  on
mntestimal helminths of turbot is sparse, largely because they are considered to have little, or no,
pathogenic effcct.  Howover, imtestinal helminths derive their nutritional energy from their host
and must therefore effect a nuteitional drain and hence cost to the aguaculture industry.

Further research into the infectious diseases of turbot is essential if efficient methods of

control are to be enforced where necessary and maximum sustaincd vields arc to be realized.




Mawdcsley-Thomas (1972) stated that " .... disease per se, is not an entity in itsclf. Disease is
the end result of an interaction between a noxious stimulus and a biological system and to

understand disease 1s Lo undorstand all aspects of that system” (Snieszko, 1974).

3.3

SUMMARY
A major increase in intensive culture of turbot has led to a concomitant risc in the
pathological problems of turbot; most of the recent research has focussed on bacterial

infections (vibriosis and fimunculosis) and on viral infections (infectious  pancreatic

ncerosis {TPNV}, viral haecmorrhagic scpticacmia {VHS}).

The pathogenicity of some parasitic protozoa, sspecially the myxosporcans and

microsporidians, and their threat to turbot stocks has become evident and has led to
recent rescarch in this area,

Some infectious agents which are normally benign may become pathogenic under
conditions of sfress, such as thosc encountered in intensive fish culture {(e. g.
Hoemogregarina sachai).

Accurate knowledge of the effect of disease on wild and cultivated turbot population
numbers is necessary, Quantitative knowledge of the clicct of discase on the growth rate
of fish is required.

An accurate knowledge of the actiological factors contributing to the disvase and an
understanding of the defenice mechanisms of turbot are important in the prevention and
control of disease.

Research into the infection of turbot witl the pscudophyllidcan tapewortm,
Boihriocephalus scorpii, has been largely overlooked duc to the belicf that it has litie,
or no, pathogenic effects. 1t could, however, bave important effects on energy

availability as discussed in Chapter 6.
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CHAPTER 6

INFECTION OF TURBOT WITH THE PSEUDOPHYLLIDEAN
TAPEWORM, BOTHRIOCEPHALUS SCORPIT

180




6.1 INTRODUCTION

6.1.1 Importance of cestode infections in fish

The importance of discase in intensive fish farming and the infectious diseases of turbot
are reviewed in brief in Chapter 5. Research in this area has focused mainly on bacterial and
viral infections, although recently the potential threat to aquaculture by protozoal infections has
received atlention (Figucras ef al., 1992; Diamant and Papema, 1995; Dykova, 1995, Dykova el
al., 1995). Intestinal helminths of fish, including cestodes, have generally been considered to be
a less serious problem than other discases and consequently less research has been carried out on
this topic. There remains something of a controversy over the pathogenicity of tapeworms.

Dick and Choudhury (1995) stated "Anyone who has necropsied a fish is immediately
aware that tapeworms and fish are an important biological duet". Despite the fact that very
heavy cestode infections are relatively common 1n fish some scientists consider this group of
parasites 18 of little importance in fish health, partly because few have been shown to cause
mortality in fish (Rees, 1967), Other scientists, however, along with fish farmers and anglers,
believe the massive tapeworm burdens carried by some fish must have an adverse effect on the
hiost, either by causing fish mortality due to intestinal blockage or by reducing the growth rate of
fish (Williams, 1963; Durdn ef al., 1989; Sindermaunn, 1990; Hoole, 1994},

A relatively high prevalence of infection with the tapeworm Bothriocephalus scorpii was
observed in turbot during the present study. As one of the objectives of the project was to
examine the partitioning of energy consumed by the fish for maintenance, activity and growth, it
scemed important to study any possible effect the parasite may have on its host. To do this, 1t
was first necessary to gain an understanding of the general biology of the tapeworm and of the

epidemiology of the mfection.

6.1.2 Biology of Bothriocephulus scorpii

6.1.2.1 Background and systematics
Bothriocephalus  scorpii  (Mueller, 1776) Cooper, 1917 (Eucestoda:
Pscudophyllidca) 1s an intestinal parasitc of marine fish belonging to the family
Bothriocephalidae. Cooper (1918) reported B. scorpii from over S0 species of marine Leleosts
but recent chemotaxonomic techniques have shown some species believed to infect a wide range
of hosts are really species complexes which may show strict host specificity (Williams and Jones,
1994). For example, enzymatic polymorphic analysis of Bothriocephalus from turbot and brill

from the Mediterranean revealed a complete mating isolation of populations from the host spocics




and led the authors to conclude cach parasite population should be considercd a distinet species
(Rewaud ef al, 1983, 1986; Robert et @, 1990). Renaud e/ al. (1983) named the parasite of
turbot as Bothriocephalus gregarius. However, in the present wark the name Bothriocephalus

scorpii will be retained as this is the name most frequently used in the litcrature.

Systematics of Bothriocephalus scorpii:
The following sysicm of classification is based on that used by Schmidt (1986).
PHYLUM: Platyhelminthes
CLASS: Eucestoda
ORDER: Pseudophyllidea
FAMILY: Bothriocephalidae Bianchard 1849
GENUS: Bothriocephalus Rudolphi 1808
SPECIES: B, scorpii (Mucller, 1776) Rudolphi 1808

6.1.2.2 Life history pattern

The life history of Bothriocephalus scorpii was first described by Markowski
{1935) who believed that two intermediate hosts were necessary, firstly, a ¢yclopoid copepod 1n
which the procercoid stage develops and then a species of fish (goby) in which the plerocercoid
stage develops. However, Davey and Peachey (1968) demonstraled that ‘o' group turbot at a
stape where thetr dict consists almost exclusively of polychactes and crustaceans do harbour
plerocercoid worms. This indicated that a second intermediate host was not required. This
situation was further clucidated by Robert er al. (1988) who noted thal young lurbot became
infected by cating copepods contaiming proplerocercoids (shorl eyele with an obligatory host, sce
Figure 6.1} and older turbot became infected by eating infected gobies (long cvele where goby s
paratenic host). The authors considered the goby to be a paratenic host even though the parasite
undergoes some development from a proplerocercoid to a strobilating plerocercoid within them as
they are not necessary for the maturation of the cestode to the adult stage. They also speculated
on the hypothesis described by Euzet and Combes (1980) where the maturation of worms in what
was once a paratenic host could possibly be a mechanism for sympatric speciation in the B.
scorpii complex and may explain the explosion of species belonging to the B. scorpii complex

seen in the Atlantic (Robert ef al., 1988; Renaud ef al., 1990). Figure 6.1 depicts the life history

of Bothriocephalus scorpii.
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6.1.3 The epidemiology and pathology of Bothriocephalus scorpii infection in turbot

Tn turbot, the prevalence and intensity of Bothriocephalus scorpii is observed (o
incrcase with host size (Davey and Peachey, 1968; Robert ¢f af., 1990). Prevalences havc been
recorded ranging from 30-36 % in young turbot of length <100 mm from the North Sca (Davey
and Peachey, 1968: de Groot, 1971) to 54 % in turbot in the 110-200 mm length group (de
Groat, 1971) and to 100 % prevalence in larger fish from the North Sea, Atlantic and
Mediterranean (Davey and Peachey, 1968; de Groot, 1971; Robert ef al., 199G). According to
Davey and Peachey {1968) initial infection occurs very eaily, in turbot of 32 mm in length.
Intensity of infection was found to be lower in fish less than 210 mm in length than in those over
210 mum in length (Davey and Peachey, 1968; Robert ¢/ g, 1990). Increasing prevalence and
intensity in fish greater than 120 mm in lenpth is correlated with a change in dict from
crustaccans and molluscs (o almost exclusively fish (gobics), the paratenic host. 'When turbot
reach 300 mm in length the prevalence and intensity of infection no longer incrcases. The fish are
then three years old and the life expectancy of the parasite is 3 vears, This stability in parasitism
has been linked to the death of the adult cestodes and migration of the fish away from Lhe coast
{Robert ef af.,, 1990). The role of the paratenic host (goby) in the transmission of the parasite has
been discussed by Robert e of. (1988).

The distribution pattern of B. scorpii in turbot corresponds to a lognormal curve
(intensities of > 10 worms per fish, which is rarer than a negative binomial distribution). Davey
and Peachey (1968) found adult turbot to be infected with between 7-194 worms per fish, with a
mean of 44.5, and o-group to huve mainly 1-3 worms per fish, although a fow of these had many
warms (4-66) resulting n a mean of 13 worms per fish.

Many workers consider that the adult cestode causes litile or no damage to the host and
that any pathological eflects ars usually the result of mechanical damage by the attachunent
organs, with an inflammutory response at the site of attachment (Williams and Joneé, 1954).
This has been the view held by some authors for infection of turbot with the cestode,
Bothriocephalus scorpii. "The presence of fapeworm does not appear to cause any ill-effect in
either turbot or brill" (de Groot, 1971). On describing the site of attachment of the scolex in
turbot, Jones (1975) observed mucosal cell damage and an increase in the comnective tissue
underlying the epithchum adjacent to the scolex, Davey and Peachey (1968) stated "the host
tissuc reaction appears to be restricted to a reduction in the size of the epithelial ceils and in the
number of goblet cells" . This agrees with Rees (1958) who observed "the effect on the mucosa is
slight, due to the absence of very powerful muscles and of other specialized adhesive structure"
although this was based on a sample of onc. According to Duran et af. (1989), however,

Bothriocephalus scorpii may cause mortality and cconomic loss due to intestinal blockage aund




spoilage of host substances and decreased growth rate of the infected fish. This view was also
heid by Williams (1963) who thought turbot harbouring massive infections of B. scorpii must be
deprived of a considerable quantity of nutrients. Person-Le-Ruyet (1990) noted that wild turbot
were often infested with B. scorpii and massive infestations caused apatby and progressive
physical degeneration.

Although no overt pathology was visible in turbot during the present work, an organism
of such a size inhabiting the restricted habitat in the intestine must have some effect on its host.
Tapeworms must obtain all their nutrients and energy from their host's food and digestion
products, or, more commonly, from assimilatcd food substances obtained from their host's tissues
and metaboliles (Crompton, 1991). It would seem rcasonable to assume that they are depriving
their host of a certain quantity of its consumed energy and nutricnts. Studies on the effect of low
level Eubothrium salvelini infection in various salmonids have shown parasitism to have a
deleterious effect on growth and survival of the fish (Boyce, 1979; Hoffmann ef al, 1986;
Bristow and Berland, 1991). It was therefore decided to examine the prevalence and intensity of
Bothriocephalus scorpii infection apd the corresponding distribution pattern in farmed juvenile
turbot and establish Lhe parasile index (proportion of the host-parasite relationship representing
the tapeworm) for different sized fish. Histological investigations were carried out to find the site
of attachment and discover if any associated tissue pathology was induced by the parasite.
Investigations were also carried out to find out it parasitism had any effect on the condition factor
ar the hepato-somatic index of the fish as these are commonly used as indices of growth and
condition 1n fish. Finally, cstimations were made of thc amount of energy the tapeworns

consume in a specific sizve of fish under various conditions,

6.1.4 Research aims

§ To find out the prevalence and intensity of infction and examine the frequency
distribution pattern of the tapewonn, Bothriocephalus scorpii in juvenile turbot
obtained trom Hunterston and Ardtoe and compare these data with information for
natural populations of turbot. These statistics may provide an insight into the possible
mortality and morbidity due to the infeetion and also give information on the potential
transmission patterns of the parasite and lience the regulation of parasite numbers
within the host population in differcnt environments.

2 To measure the proportion of the host-parasite relationship which is atiributed to the
parasite (Parasite index) and examine this in different size classes and age groups of

turbot.
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"I'o carry out a histological investigation of the site of attachment and observe if there

are any signs of local tissue pathology and compare (his with information from ather

sources.
4 To study the effect of the parasite on the condition factor of turbot.
5 To study the effect of the parasite on the hepato-somatic index of turbot.
6 To estimate the amount of energy consumed by the parasite per day in « specific weight

of fish held under a specific food regime and at a specified tempcrature.

6.2 MATERIALS AND METHODS
The source of fish and preparation of material for the experiments described m ths
chapter were deseribed previously in Chapter 2. Methods specific to this chapter are deseribed

below:

6.2.1 Epidemiology of Bothriocephalus scorpii infection in turbot

pidemiology of parasitic mfection i1s the sludy of all the ecological aspects to explain its
{ransmission, distribution, prevalence and mcidence within a host population (Schimidf and
Roberts, 1989) Descriptive statistics are usually employed to quantify the levels of parasitic
infcetion within the host.  Prevalence and intensity of infection, the frequency distribution of
parasilc numbers within the host (with associated pattern of distribution), and parasite index were

used to determine the level of Boihriocephalus scorpii infection in ‘o' group lurbot.

Prevalence of infection
Prevalence (P) of infection is the proportion (most frequently expressed as %) of the host
population infected with a parasite at a given time.
numbeor of mfected individuals

Prevalence = x 100
number of hosts sampled

Intensity of infection

The intensity of a parasitic infection is usually defined as the number parasites per

infeceted host.

Inensity = number of parasites per infected host




Parasite index

The intensity of infection does not always reflect the true parasite burden and so the
weight of worm burden per weight of host, sometimes expressed as the parasitization index
(Arme and Owen, 1967; Pennycuick, 1971a,b,c.d), is often uscd. According to Pennycuick

(1971d), the weight of the parasite burden is an important determinant cof pathology.

weight of Bothriocephalus scorpii

Parasite index — x 100

weight of turbot -+ weight of B. scorpii

Frequency distribution of numbers of worms per host

Parasite prevalence and mean abundance arc statistics of the probability or frequency
distribution of parasite numbers per host. The form of this distribution determines the
relationship between prevalence and intensity (Anderson, 1993).  These statistics are often
related to the mortality and morbidity of the infection and the pattern of parasite aggregation may
also have important implications ia the regulation of parasite numbers within the host population.
Basically, there are threc patterns of dispersion which the distribution of parasite mumbers per

host can adopt (Anderson and Gordon, 1982). A simple measure of the degree of dispersion is
the variance to mean ratio of the parasite numbers por host denoted by the expression  s° /¥,

where s2 is the sampling variance and X is the mean of the sample, T an under-disperscd
distribution pattern, most of the hosts bave a similar numbers of parasites and in this case the
variance to mean ratio is less than onec. The distribution of the parasites may be random where
the variance to mean ratio is approximately cqual to onc. Finally, the distribution pattern of the
parasites may be overdisperscd within their host population where most hosts have few parasitcs
and a few hosts harbour most of the parasite population. In this case the variance to mean ration
is greater than one,

Helminth parasites generally tend to be overdispersed where many hosts have few
parasites and a few hosts have many parasites. This variability is duc to heterogencity in host
susceptibility which may be caused by differences in hast behaviour, distribution of infective
stages or differences in host immunocompetance. Anderson and Gordon {1982) noted the factors

which lcad to under- or overdispersion of parasite populations within their host (Figure 6.2)

6.2.2  Condition factor
The body condition factor (CF) is a standard variable used by fish biologists as an
indirect measure of the energy status of a fish. It is used to compare the 'fatness' or ‘well-being'

of a fish and s basced on the hypothesis that the heavier a fish is for a specified length the greater
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the condition of the tish (Weatherly und Gill, 1987). Many workers use the following simple
formula for the delermination of body condition where the weight of the {ish is measured in grams

and the length refers to the fork length of the fish measured in cm.

_wuight of fish < 10°
length of fish *

Condition factor (CF) =

6.2.3 Hcpato-somatic Index
The hepato-somatic index represents the weight of the liver expressed as a percentage of
the total body weight and is often used by fish biologists as an indication of condition i fish.
The liver is a major energy store, especially in non-fatly fish (Chellappa ef al, 1993), and
whenever dissection is possible the HSI is often used as an indication of the energy status of the

fish (Wooten, ez al., 1978; Campbell and Love, 1978; Chellappa ef al,, 1995).

weight of liver < 100

Hepatosomatic Index = , 3
weaight of fish

The weight of the liver and of the fish is measured in grams.

0.3 RESULTS

6.3.1 1dentification, location and means of attachment of Bothriecephalus scorpii

Detanled morphological features of Bothriocephalus  scorpii from  the  turbot,
Scopthalmus maximus (L), have been described by Hilmy (1929), Rees (1958) and Jones
(1975).  In the present study, identification of the tapeworms recovered from juvenile turbot was
made by comparison with the details described by the earlier authors,

Specimens of Bothriocephalus scorpii were obscrved in the intestine of juvenile turbot
with their scoleces attached either in the pyloric caeca or in the anterior intestine wnumediately
behind the pyloric casca.  The worms were tightly attached by the scolex o the host bissues.
Histological cxanunation rovealed the scolex to be quite muscular and the bothria well formed
suggesting they are important as means of attachment. The scolex was deeply embedded in the

primary folds of the intestine with the bothria acting as pincers, gripping the secondary folds of

the intestinal mucosa (Figures 6.3, 6.4).




6.3.2 Local tissue patholugy associated with Bothriocephalus scorpii infection

The area of intestinal tissue next to the scolex shawed some signs of damage. There was
a proliferation of fibrous connective tissue in this region and in some parts the mucosal epithelial
cells appeared to be squashed together. There also appeared to be clumping or flaftening of the

microvilli in this region of the intestine adjacent to the scolex (Figure 6.4).

6.3.3 Prevalence of Bothriocephalus scorpii in turbot

From a sample of 53 'o' group turbot ranging in length from 50-152 mm, 25 were found
to be infected with the tapeworm Borhriocephalus scorpii giving an overall prevalence of 47.2 %.
The first two samples of turbot were obtained from Hunterston and these wore found to have a
prevalence of 54,6 % and 60.0 % for three and four month old turbot respectively (all of the 21
fish sampled were under 100 mum in length). All furtber samples were obtained from Ardtoe, and
for these the prevalence was found to be 40 % for 6 month old fish in the length range 96 - 136
mm.  Figure 6.5 illustrates the prevalence of B. scorpii in 'o' group turbol according to age
groups. Figure 6.6 shows the prevalence of infection in different length classes of turbot in the
present study and also includes data obtained by Davey and Peachey (1968) for adult turbot from
British coastal waters.

A higher prevalence of infection with the tapeworm was found in 'o' group turhot which
had dicd carly in the study duc to infection with the bacterium Vibrio anguillarium. Of thirty-six

fish autopsicd, twenty-eight were infected with the tapeworm giving a prevalence of 77.8 %.

6.3.4  Intensity of Bothriocephalus scorpii in turbot

The intensity of infection in farmed 'o' group turbot was found to be very low with most
fish harbouring only one tapeworm and a few harbouring two or three worms. Fish under 100
mm in length had only single infections whilst data from Davey and Peachey (1968) showed
adult turbot from the North Sea had a mean intensity of inlection of 44.5 worms per fish (Figurc
6.7).

6.3.5 Frequency distribution of numbers of worms per fish

The frequency distribution of parasite numbers per fish for ‘o' group turbot sampled from
Hunterston and Ardtoe was random (vartance to mecan ratio of 0.9). This is very close to one and
suggests a random distribution pattern (Figure 6.8). Data from Davey and Peachey (1968) was
analysed (o find the frequency distribution of parasite numbers for adult wild caught turbot. A

varlance to mean ratio of 22.7 indicates the parasite population was overdispersed and showed a
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Figure 6.3 Transverse section through anterior intestine of turbot showing scolex (s) of
Bothriocephalus scorpii deeply embedded in primary folds with the bothria (b) acting as
pincers, gripping the secondary folds. Scale bar: 100 um.




Figure 6.4 Transverse section through scolex of Bothriocephalus scorii embedded in the
primary folds of the anterior intestine of turbot. Shows muscular nature of scolex (s) and
bothria (b) acting like pincers on secondary folds of intestine. Also shows proliferation of
fibrous connective tissue (f) in the region of intestine adjacent to the scolex and some clumping
or flattening of the microvilli. Scale bar: 25 pum.
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negative binomial relationship. Table 6.1 shows the prevalence, intensily and variance to mean

ratios of Bothriocephalus scorpii infection n turbot.

6.3.6 Parasite index

The median parasite index was examined for different age and length groups of "o’ group
turbot. Threc month old turbot of length range 50-70 mm had a parasite index of 0.97 %, 4
month old turbet in the length range 55-84 mm had a parasite index of 1.94 %, & month old
turbot had a parasite index of 0.35 % and 8 menth ofd turbot had a parasite index of 0.51 %
{Figure 6.9).  There was a statistically significant dilference between the parasite index of the 4
age groups (Kruskal-Wallis Test, H = 11.77, df = 3, p = 0,008). When this was examined in
mote detail there was a statistically significant difference between the parasite index of 3 month
old turbot and 4 month old turbot (Mann-Whitncy U-Test at 0.03), 4 month and 6 month (Mann-
Whitney U-Test al 0.014) and between 4 month and 8 month old turbot (Mann-Whitney U-Test
at 0.013).

When the parasite index is refated to length classes, fish in the 0-100 mm length class are
found (o bave a parasite index of 1.46 % whilst the 100-200 mm length class have a parasite
index of 0.45 %. There was a statistically sigmficant difference between thesc two groups
(Mann-Whitney U-Test at 0.0041). Examination of raw data obtained by Davey and Peachey
(1968) for adult turbot in the length class 240-760 mm revealed a parasite index was of (.14 %
(Figure 6.10).

6.3.7 Effect of infection with Bothriocephalus scorpii on the condition factor of turbot

The condilton factor, that is the relationship between weight and length in turbaot
expressed as CF = W/L3 x 100, was examined for uninfected and infected juvenile turbot (Table
6.2).

Table 6.2 Comparison of condition factor (CIF) and hepato-somatic index ([ISI) of
infeeted and unminfeeted turbot.

HSI CF
(Xse) (xtse)
Uninfected fish 1.56::0.14 1.61£0.03
Infccted_ ﬁsh 1.50£0.11 1.594:0.02
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The mean condition factor for uninfected fish was (.61 & SE 0.03 and that for infected
fish was 1.59 + SE 0.02. There was no significant difference between the condition factor of
infected and upinfocted fish (Mann-Whitney U-test at 0.05).  When the turbot are divided mto
two different fength classes, the mean condition factors for the uninfected and infected 0-100 mm
length class and for the 101-200 mm length class are alf the same at 1.6 4. SE 0.03.  Therc was
no statistically significant difference between any of the groups (Mann-Whitney U-test at 0.03).
Figure 6.11 shows the relationship between condition factor and length of fish for infected and

uninfected fish.

6.3.8 Effcct of infection with Bothriocephalus scorpii on the hepato-somatic index of
turbot

The hepato-somatic index (HSI), that is the weight of fish liver expressed as a percentage
of the (otal body weight of the fish, was calculated for uninfected and infected fish (Table 6.2).
The mean HSI for uninfected fish was 1.56 = SE 0.14 and that for infected f(ish was 1.50 + SE
0.11. There was no significant difference between the IIST of uninfected and infected fish (Maan
Whitmey U-test at 0.05). When the mean T1SI figures are re-examined for two difforent length
classes of turbot, 0-100 nim and 101-200 mm, there was no statistically significant difference
between uninfected and infected HSI at sither length class (Mann-Whitney U-test at 0.05)
Figure 6.12 shows the relationship between the HSI and body length in infected and uninfeoted
fish.

6.3.9 Effect of infection with Bothriocephalus scorpii on the velationship between body
weight and body length in turbot

There was no significant difference in the relationship of body weight and body length
between infected and uninfected turbot.  Figure 6.13 shows the log-linear relationship between

the weight and length of uninfected and infected turbot.

6.3.10 Estimated amount of energy consumed by Bothriocephalus scorpii in turbot of
specified weight and held under various conditions

It was possible to caleulate from. fecding experiments carried out in the present study, the
amount of energy consumed daily by a 10 g turbot held at 10°C and feeding on WFA pellets.
The average weight of Bothriocephalus scorpii infecting a 10 g fish was also established from
the present work, The proportion of the daily energy consumed by a 10 g fish which was utilized
by the tapeworm was then estimated from these data.  To do this, an assumption was made that

the metabolic rate of the tapeworm is roughly equivalent ta that of its host when adjusted for
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Figure 6.5 Prevalence of Bothriocephalus scorpii infection in different
age classes of turbot
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Figure 6.6 Prevalence of Bothriocephalus scorpii infection in different length
classes of turbot. Data for adult turbot from Davey and Peachey (1968)
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Figure 6.9 Median parasite index in different age classes of turbot.
Data for adult turbot from Davey and Peachey (1968).
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Figure 6.12 Comparison of the relationship between hepato-somatic index and
body length in infected and uninfected turbot

203

PXS IR e




5.00 , B
y=3.025x- 4198 1 2 =0.997

! 2
=2.967% - 4. =4.
400 - y Tx-4074 1 0.994

3.00 -

Log weight (g)

2.00

1.00

Log length (cm)

%

® nfected v unintected

Figure 6.13 Log-linear relationship between the weight and length of
uninfected and infected turbot.

204




By 0L86 T 00r6T7 4008 (eI PaORPaI) 5 pEYT % 001 % <t J:02 00001 301 3001
1086 5 009cer 3008 {uorenes) § 0000 % 001 % 0T 00T 00007 307 3001
Bise Dovece 308 (s9eIL pAnnpaT) 8 (58] % 05 %98 02 00001 | 8T0 501
Biige B oocor 308 (wonenes) 3 00F % 0% % 0'F 2207 00001 | 370 | 50t
T001¢ B 009¢#] 3057 (oxperut pasnpai) 5 00S1 T % 001 %7T a0l 00001 | 8071 8 001
BooLe BLO0001E 30T (uoneLes) 3 000ST % 001 %0t Do0T 00001 301 3001
Brore B 09THI 56T (axfeut paonpal) 5 g1 T % 0S % ¥'¥ 30T 00007 | 370 301
Byore 51 0001¢€ 8¢z (voyenes) 8 (G5 % 0C % 0'C Do0L 00001 270 301
@mc Aep 1od sarrom bmc (3) Aep 12d {8) wromadey £q | HODBWIIOSE (8) (5)
jommwannbay | Lepsadysy jo | osucom Lgpasn | Aep sad ysi AQ pAWHSUGD | UDLOILUL JO | PAUASUOI I§EUL POO)Y Jo ysgjo | muoM Jjo si 3o
AStomg | oy {8mug POOJ TUNOWTY pOnJ JO WINOUFY 20TaTRARI] 5150y Jo afejmaoryd | amueradwiag, | qumy | ydiEm | Som

STOTIIPTIOS WISXSHP DPUR 21el4008 Snppyda20L4yjog Aq pasn 10qImg Jo xyeul poo; d Jo uorndord oyt Jo sjeumsy  ¢°9 I[qe [

205




weight. In a 10 g turbot harbouring a tapeworm of 0.2 g, we can assume the tapeworm has a
metabolic demand of approximately 2 % of the host and therefore will require 2 % of the host's
energy intake. This is likely to be an undercstimate for the following reasons. Firstly, smaller
animals tend to bave a higher metabolic rate per gram of tissue than larger ones. Secondly the
tapeworm may be producing vast quantities of eggs which requires substantial amounts of cnergy
and thirdly, the tapeworm is likely to be anacrobic and will consume more food per encrgy
gained.

If the food intake of a 10 g turbot held al 10°C and fed to satiation on WFA pellets is 2.5
% body weight per day and the WFA pellets contain 12.4 kJ / g food (wet weight), then the fish is
consuming 0.25 g food {or 3.1 kI) per day. The tapeworm, conswning 2 % of its host's food
intake, will thercfore use 0.003 g per day (or 0.06 kJ} per day. In a fish farm holding 10000
such fish with a 50 % prevalence of Bothriocephalus scorpii, the fish will consume 2.5 kg food
per day or 31000 kJ of which the tapeworms wiil use 25 g (or 310 kj) per day.

If the food intake of the hypothetical 10 g lish is decrcased for some reason, such as
infection with a more pathogenic parasite or if the bulk of tire tapeworm n the mtestine decreases
food intake or food is simply being rationed to save costs, the proportion of the food mntake of the
fish which 1s consumed by the tapewcrm will be increassd. Table 6.3 gives estimates of the

proportion of the host's food consumed by the tapeworms under different conditions.

6.4 DISCUSSION

A considerable increase in turbot culture since approximately {975 in Britain and France
and since the early cightics in Norway, Denmark and Galicia (north-west Spain) has resulted in a
concomitant rise in pathological problems in this specics (Novoa ef af., 1992; Toranzo ef al.,
1993a). Bacteria, viruses and more recently, protozoan diseases as well as those helminths which
have direct life historics have received most attention due to the ease and rapidity with which they
can spread under systems of monoculture and also because of their pathopenicity (Estevez ef al.,
1992, 1994; Bloch and Larsen, 1993; Novoa ef o, 1993a, b, Dykova and Figueras, 1994,
Mudarris ef al., 1994; Pedersen ez ai,, 1994; Lom and Bouix, 1995; Munro ef al, 1993).
Tntestinal helminths of turbot have received much less attention partly because thoy have
been regarded as less of a threat, owing to their complex lifc historics and the associated
difficulties in completing these under a monoculture situation.  Also, there is a belief that they
have little or no pathogenic offeet and fow have been shown 1o cause mortality in fish (de Groot,
1971; Jones, 1975).  Bothriocephalus scorpii. wnlike many of the diphyllobothriid worms which

have a complex life history requiring two intermediate hosts (usually a copepod and & species of




fish), can be transmitted to the final host via a single intermediale copepod host. A paratenic
host, the goby, is also invalved in transmission of the parasite to turbot of lengibs where fish is
the main food source. [t is common in parasites with complicated life historics that the stage that
infects the final host is blocked from the food cycle and this often reduces the risk of infection in
captive fish. The use of a paratenic host may provide a solution to this obstruction both in
nature and in captive fish and may explain the very high prevalence and intenwsity of infection of
Bothriocephalus scorpii found in adult turbot even when the copepod is no longer accessible
(Rabert ¢t al., 1988).

Despite the fact that the tapeworm Bothriocephalus scorpii is widespread in turbot, little
attention has heen given to the prevalence and intensity of infection in farmed fish and even less
to the possible cffects of the parasite on various physiological parameters and even on the
possibie cause of mortality in farmed fish due to intestinal blockage.

Results from the present study showed turbot from IHunterston had a prevalence of
infection with the tapeworm Bothriocephalus scorpii of 54.6 % and 60 % 1n 3- and 4-month-old
fish respectively and for 6 month old fish obtained from Ardtoc a prevalence of 40 % was
recorded. When divided into tength classes, the infection rate for turbot in the length class 0-100
mm was 534.3 % and for the 101-200 min length class was 38.5 %. These data differ from those
of de Groot (1971) and Davey and Peachey (1968) for wild caught 'o' group turbot where lower
prevalences of 36.5 % and 29 %, respectively were found in the 0-10¢ mm length classes. A
prevalence of 53.6 % was obtained for the [01-200 mm length class (de Groot, 1971). Data
from Robert ef al. (1990) for the 0-100 mm length class revealed prevalences of infection of 4.8
% and 20 % for populations of turbot from the Actantic (coasts of Brittany) and Mcditerranean
(Gulf of Lions), respectively. Prevalences of infection of 100 % for fish > 200 mm in length
have commonly been reported (Davey and Peachey, 1968; de Groot, 1971; Robert ef af, 1990).
However, these are natural populations and data are facking on prevalences of infection n adult
captive fish.

Only single infections were found in the 0-100 mm length class it the present study.
Mostly single infections were found in the 101-206 mm length class but one fish harboured two
worms and two harboured thrce worms. This differs from data obtained by Davey and Peachey
(1968) where most of the infected 'o' group turbot had between 1-3 worms but 12 had from 4-66
resulting in a mean of 13 worms per fish. Adult fish in the same study had a 100 % prevalence
and a mean intensity of 44.5 worms per fish,

'The differences in prevalence and intensity observed in various studics for fish of the
same size class may rellect variations in dict or in environmental conditions between the fish from

these sites. For example, the higher prevalences found in turbot of the 0-10¢ mm size class from




Hunterston comparcd with those from Ardtoe and the wild caught fish in other studies could
possibly retlect the higher water temperatures of the fish held at Hunlerston, Temperature
variations have been shown to be a predominaant factor in infection of carp Cyprinus carpio,
mosquito fish Gambusia affinis, red shiners and fatbcad minnows Phoxinus phoxinus wilh
Bothriocephalus acheilognathi (Granath und Esch, 1983; Hoole. 1994) as well as in infection of
sockeve salmon with Eubothrium salvelini (Smith, 1973; Fsch and Fernandez, 1993). The lower
prevalences found in small turbot by Robert er ¢/ (1990) from the Atlantic could reflect the
more hoslile enviconment which may decrease the number of host-parasite encounters thus
resulting in a lower prevalence and intensity of infcetion (Homn and Gibson, 1988).  This also
stresses he importance of oblaining cpidemiological information pertaining to all the parameters
for every population, whether wild or captive.

The frequency distribution pattern of the number of parasites per turbot in the present
study followed a random dispersion patlern having a variance to mean ratio of approximately
ong, i.e. the parasites were randomly distributed within the host population. This is quite rare for
macroparasites, particularly helminths, and may refleet the conditions under captivity, or,
possibly 1s a result of the small sample size. Anderson (1993) commented on the high degree of
variability in parasitc numbers per host and stressed the need for large sampies.  Anderson and
Gordon (1982) discussed the factors leading to underdispersion of a parasite population within its
host and one possible explanation may be parasite-induced host mortality where the host death
rate has a positive correlation with parasilc burden. This would be a scerious situation in a fish
farm and could possibly reflect mortality of fish due to intestinal blockage by worms. The data
provided by Davey and Peachey (1968} showed an overdispersed pattemn for both 'o' group and
adult turbot. Robert e al., (1990) found B. scorpii (B, gregarius) were overdispersed within
their host populations and had a mean intensity of 62.3 B. scorpii per fish in the Mcditcrranean
and 14.6 n the Atlantic. However, thev found the distribution frequency of B. scorpii
corresponded fo a lognormal curve. The origin and significance of the lognormal distribution
has been discussed by Pennveuick (1971¢) for Schistocephalus solidus, where the distribution
patiern is attributed to the death of highly parasitized hosis and to the uncertainties of the
environment. This might also explain the lognormal distribution found by Robert ef al. (1990)
for natural populations of turbot where fish over 100 mm in length rapidly obtain prevalences of
infection of 100 % accompanied by an increase in intensity of infection. This is related to a
change in infection pattern from the short cyele involving only the intermediate copepod host (o
the long cycle mvolving the copepod and a paratenic host {goby). At 300 mm in length the
prevalence and intensity of infection stabilize and this is altributed to the death of the adult

cestodes whose [Ue span is approxumately three years (Robert ez o, 1988) and to migration away




froim the coast. Anderson and Gordon (1982} discussed the dynamic nature of parasite frequency
distributions and suggested the degree of aggregation changes with time. The variation in the
epidemiology of Bothriocephalus scorpii infection in different populations of turbot shows the
importance of studying the specific parameters pertaining to the infection in each situation.

The proportion of the host-parasite relationship duc 1o the tapeworm (parasite index) was
examined and found to be greater in the length class 0-100 nyn (1.46 %) than m the 101-200 mm
fength class (0.45 %) for turbot in the present study. Data from Davey and Peachey (1968) was
analysed to obtain the parasite index of turbot in the >200 mm length class, This was found fo be
0.15 % and therefore showed a general decrease in parasite index with incrcasc in fish size.
From these data, one might expect any effect the parasitc may have on the host's physiology
might be greater in the smaller sized fish as these are carrying the heavier parasite burden. That
the weight of the parasite burden might be more important than the intensity of infection was
suggested by Pennycuick (1971a} for Schistocephalus solidus indfeetion in the stickleback,
Gasterosteus aculeatus.

Intestinal parasites may adversely affect their host in a number of ways. Firstly, the
parasite receives all its encrgy and nutrient requirements for growth, development and the
maintenance of physiological functions from the host's intestine and must therefore effect a
nutritional drain on its host. This may have little effect in a well nourished and healthy host with
unlimited amounts of food but if fection 1s combined with other environmental stressors
(physical, chemical, dietary or other diseass) which have a limiting effect on the host's food intake
then the proportion of the host's food intake used by the parasite will increase. Pascoe and
Mattey (1977) reported that among a sample of three-spined sticklebacks placed on a restricted
diet, those infected with Schistocephalus solidus died before non-infected fish. Pascoe and Cram
(1977) also demonstrated that in the same host-parasite system parasitized fish were less tolerant
of cadmium toxicity. Parasitic infections appear to cause the host to cat less food, resulting in
the parasite conuming a greater proportion of the assimilated food (Ash et al., 1984). There have
been pumerous reporls of fish infected with fresh water bothriccaphalid worms (B
acheilognathi) becoming sluggish and emaciated, ceasing to feed and swimming closer to the
surfacc (Floolc, 1994), Current evidence suggests that species of fresh water bothriocephalids
alfect host wmtestinal enzymes, for example, trypsin, chymotrypsin, phosphatases and amylase
(Malskasi, 1984; Kurovskaya and Kititsyna, 1986) aud therefore probably effect host nutrition.
Certain host respiratory cnzymes (succinate dehydrogenase, lactate dehydrogenase, peptidases
and hydrolase) may also be affected by the worms, although recent evidence suggests they do not
affcet the oxygen consumption of infected fish (Kititsyna and Nikitenko, 1986).  Attempts were

not made to compare the oxygen uptake of infected and uninfected fish in the present study. “This




was partly because the respiratory equipment available would most likcly not have been accurate
enough to discern such small differences. Also, this would have necessitated destructive sampling
and the munbers of fish available were scverely restricted.

The prescnce of the parasite in the intestinal tract may alter the gastric evacuation rafe by
impeding the passage of food through the gut and therefore may decrease the host's food intake by
impeding digestion and absorption of nutrients by the intestinal lining (Ash ef al., 1984). 'This
would have the effect of increasing the proportion of the host's food intake consumed by the
worm as the worm's nutrient and energy intake remain the samc. Generally, the greater the
degree of pathogenicity invoked by a parasile the greater the decrease in food intake of the host.
This could have a profound effect when the fish is suffering from a sccond infection caused by a
morc highly pathogenic organism such as Vibrio anguillarium. This would decrease the food
inlake of the host and conscquently increase the proportion of the host's food intake consumed by
the tapewormi. The tapeworm will have a more substantial c¢ffect on its iimmuuocompromised
host and may tip the balance between survival and death of its host. This may cxplain the higher
prevalence of infection with B, scorpii observed in turbot dying from vibriosis than in the other
fish sampled.

Most pathology due to tapeworms occurs at the site of attachment. The pathology
induced by Bothriocephalys scorpii in turbot has been reported as 'slight' (Rees,1958); 'damage
to the epithelial cells and proliferation of connective tissue underneath the epithelium adjacent to
the scolex' (Jones, 1975); and 'reduction in the size of the epithelial cells, in the number of goblet
cells and hypcrtrophy of the comnective tissue' (Davey and Peachey, 1968). Histological
observations on the site of attachment of the scolex in the present study revealed damage had
occurred to the epithelial cells. This mncluded clumping of the microvilli, reduction in size of
cpithclial cclls and a proliferation of fibrous conncctive tissuc in the area underlying the
cpithelinm, next to the scolex. Such damage must have an energetic cost to the fish host in terms
of reduction in absorptive area of the intestine and in the cost of repair of damaged tissue.

A local mflammatory response has been recorded at the site of attachment of B.
gowkongensis in cyprinid fish (Scott and Grizzle, 1979). It has not been established whether A,
scorpii is responsible for any chronic inflammatory reaction in infected turbot (Iletcher ef
al,1980). The production of C-reactive protein is documented in turbot but its functional
significance is not yet known in fish (Williams and Jones, 1994).

Many mtcstinal tapeworms are positioned in the intestine behind the bile duct indicating
that the host’s bile 1s in some way necessary in rendering the host's food suitable for absorption
by the worm. Bothriovephalus scorpii was located in the anterior intestine, posterior to the bile

duct opening n juvenile turbot in the present studv. This is in agreement with previous studies
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{Rees, 1958; Davey and Peachey, 1968; Jones, 1975).  Somc tapeworms have been showa to
actively move up and down the intestine, possibly searching for optimum concentrations of amino
acids and other molecules. Such movements may be the worm's way of compensating for the
compctitive edge that the host's mucosa may have in terms of absorption (Chandler, 1935; Briten
and Hopkins, 1969; Cannon and Mettrick, 1970, Crompton, 1973, 1991; Hohnes, {973; Mettrick
and Podesta, 1974; Kennedy, [983; Ash ef @l., 1984) or thcy may also be mduced by immune
reactions of the host (Threadgold and Hopkins, 1981; Kennedy, 1983). McKinmon and
Featherston (1982) discovered a linear relationship between the length of B. scorpii and the site
of attachment along the gut of P. bacchus which they related to the nutrient availability in
different regions of the gut. These observations suggest some level of competition between the
worm and the host and imply the worm may decrease the host's digestive efficiency possibly even
its growth ratc. Parasitism of sockeye salmon, Oncorhynchus nerka by Fubothrium salvelin

had a deleterious effect on the growth, survival and swimming performance of the fish (Boyce,

1979). A 0 % loss of growth was recorded in farmed salmon with low level infections of

Kubothrium species and this was more pronounced in males than in female fish (Bristow and
Berland, 1991) . They cstimated a dircet loss of millions of dollars per year in Norway due to the
infection as well as noting the loss of food and the possible increased susceptibility to disease in
infected fish.

The parasite index for B. secorpii infection in juvenile turbot is fairly low ranging fromn
1.0 to 2.0 %. It was assumexl that the worm would therefore require approximately 1-2.0 % of its
host's food intake for growth, development and maintenance of physiological funclions. The
amount of foed and the energy equivalent requircd by the worm and the relative proportion was
cstimated and shown m Table 6.3. It can be scen that the amount of the host's food intake
consued by the tapeworm is relatively low in healthy fish fed to satiation and may go unnoticed
by fish farmers but in fish with a decreased food intake for any reason, whether due to physical,
chemical or biological stress then the proportion of the host's food intake consumed by the worm
is increased. If 10 % of the host's food intake is consumed by the tapeworm then this constitutes
a significant nutritional drain to the host as well as being a financial drain to the fish farmer.

Despite the obscrved patholopy and the nutritional and energy drain in the fish  due to
infeetion with B. scarpii, no significant ditference was found between the condition factor or in
the hepato-somatic mdex of uninfected and infected juvenile turbot.  This is probably because all
the [ish used i the feeding experiments in the present work were relatively well fed and healthy,
cven those on a reduced ration. Possibly if the fish were held on maintenance rations or if a
sccondary infection had been acquired during the study, then a difference in thesc gross

parameters may have been detected. Many whole otganism studies show parasitized animals
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grow normally and show few, if any, signs of clinical disease, but evidence exists that
physiological changes do occur (Mcttrick, 1980; Arme ef af, 1983). The fact that such changes
result in few gross effects may be due to a long cvolutionary relationship between host and
parasitc and/or a compensatory effoct of alternative physiological mechanisms being employed by
the parasitized animal (Mcttrick, 1980; Arme ef @, 1983).

The view that cestode species of vertebrates induce no, or minor, morphological and
pathophystological changes i the intestine of (heir hosts may persist because very few studies
have examined the effect of parasites on their hosts using more sophisticated techniques (Eckert,
1991). Recent work has demonstrated pathomerphological changes in biopsied jejunal samples
in 80 % of patients infected with Taenia saginata; pronounced proliferation of enterocyics and
mucosa infiliration with lymphocyles, mast cells, and cosinophils was observed. This celfular
infiltration was described as the host reaction to parasite antigens (Kociccka, 1987). Also, a
reduction in parietal cells in the gastric mucosa of 30 patients infected with 7. saginata and
which was reversible 1 66 % of patients afler climinabion of the tapeworm was noted, This
sugpests that tapeworm pathogenicity should be re-cxamined for s immunological and
biochemical aspects (Eckert, 1991). The pathogenicity of Diphyllobathrium latum infection in
humans is well documented due to the absorbtion of Vitamin By, by the worm causing
megaloblastic anasmia in approximately 2 % of patients (Von Bonsdor(l, 1977).

Duran et al. (1989) stated that "infection with B. scorpii creates a significant economic
problem for turbot aquaculturc beeause of spoilage of host substances which decrcascs the
growth rate of mfected fish and mortality due to intestinal blockage”. This statement needs to be
substantiated with more sophisticated investigations info the effect of B. scorpii infoction on its
host and ta establish the cconomic imporiance of the infection.

Different strategies arc employed to controf tapeworm infoctions and these usually refloct
thetr perceived economic importance, the availability of control measures and whether the
parasite is an established one or recently introduced (Hoole, 1994}, The anthelminthic etficacy of’
four compounds for the treatment of B. scorpii infoction in turbot was cxamined by Duran ef ol
(1989). The use of drugs to control tapeworm infections has several potential problems. The
cost of the drugs makes them suitable only for luxury fish, brood stocks or fish prior to transport
and there may be a problem with toxicity to the tish and/or to invertebrates (Hoole, 1994).
Control of tapeworm infections is perhaps best achicved by distuption of the Jife history pattern,
for example by using filters to remove infected copepods from intensive fish rearing facilifies and
m this way preventing infoction of young turbot. It is also important to consider the attraction of

possible discase~carrying paratenic hosts to caged turbot (McVicar and MacKenzie, 1977).




The mmportance of accurate epidemiological studics of fish farms and the patural
environent in contributing to the understanding and prevention of parasitic infcetions in captive
fish was stresscd by Euzet and Raibaut (1985). This has been reinforced more recently by Lom
and Bouix (1995) who recognized an epizootiological link between protozoan infections of wild
and cultured fish, which is responsible for the appearance of previously unknown species.
Kennedy (1994) recognized the potential hazards of introduccd fish specics and the parasites
mtroduced along with them. The number of troduced species of fish in Britain has increased
greatly in recent years, in part due to increasing ease of transportation. In this way, natural
barriers to dispersal are broken down and parasites may be brought into contact with a new host
species or with a new strain of its preferred host and into a situation where its numbers may
increase rapidly. One such parasite is the tapeworm Bothriocephalus achetlognathi which is
indigenous to Japan and China but which has recently been introduced to Britain and is currently
disseminating in a variety of freshwater fish (Hoole, 1994). The infection has been associated
with a reduction in body weight of the fish and is therefore a problem to fish farmers.

Finally, it is perhaps worth remembering a comment made by Mueller (1968) where he
pointed out that "pseudophyllidean cestodes appear to be intimately involved with the physiology
of their hosts”. He also noled that parasitism by Diphyllobothrium latum, Spirometra
mansonoides and Ligula intestinalis is "considerably more than a mechanical affair". Arme and
Walkey (1970) commented that much work on the host-parasite relationship of this group of
cestades was necessary. Twenty-five years later our knowledge and understanding of the host-
parasitc rclationship of pseudophyllidean tapeworrms is still incomplete. This is particularly tree
of the host-parasite rclationship between Bothriacephalus scorpii and the turbot, Scopthalmus
maximus (L.). Fish farming is a business and as with any business it must be cost effective.
Knowledge of the amount of damage caused by and the amount of energyv used by the worm, in
other words the cost of helminth infections; is very important. This would give the fish farmer an
informed basis on which to decide whether it is cost effective to use anthelminthic drugs or to

carry out any other preventative measures to avoid or treat the infection.

6.5 SUMMARY

1 Juvenile turbot obtained from Ardioe and Hunterston were found to be infected with the
tapeworm, Bothriocephalus scorpii.

2 The prevalence of nfection was rceorded at 47 % in fish ranging in length from 50-
152 mm. Figh from Hunterston (< [00 nun) had a prevatence of infection ranging from

55- 60 % whilst turbol from Ardioe (96 - 136 mm) had a prevalence of 40 %,
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The intensity of infection in juvenile turbot in the present study was very low with most
fish harbouring only one tapeworn.

The frequency distribution pattern of parasite numbers per lish was underdispersed with
a variance to mean ratio of 0.9. This is rare for hebminth infoctions and differed from
data obtained for natural populations of turbot infected with B. scorpii where the
distribution pattern was found to be overdispersed. This may reflect the unnatural
conditions of fish in captivity and also the small number of experimental animals.

A parasite index (proportion of host-parasite refationship duc to parasite} of 0.97 for
three month old turbot (56-70 mm), 1.94 for four month old turbot (55-84 mm), 0.35
for 6 month old turbot (96-136 mm) and 0.51 tor 8§ month old fish (116-180 mm)

was recorded, When related to length class, fish of 0-100 mun had a parasite index of
1.46 whilst those mn the 101-200 mm length class had a parasite index of 0.45. Data on
adult turbot from Davey and Peachey 1968) was analyscd and a parasitc index o 0.14
was obtained. This indicatcs that parasite index decreascs as the fish get larger aad auy
pathology observed may be more pronounced in younger fish. The effect of having a
greator parasilte index in young fish could be compounded by the fact their imumune
system is not fully evolved. Further research using greater numbers of fish is necessary
to cstablish parasite indices for different length classes of turbot held under various
conditions,

Parasitism did not appear to have any statistically signilicant effect on the condition
factor or on the hepatlo-somatic index of juvenile turbot although greater numbers of
infected and uninfected fish would be necessary to cstabtish this.

The estimated amount of the host's feod intake consumed by the tapeworms was
calculated for different conditions. This may have kttle effect on the growth rates of
healthy fish fed to satiation but il the {ish is nutritionally challenged and/or is
immunocompromised for any rcason the parasite will exact a greater nutritional and
energetic drain on the fish and consequently will be a greater financial drain to the fish
farmer.

Furthey work using uninfected and experimentally infected fish at different ontogenic

stages and held under various environmental conditions could help to establish the

bioenergetic cost of bothriocephaliasis in turbot.




CHAPTER 7

RODLET CELLS
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7.1 INTRODUCTION

7,1, 1 Historical background

It is now more than a century since Thélohan (1892a.b) first described the rodlet cell as
an extracellular sporozoan parasite, probably a coccidian. Rodlet cells have since been found in
many epithelial and endothelial tissues from various teleost groups. Thélohan bascd lus
conclusion largely on the ‘cyst' wall surrounding the cell and granular inclusions (rodlets) within
the cell which he thought were sporozoites, He reported the cell, which Laguessé (1895) later
named Rhabdospora thelohani, in cyclostomes, elasmobranchs, freshwatcr and marine teleosts
and hyalid frogs. Plehn (1906a,b) interpreted the rodlet cell as an endogencus gland cell
suggesting the inclusions were secretory material and Duthie (1939) believed the cells were
coarse granulocytes. Since then, rodlet cclls have been reported from various tissues i many fish
species and controversy has ensued to this date over their puzzling status and origis.

Those supporting the parasitic nature of the cells include Thélohan (1892a,b), Laguesseé
(1895), Dawe er af. (1964), Hale (1965), Bamnisier (1965; 1966), Iwai (1968c), Anderson et al.
(1976), Mayberry ef af. (1979), Viehberger and Bielek (1982), Barber and Westermann (1983},
Bielek and Vichberger (1983), Richards er al. (1994), and Wayne and Mayberry (1994). The
view that the cells are an endogenous component of fish tissue is held by: a) Catton (1951),
Weinreb and Bilstad (1955) and Smith ez af. (1995) who, like Duthie (1939), believed the cell
may be a kind of granuiar leukocyte; b) Leknes (1986), Balabanova and Matey (1987) and
Imagawa et ai. (1990) who suggested that the rodlet cell may play a role in the defence system of
the fish; and ¢) Al-Hussaini (1949a,b), Vickers {1962), Fernhead and Fabian (1971), Leino
(1974, 1982), Desser and Lester (1975), Morrison and Odense (1978), Mattey e/ al. (1979),
Paterson and Desscr (1981), Leknes ([986), and Smith ez al. (1995) who, like Plehn (1906a,b),
have attributed various sccretory functions to the cell such as pH control, osmoregulation,
reduction of friction, ionic regulation, antibacterial effect and production of a substance similar

o that of mucous cells.

7. 1.2 Morphological structure of rodlet cells

Generally spcaking, there has been more consensus on the morphological structure of
rodlet celis than on their enigmatic nature, although those of different species do differ in size and
in some details (Barber and Westermann, 1983). They are widely dispersed and have been found
from almost every fish tissue but are commonly associated with epithelial and endothelial tissues
where the apex of the cell borders on the free surface and where the contenis of the cell,

especially the rodiets, appear to be excreted. Excluding Dawc ef af. (1964), all workers have




reported rodlet cells to be intercellular.  They are commonly describud as pear- or oval-shaped
cells measuring approximately 3-10 gm by 7-20 pm anct bound by a trilaminar membrane.

Figurc 7.1 gives a diagrammatic representation of a rodlet cell.  Underlying the outer
mermbrane is a thick fibrillar border (sometimes referred to as the cyst or capsule wall)
approximately 0.5 um wide and composed of microfilaments arranged in parallel around the
circumference of the cell. Regularly spaced electron dense bands ars located beneath the plasma
membrane and run parallel to the microfiluments. Some authors belicve the capsule wall has
coniractile properties (Leino, 1974; Desser and Lester, 1973; Flood et af. 1975; Morrison and
Odense, [978; Mattey ef af, 1979, Mayberry ef af, 1979 and Barber and Westermann, 1983).
The fibrillar border is absent from the apex of the cell when the cell reaches the epithelial surface.
A stoma of approximately I pm m diameter and bound only by the plasma membrane is found in
this region, The basal portion of the cell sometimes has a cyioplasmic extension projecting
beyond the fibrillar border (Barber ez af. 1979). The cell contains a basal nucleus which may be
round, oval or u-shaped. Leino (1974) held that the shape of the nucleus was dependent on the
species of fish while Anderson ez g/. (1976) believed they were found in different stages of the
parasite. Within the cytoplasm, positioned above the basal nucleus. lie a number of refractile
bodies, the rodiets. These arc club or rod-like in shape with rounded basal cnds (1-1.5 pm in
diameter), a pointed apex and are arranged in a cone-shaped format with the tips of the rodlets at
the apex of the cefli. They arc bound by a single, trilaminar membrane and are composed of three
man layers - an electron dense central core surrounded by a moderatoly dense modullary part and
a thin cortical layer. Tubular mitochondria arc found clustered in the apical cytoplasm whilst a
modcrate amount of endoplasmic reticufum is  scattered throughout the remaining cytoplasm
along with ribosonics, vesicles and [arge vacuoles. Some ribosomes and vacuoles are also found

within the fibrillar border.

7.1.3 Approaches used to elucidate the nature of rodlet cells

Various approaches and techniques have been used in attempts to elucidate the nature of
rodlet celis, Secretory cclls would be expected to develop from the germinal epithelium whilst the
occurrence of cells in a wide variety of tissucs in variable numbers could be indicative of a type
of blood cell. Cells of an cxogenous nature might be expected to cause some pathology or be
isolated in some way from the surrounding tissue. The presence of DNA differenl from that of
the host would be conclusive of cither the parasitic nature or parasitic crigin of the ccll. Recent
studies have addressed this issue.

Light and electron microscopy combined with cytochemical techniques have been used to

examing the fine structure with a view to producing insights into the possible function or nature
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of rodlet cells. Much of the research has centred on the granular inclusions or rodlets. Most
agree on the nature of the cortical layer of the rodlet but nol on the core maicrial. Bannister
{1966) demonstrated the rodlets to be Feulgen-negative whilst the rodiet cortices were posifive for
periodic acid schiff (PAS), a test for polysaccharide. Morrison and Odense {1978), Mattey ef
al. {1979) and Leino (1982) all found the rodlets were positive for PAS and suggested Lhat rodlet
cells may have functions sumilar to mucous cells. Mattey ef @, (1979) noted (he rodlet sacs,
exeluding the rodlet cores, were positive for a stain selective for glycoprotein but did not stain
with alcian blue, a test for acid mucopolysaccharides. Morison and Odense (1978) also
demonstrated the rodlets were negative for alcian blue but noted that staining with PAS was
variable, suggesting a variation in the functional stale of the cell. Leino (1982) further
demonstrated the rodlet cores were rich in protein but poor in carbohydrate whilst the peripheral
region of the rodlets were rich in both protein and carbohydrate, possibly in the form of neutral
glycoprotein.

Barber and Westermann (1985,1986a), using microdensitometry and DNA hybridization
techniques, demonstrated the nucleus of the rodiet cell to contain a similar quantity of DNA Lo
ather cell nuclei from the same fish species and concluded that the rodlet cell itself was probably
of teleost origin. Further evidence from DNasel-gold and RNase-gold preparations led Barber
and Westermann (1986b) to conclude that the dense rodlet cores contained DNA in a
conformation not familiar i the eukarvole nucleus and since provious experiments had
demonstrated the rodlet cell nucleus to contain the same amount of DNA as nuclei of teleost cells
they proposed the theory that the rodlets were invasive structures of unknown phylogeny which
converted the metabolisit of the teleost cell {o rodlet production.  Vichberger and Bielek (1982)
and Bielek and Viehberger (1983) using the Bermhard method of DNase digestion also
demongstrated the rodlet core to be positive for DNA of an 'extraordinary configuration' and like
previous workers (Bannister, 1966 and Barber and Westermann, 1975), they found the rodlet
cores to be negative for the Feulgen reaction for DNA, They noted that some organisms such as
amocba, insccts and flowering plants, are known to contain Feulgen negative DNA. and concluded
that the rodlets werc possibly {ransport units of genetic material. They also observed
phagoceytosis of discharged rodlets by macrophages and by heterophilic granulocytes.  Flood ef
al, (1975) and Barber ef al. (1979) also supported the idea that the rodlet cell behaves like
forcign or invasive material but were inconclusive as to the naturc of the cells.

Leino (1974, 1982), Desser and Lester (1973), Barber ef af. {(1979), and Mattey ef al
(1979) described developmental stages of the rodlet cell, with a gradual appearance of capsule
wall and rodlets and a transient increase in granular endoplasmic reticulum and Golgi aparatus

and took this as proof of au endogenous origut, Flood er f. (1975} also noted various stages but
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betieved the cell forms observed were possibly phases in the life history of the parasite. Using
ultrastructural studics they tricd to cstablish the relationship of the rodiet ccll wath the
surrounding tissue in the bulbus arteriosus of the goldfish Carassius auratus and to correlate the
structure with physiclogical activities. They described pre-encased, semi-encased  (the
'inunature’ cells of Desser and Lester, 1975) and encased cells {'mature cells'). The semi-encased
cell with prominent Golgi apparatus and extensive endoplasmic reticulum was considered to be
physiologically 'active’ and typical of a secretory phasc. The encased. or mature, cell was
inferpreted as ‘'inactive' as therc were fewor ribosomes, little endoplasmic reticulum and the
mitochondria were tubular with thickened membranes and were found in the apical region of the
cell where junctional complexes with the endothelial cells were formed.

Vickers (1962) noted an increase in density of redlet cells, similar to that of goblet cells,
with increasing concenfration of cobalt salts and suggested there may be some type of
relationship between the two cell types. Fearphead and Fabian (1971) demonstrated changes i
both aumbers and appearance of rodlet cells in response to salinity changes and concluded the
cell might be involved with host osmoregulation, which could explain the wide variation in rodlet
cell munbers,

Mayberry et al. (1986) used an epidemiological approach to examine the nature of rodlet
cells, surveying carp from fish farms and comparing the incidence of rodlet cells in fish of
varying sizes with that in laboratory-reared fry of 10 and 60 days old. Their results sugpested a
migration of rodiet cclls from anterior loose connective tissue through the ventral aorta wall to
the bulbus arteriosus and they proposed that this implied, but did not conclusively prove, the cells
were not parasites. However, Wayne and Mayberry (1994) found rodlet cells were absent from 5
and 10 day old carp fry which had been fertilized and rcarcd in the laboratory and concluded the
cells were probably of an exogenous naturc.

More recently, Smith et af. (1995) demonstrated large numbers of rodlet cells in
aggregation around the inner wall of the post-orbital blood vessel and in the extravascular space
of angelfish Pierophyllum scalare, Mayberry er al. (1986) also showed agercgation of rodlet
celis at the periphery of the ventral aorta. The rodlet cells appearcd to be traversing the vessel
cndothelium in a manner similar to maminalian neutrophils and Smith ef al. (1993) concluded
that the rodlet cell most closely resembled a form of granulecyte in its morphology, distribution
and behaviour.

The lack of a pathological ttssuc rcaction around rodlet cclls bas frequently been used as
an argument against their parasitic status, but not all reports support this conclusion, According
to Schaperclaus (1979), sporozoans often cause no significant defence mechanisms in their host.

Bielek and Viehberger (1983) observed phagocytosis of released rodlets by macrophages and
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heterophilic granulocytes and also isolation of the cells from the adjoining tissue, whilst Richards
et al. (1994) obscrved phagocvtosis of both whole rodlet cells and Liberated rodlets by
macrophages and neutrophils. Mayberry ¢f al. (1986) used the term "rhabdosporosis” to describe
the heavy invagion in the bulbar intima and media of Cyprinius carpio by large numbers of
“rhabdosporans” because they believed the cell was disrupting the integrity of the intima.
Morrison and Odense (1978) observed rodlet cells remained inlact in trypsinized {ish tissue and
Anderson et af. (1976) noted rodlet cells were separated froin surrounding epithelial tissue by a
space and survived in autolysing cell debris in both the kidney and liver of the turbot

Scophthalmus maximus (L).

7. 1. 4 Research objectives
It was decided to examine the distribution, abundance and morphelogy of the rodlet cells
throughout the intestine of the turbot Scophthalmus maximus (L.) and search for any alteration in
the tissues or any other features which may help to explain the nature of these cells. In particular
the following questions were addressed.
1 Is there a pathology associated with the rodlct cell? If the rodlet cell is a parasiic some
pathology might be expected, though nol all parasiics cause discemible damage (o their
host. 1f there is associated tissue damage, what effect might this have on the host's

nutrition and, hence, body condition?

3

Do all fish examined have rodlet cells? A parasitc would not normally be expected to
infect cvery individual except perbaps under intensive rearing conditions. Is there a
variation in the distribution and abundance of the ¢ell in different individuals?

Intensity of infection of a parasitc usually varics between individuals.

3 [s there a variation in morphology of the rodlct cells in the different regions of the gut?
It is unusual for a parasite to inhabit such diverse sites and so maay different species. Is
there more than onc specics of rodlet cell or are they different stages in the life history”

4 Is there a change in the distribution and abundance of the rodlet cell with variation i

temperature, amount of food fed to fish or with feeding regime”?

5 If the rodlet cell is a host cell, what is its function? Is there a site-specific function?

7.2  MATERIALS AND METHODS

7.2.1 Light microscopy




Maintenance procedures and history of the fish were described in Chapter 2. Samples
for light microscopy were taken from fish at the cnd of feeding experiments (delails of these
experiments are described in Chapter 3). At the end of 10 week experiments, four or five fish

were sampled from cach group held under the following feeding regimes:

Group 1; Turbot held at 10°C and fed daily to satiation for 10 wecks,

Group 2; Turbot held at 10°C and fed onee every 4 or 5 days to satiation for 10 weeks.
Group 3: Turbot held at 10°C and fed daily on a reduced ration for 10 weeks.

Group 4: ‘Turbot held at 20°C and fed daily to satiation for 10 weeks.

Group 5. Turbot prior to experiment, held at 10°C and fed daily to satiation for 3 weeks.

Food was withheld for 24 h then fish were killed and placed on a tray of crushed ice to
slow down lysis of tissues. The alimentary tract was dissected out and placed i 10 % formal
saline. The inside of the gut was infused with fixative and the gut was then cut into the following
scctions: ocsophagus and stomach: pyloric caeca and anterior intesiine; posterior intestine and
rechim,

The sections were left overnight in fixative and processed according to the procedure
described in section 2.9.1. Processed sections were stained with BEhrlich's haematoxylin and

eosin for general staining and alcian blue for acid mucopolysaccharides.

7. 2. 2. Transmission Electron Microscopy

Juvenile turbot were obtained from same original source as for light microscopy
experiments and held in 2 constant temperature aquartum (10°C). Eight fish (body weight 10-15
2) were fed daily to satiation on WFA7 pellets for 16 weeks. Five had food withheld for 20 h
before they were sampled (the fed group), whilst three had food withheld for two weeks prior to
sampling (the unfed group). Another five fish (body weight 12-20 g) were fed below
maintenance level (< 1 % body weight in food) once cvery week for 17 wecks and were sampled
one weck after the last meal (the nutritionally-deprived group). Ounc yearling turbot fod on live
sprats Sprattus sprattus and held in seca cages for over 9 months was sampled lo compare
features of the alimentary tract of juvenile with yearling turbot (body weight 360 g). The fish
were killed by spinal severing and the alimentary tracts were dissected out in fish saline. Fish
were sampled and preserved in sequence. The procedurc was carried out over a container of
crushed ice to keep the tissues cool and prevent lysis of tssue. Small sections of the alimentary
tract mcasuring less than 1 mm were cut from ecach of the following regions: oesophagus;
stomach; anlerior micsline; posterior intestine and rectum (3-4 sections from each region). The

tissues were then processed and stained with uranyl acetate and lead citrate as described in

section 2.9.2.




7.3 RESULTS

7.3.1 Light Microscopy

Rodlet cells were abserved in all samples from each group of fish investigated using light
microscopy. The cells were positive for haematoxylin and eosin stain. The basal nucleus stained
dark purple and the rodlets ranged from pale pink to purple in colour whilst the capsule wall

staincd a pale pink shade. Alcian blue was not taken up by rodlet cells.

7.3. 1. 1 Morpholegy of rodlet cells

The basic morphology of rodlet cells was found to be similar fhroughout the
various regions of the alimentary tract investigated and agrecd with the description of 'mature’
rodlet cells of previous workers (Leino, 1974, 1982; Mayberry ef al, 1979; Morrison and
Qdense, 1978), However, a slight variation in shape was observed between the rodlet cells in
the mtestine and thosc m the stomach. In genceral, the rodlet cells were ovoid in shape (3-10 pm
x 10-20 pm) with a large spherical, basal nucleus, large rod-like inciusions and thickened
'capsule wall'. Rodlet cells in the intestine and rectum appeared to be longer and narrower (
mean width (£ sd), 4.0 £ 1.3 um; mean length, 18.71 = 2.6 um; n = 50) than those in the
stomach, which appeared more ovoid in shape (mean width, 5.6 = 0.3 pm; mean length, 12.11 1
2.1 pm; n=50). The large, basal nucleus stained dark blue in colour whilst the capsule wall and
other cytoplasmic imclusions stained pink with Erlich's haematoxylin and eosin stain.  The cells
were orientated with their apical surface situated next to the lumen and with their basal nucleus
furthest away. In some rodlet colls, only the capsule wall and the large nucleus were visible. In
these cells, a stoma opened into the lumen giving the appearance that the rodlet inclusions had

been discharged (Figure 7.2).

7. 3. 1. 2 Distribution of rodiet cells
Rodlet cells were found in the mucosal cpithelivm of every region of gul
investigated, namely, the oesophagus, the stomach, the anterior and posterior intestine and the
reclum. However, their distribution and abundance varied in each section of the alimentary tract
and between fish.  Guenerally, the abundance of rodlet cells per mm3 of epithelial layer was
greater in the stomach (mean number of rodlet cells per mm? = 67803 + 9381 s.e.) than for all
other regions of the alimentary tract; oesophagus (inean number of rodict cells per mm? = 18089

+ 5890 s.e.); anterior and posterior intestine (mean number of rodlet cells per mm3 = 49131 +




12911 s.e.); rectum (mean number of rodlet cells per mm3 = 30246 + 17479 se).  Mean
mumber of cells per mm3 for all other areas, 24367 + 2891 s.c. 'I'he abundance of rodlct cells in
the different regions of the alimentary tract is shown in Figure 7.3. There was no observable
diffsrence between the distribution or abundance of rodlet cells in fish held at different
temperaturcs or under different feeding regimes. Rodlot cells were frequently obscrved  in
aggregations or clumps at, or close to, the surface epithebum of the stomach, pyloric caeca,
anterior intestine, posterior intestine and the rectum. QOccasionally only a few rodlet cells were
observed at a particular rogion of the gut. The greatest abundance of rodlet cells appeared to be
situated at the lateral edges and apices of the stomach and intestinal mucosal folds, In regions

where large numbers of mucous cells were present few, or no, rodlet cells were observed.

7.3. 1. 3 Pathology associated with rodlet cells
In all sections observed, rodlet cells appeared to be surrounded by a vacuole,
giving the appearance that the cells were infact in isolation from the surrounding tissue (Figure
7.2). In poorly fixed sections, where the tissues were badly disrupted, rodlet cells appeared

intact.

7.3.2 Electron microscopy

Many rodlet cells were observed in the alimentary tract of the juvenile turbot held at below
maintenance rations for 17 weeks. No rodlet cells were observed in the scotions [rom fish fod 16 h
before sampling ot from the yearling turbot, atthough 1his does not necessarily mean that no rodlei cclls
were present clscwhere in the fish. Large vacuoles, containing rod-like siructures in some cascs, were
found in the tish starved for two weeks; these may have been disintegrating rodlet cells.

The fine granular area and the central core of the rodlet sacs took up lead stain strongly but the
corc stained merc heavily. The fibritlar 'capsule’ wall stained lightly whereas both (he 'capsule’ wall and
the rodlets varied in {he intensity of staining. Generally, the staining was most intense when the rodiet
cells werc nearest to the epithelial surface. The basal nucleus of the rodiet cell stained in a similar

fashton to normal host cell nuclei.

7. 3.2, 1, Morphology of ‘maiure' rodiet cells
General features

The basic morphological features of 'mature’ rodlet vells were fuirly cousistent throughout the
various regions of the gul, however the detailed structure depended on the cell's  position within the
mucosal epithelinm and whether or not they were in the process of 'secreting' their contents, Rodiet

cells situated at the surface of the cpithclium were clongate and oval in shape, with a large, spherical

basal nucleus, a nomber of large, electron dense hodies (rodlets),




Figure 7.2 Light micrograph of transverse section of anterior intestine showing mucosal
epithelium containing many rodlet cells (r). Scale bar: 25 um.
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many electron lucent vesicles, and were bound by a thickened, fibrillar 'capsule’ wall which was
absent from the apical region (Figures 7.4; 7.3; 7.6). When cut in longitudinal section, the cells
moasured an average 5.0 & 1.1 pm in width and 14.3 2 3.7 pm in Jength, The largest rodict cclt
measured 5.8 x 21.6 pm and the most narrow 2.6 x 18.7 pm. Both appeared to be in the process
of secreting their contents into the lumen. The cells were orientated parallel to the epithelial cells
with the basal nucleus furthest from the epithelial surface.
Capsule wall and plasma membrane

Rodlet cells were found to be bound by a single trifamminar membrane (10 nm in
thickncss) with an uoderlying fibrillar border of approximaicly 0.5 pm in diamcter which is
composed of numerous microfilaments measuring 10 nm in diameter and approximately 0.5 pm
in length (Figures 7.7, 7.8). The microfilments were closely spaced and arranged in parallel
around the circumierence of the cell except in the apical region where a stoma of (1- 2.5 um) was
found (Figures 7.9, 7.10). The stoma was bound only by the plasma membrane and was
commonly placed between two adjacent epithelial cells and often seen projecting into the limen
giving the rodlet celf a distinet head and shoulder region (Figares 7.11, 7.12). In longitudinal
scctions, regularly spaced electron-dense bands were ofien observed lying underneath the limiting
membrane (Figure 7.13). Rodlet cells near the surface epithelium frequently appeared to have
communication junctions with neighbouring epithelial cells. These junclions were only observed
in the apical region of the rodlict ¢cll (Figures 7.11, 7.13). In some rodlet cells, parts of the
limiting membranc appeared to extend into and encompass some of the surrounding cytoplasm
(Figure 7.14) Occasionally, the capsule wall bad a scrrated appearance, although this may have
been a fixation artefact (Figurc 7.15),  Ofien an intercellular space was present around the
circumference of the rodlet coll, especially i the basal region, Vesicles were often found in this
intercelbular space (Figure 7.16).
Cytoplasmic organization

The basal nucleus of the rodiet cell was commonly roughly spherical in shape and
measured approximately 2.8 x 3.3 pm. The nucleus had a pale nucleoplasm with scattered
darker areas of heterochromatin, particularly around the periphery. Occasionally the nuclcus was
irregular in shape, especially when the rodlet ccll was very close to the epithelial surface and a
distinct apical region with shoulders was present. Tt is thought that at this stage the cell is
usually either about to 'secrete’ or is in the process of 'secreting' into the lumen and the basal
region of the muicleus becomes flattened or indented along with the basal area of the rodlet cell
(Figure 7.15).

The most characteristic part of rodlet cells are the electron dense inclusions referred to as

rodlets or rodiet-sacs. These inclusions take up the largest area of cytoplasm above the nucleus




Figure 7.4 TEM depicting general features of rodlet cell in anterior intestine. Elongate, oval
cell with large spherical basal nucleus (n), electron dense rodlets (r), many electron lucent
vesicles (v) and thick 'fibrillar' capsule wall (¢). Scale bar: 1.0 pum




Figure 7.5 TEM showing general features of rodlet cells in the surface epithelium of the
stomach. Thick capsule wall (c), large basal nucleus (n), numerous rodlets (r), and vesicles (v)
Scale bar: 1.0 um




Figure 7.6 TEM depicting rodlet cells in stomach epithelium showing 'fibrillar' capsule wall
(c), rodlet inclusions (r), basal nucleus (n) and many translucent vesicles (v). Scale bar: 1.0 um.




along with a number of large, clectron lucent vesicles. In longitudinal section the rodlet sacs are
club~shaped, membranc-bound bodics with a rounded basal region and pointed tip and are
arranged with their axes converging to form a cone shape, the apex of which lies in the apical
region of the cell.  Each sac contains a long, narrow, electron dense core which is surrounded in
the basal region by an expanded area of fine granular material and a periphery of a course
flocculent substaince. Occasionally the floceylent maicerial 1s absent and the peripheral region of
the sac appears electron lucent. The rodlet sacs observed ranged from 1.0 - 2.2 pm in diameter
and were surrounded by a single, trilaminar membrane. The rodlet cores were approximately
0.1-0.18 um in width and reached fengths of up 1o 9.6 pm (Figures 7.17, 7.18). They appeared
circular in cross section and occasionaily two cores were obscrved in one rodlet sac (Figure 7.7).
The radlets were positive for Erlich's haematoxylin and eosin and lead citrate, The number of
rodlet sacs varicd from 4-50 in each cell. They were usually absent from the apical region of the
cell where a large number of closely packed, tubular mitochondria were found,  When rodict
cells reached the epithelial surface a number of small, electron dense inclusions were present near
the apex of the cell. These inciusions varied in size and could have been small rodlets or parts of
rodlets which have been broken off. Many ribosomes were observed studded throughout the
cytoplasm and often adjacent to the rodiet sacs. The large clectron lucent vesicles sometimes
contained granular material and occastionally ribosomes. Gramular endoplasmic reticulum was
Tound scattered throughout the cell but particalarly in the region of the rodiet sacs. QOccasionally,
a large Golgi apparatus with flattened saccules was observed above the basal nucleus and close

to the rodlet sucs (Figure 7.19).

7.3.2.2 'Secretion' of rodlet cell contents inte lumen

Rodlet cells near the epithelial surface were longer and narrower than others and
had a distinct apical region. Communication junctions were oflen observed between the apicat
region of the rodlet cell and adjacent epithelial cells, The fibrillar border was absent from the
apical region and a stoma of approximately 0.5-2.5 pum was present, bound only by the plasma
membrane. The stoma was often observed protruding into the Jumen, often between two epithelial
cells. A central, electron lucent shaft bound by narrow lines of electron dense particles which in
turt were bordered by a fine granular area was often present in the apical region prior to
secretion (Figure 7.11). A gap was sometimes observed at the epithelial surface and rodlets,
mitochondria, vesicles and other cytoplasmic constituents appeared to be discharged into the
lumen (Figures 7.5, 7.13, 7.20, 7.21, 7.22). 'Secreting' cells were sometimes scen (o have a

thicker fibrillar border at the base and lateral parts of the cell leaving an intercellular gap (Figure




Figure 7.7 TEM of rodlet cell in transverse section showing thick capsule wall composed of
numerous microfilaments (mf) and bound by a trilaminar membrane (tm). Many rodlet sacs (rs)
with densely stained rodlet cores (rc) are visible and in one of these, two rodlet cores are

discernible. Scale bar: 1.0 um




Figure 7.8 TEM showing longitudinal section through capsule wall of rodlet cell showing
trilaminar membrane (tm) composed of many transversely sectioned microfilaments (mf) and
intermittent dense bands (arrows) which lie next to the membrane. Scale bar: 1.0 um




Figure 7. 9 TEM of a longitudinal section through the apical region of a rodlet cell depicting
a stoma between two adjacent epithelial cells. Communication junctions (j) between the rodlet
cell and neighbouring epithelial cells are visible. An extension from the apical region of the rodlet
cell gives has the appearance of a microvillus. Scale bar: 1.0 pm.




Figure 7.10 TEM of longitudinal section through the apical region of a rodlet cell showing a
stoma between two adjacent epithelial cells. The apical region of the rodlet cell extends into the
lumen of the stomach (I) and has a superficial resemblance to the epithelial microvilli. The
characteristic dense concentration of mitochondria (m) can also be seen. Scale bar: 1.0 pum.




Figure 7.11 TEM of a longitudinal section through a rodlet cell near the lumen (I) of the
anterior intestine. A distinct head and shoulder region is visible at the apex of the rodlet cell with
a central electron-lucent shaft (s) bound by narrow lines of electron-dense particles, bordered by a
fine granular area. Communication junctions (j) between apical region of rodlet cell and
neighbouring epithelial cells are visible. Scale bar: 1.0 pm




Figure 7.12 TEM of longitudinal section of rodlet cell. In the apical region a distinct head
and shoulder area with electron-lucent shaft (s) is visible. Communication junctions (j) can be
seen between the rodlet cell and neighbouring epithelial cells. Scale bar: 1.0 um




Figure 7.13 TEM of longitudinal section through apical region of rodlet cell showing
regularly spaced electron-dense bands (b) in the capsule wall adjacent to the limiting membrane
of the rodlet cell. Communication junctions (j) are visible between apical region of rodlet cell and
neighbouring epithelial cells. Scale bar: 1.0 pm




Figure 7.14 TEM of transverse section of rodlet cell showing cytoplasmic extension (ce)
Part of the limiting membrane of the rodlet cell can be seen extending into and encompassing
some of the surrounding cytoplasm. Scale bar: 1.0 pm.




Figure 7.15 TEM of longitudinal section of rodlet cell depicting capsule wall (¢) with
cerrated appearance. Scale bar: 1.0 pm.




Figure 7.16 TEM showing rodlet cells in stomach epithelium with intercellular spaces around
the perimeter of the cells. A large electron-lucent vesicle (v) is visible in the intercellular space in
the basal region of the rodlet cell. Scale bar: 1.0 pm




Figure 7.17 TEM of anterior region of rodlet cell showing electron-dense rodlet core (rc) and
surrounding rodlet sac (rs). Scale bar: 1.0 pm.
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Figure 7.18 TEM of oblique section through rodlet cell showing rodlet sacs (rs) with rodlet
cores (rc) and also longitudinal section of disintegrating rodlet cell showing long rodlet shaft and
rodlet sac. Scale bar: 1.0 pm.




Figure 7.19 TEM of longitudinal section through anterior region of rodlet cell showing large
Golgi apparatus (g) with flattened saccules, adjacent to rodlet sacs. Scale bar: 1.0 um




7.20). Occasionally, rodlet cells with only the basal nucleus and the fibrillar outer layer
rexaining were observed at the epithelial surface (Figure 7,20,
7.3.2.3 Morphoelogy of putative early stages of rodlet cell

Putative carly stages, as described by Lemo (1974), Desser and Lester (1975),
Flood ez al. (1975), Morrison and Ocdense (1978), Barber ef ¢f. (1979), and Mattey ef af. (1979)
with no 'capsulc’ wall, or with a fcss well developed ‘capsule’ wall, and containing rodlet sacs in
various stages ol development and in association with typical secretory organelles such as
granular endoplasmic reticulum and Golgi apparatus weore not found in this study. However, a
cetf closely resembling the putative rodlet cell precursor of Smith ef af. (1995) was observed m
the mucosal cpithelium of the stomach (Figurcs 7.23, 7.24). This cell was found in close
proximity to other rodlet cells and had many pseudopod-like cytoplasmic extensions which
occasionally appeared to be enveloping the rodlet cells. The possible precursor cell was irtegular
in shape with a length of approximately 9.5 pm and contained a large eachromatic nucleus and
iine granular cytoplasm studded with ribosomes, a number of mitochondria and a fow darkcly
stained granules. Oceasionally, more than one of these putative preoursor cells was found in

association with a rodlet cell.

7. 3. 2. 4 Patholugical tissue reactions associated with vedlet celis
In all areas of the gut examined, disruption of the histological integrity of ihe
cpithclial tissuc surrounding rodlct cclls was evident to some degree,  In some cascs the rodlet
cells appeared to be flush with the neighbouring cells but mostly an interceflular gap between
rodlet cells and neighbouring epithelial cells was observed, oven i cells that were not dirsctly
next to the epithelial surface and thercfore not in  the process of scercting (Figure 7.22).
Membrane bound vesicles were often observed in this intercellular gap. In some rodlet cells, a
cvtoplasmtic extension was observed projecting into the surrounding cpithelial cytoplasm and the
plasma membrane appearcd to be continuous with the cytoplasmic extension and the fibrillar
wall. Vesicles and finc granular material were often found within the exteusion. This was
observed only in 'mature' celis with a thick fibrillar watl (Figurcs 7.14, 7.25).

Occasionally, a gap was observed in the surface epithelium (Figures 7.20, 7.22). This
may represent a rodlet cell that has 'sccreted' its contents, possibly the entire cell may be expelied
in some cascs.  More comunonly, large intercellular spaces were seen between the base and
latcral cdges of the rodict ccll and the adjacent epithelial cells, giving the appearance that
contraction of the capsule wall has resulted in secretion of the cell contents and is responsibie for

the intercellular gap (Figure 7.20, 7.22). In some specimens where fixation was incomplote and




Figure 7.20 TEM of longitudinal section through rodlet cell in stomach epithelium
'Secretions' from rodlet cell appear to be discharged into lumen (I). Scale bar: 1.0 pm




Figure 7.21 TEM of the stomach epithelium depicting two rodlet sacs (rs) in the lumen (1)
Scale bar; 1.0 pm.




Figure 7.22 TEM of stomach epithelium depicting longitudinally sectioned rodlet cells. The
contents of the rodlet cell on the right of the micrograph give the appearance of being discharged
into the lumen. The gap on the left of the micrograph may be the site of a “Discharged’ rodlet
cell. Scale bar: 1.0 pm.




Figure 7.23 TEM showing putative rodlet cell precursor (pc) in close contact with rodlet cell
Scale bar: 1.0 pm.




Figure 7.24  TEM showing putative rodlet cell precursor cells (pc) in close contact with rodlet
cell. Scale bar: 1.0 um.




Figure 7.25 TEM of transverse section of rodlet cell showing cytoplasmic extension (ce)
Scale bar: 1.0 pm




Figure 7.26 TEM showing intact rodlet cell surrounded by disintegrating epithelial tissue
Scale bar: 1.0 pm.
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1: veriebrates

2: pstramyzontics

3: ghathoatomey

4: chondrichthyans

5: ¢imamobranchs

6: yquelegaleans

7: Reje (botoids)

8: osieichthyans

9: choanetes {3arcopterygians)
10; tetrapods i
1 1: batrachians (lissamphibians) 3
12:Xenopus (shurans}

13: yrodeles

14: sutherians (amniotes)

15, murines {rodents)

16: actinoplerygians []

1 7: cladistinng

13: actinopterars iy
| 9: neopterygians

20: holecostomes

21: lejensts

22: ustenglesacids {o3teoyloasoimerphs)
23: natenglossids

Z4: elopacephaions

25: chupeocephalsns

26: clupeines {(¢lupeemorphs)

27: evteleosts

29: otophysans (ostartophysena)

29: cyprinids (cypriniforma)

30: neognatha

21 selmenids

32: scanthotmorphs (neoteleosts)

33: Anacanthini (parscanthoplerygrans)
34 eleqines {gadiforms)

35. percomorphs {scanthcpterycians )
36- perciforms

Figure 7.27

—
B

[' EAmbqstomu caiifarniense {califernian trger
13

2z

7

—iumpetra fluviolilis (river Tamarey) o
Petromyzon merinua (3¢0 1smprey)
Chimaers monstrosa {rabbitfiss)

—_{4 Chlamydoaelashus anguineys {frilled shark}
5 Scyliarhinus caniculs {amellspotted catshark)
6 I Rajs montagué (spatted rey)

Rajz rediete (starvy skate) »

E:Xenopus borealis {Kenya smesth clawed frog)
! 12

15

23

26

Xenapuy laevis (common clewed Trog)
Plzyrocaies walt) (ribbed newt) salamander)
Mus musculus (mouse)

Rattus'norvergicus {rat)

Hotna sapiens {man)

Protopterus dolloi {africen lungfiah)
Erpetoichthys calabaricus {reedfish)
Poiypterus ratrapinnus {bichir}

Acipenser bneri {sturgeon)

Lepisnateys platyrhynchus (gar)

Amie calva (bowfin)

- -~ Jantoden buchhalzi {(butterfyfish)
E:Sclarupaqes p.

Qsteaglossum sp. (arswang)}
anguilte anguitls (eel) 4+
Sardina pilcherdus {sardine )4
Clupes harengus (herring)+

Iztalurus nesutosus (catfiah)
23| E Gobio goblo {qudgean) ¢
2

F] Tincs tincs (lanch) ¥

Salima salar {atlantic selmon) &
Oncorhynchus mykiss (rainhow trout) I
Laphits pracaterius (anglerfish) 4
Trisorterus Tuseus (bid)
Melanagremmus eglefinuy (heddock) 4
Trigla Jucerno (tub gurnard) +

w-wv= Limands 1imanda {dob}

Perca Muviatilis { perch} 4
Scombzr scombrus (atlantic mackerel}

Cladogram {(adapted from Le er al., 1993 ) showing the intrarelationships of

the gnathostomes and agnatha. + refers to species in which rodiet celis have beenr observed and
~ refers to the possibic occurrence of rediet cells in this species but has yet to be confirmed.
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Hypersolrati haglishes
Hyperoanlfi lammpreys

Figure 7.28

Selachii sharks, rays sz
Holocephali chimaeras
Actinlstla coelacanths
Dipnai lungfishes
Telrapada land vertebrates
Cladistia bichirs

GChondrostei  sturgecns. paddiefishes
Ginglymadi gars

Amia bowtin

Gsteoglossomorpha  bonytongues
Elopamorpha  tarpons, ecls +
Clupeomorpha  horrings, anchovies =
Ostariophysi  charaoins, carpe, catfishes -
Salmonifartnes  salinons, trouts
Stemiiformes  stomioids

Aulopifornes  lizard fishes
Myctophiformes ianleen fishes
Paracanthopterygii  cads, anglers 4
Atherinomaorpha  silversides, Killlfishes &
Percomarpha  spiny finred fishes

Shows the interrelationships of the major fish groups (adapted from Nelson,

1989). + refers to the groups where rodlet cclls have been observed and = refers to the possible
occuence of rodlet cclls in species but has vet to be confimed.
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the epitheltal tissnes were badly damaged and disintegrating, rodlet cells were obscrved to be still
mtact (Figure 7.26).

Defence reactions against rodlct cclls or rodlet sacs or their contents as described by
Biclek and Vichberger (1983) were not observed in this study but occasionally degenerating
rodlet cells which had not secreted their rodlets into the lumen were observed near the surface

cpitheclium (Figurc 7.18).

7.3.3 Occurrence of rodlet cells in fish species

Fish species and other lower vertebrates which have been investigated for the presence of
rodiet cells are listed in taxonomic groups based on the system of classification by Nelson (1994}
in Table 7.1. Rodlet cells have been found in many different fish groups including marine, fresh-
water and brackish-water fish and are widespread throughout fish tissues. Only in a few of the
species studied were no rodlet cells observed. When the phylogenetic relationships of the major
fish lineages was examined with respect to those groups in which rodlet cells have been observed,
the evolutionary antiquity of the rodlet cell was evident. Figure 7.27 is a cladogram showing the
intrarelationships of the gnathostomes and agnatha (from Lauder and Liem, 1983; Maisey, 1986;
Le et al, 1993), whilst table 728 (from Nelson, 1989} demonstrates the phylogenetic
relationships between various tcleost groups.  The presence of rodlet cells in cyclostomes,
clasmobranchs and even hyalid frogs is mentioned by Bannister (1966) citing the work of
Théloban (1892b), I was unable to find cvidence of this in Thélohan's paper. Investigation inio
the possible presence of rodlet cells in the river lamprey, Lampetra fluviatilis, in the present
work was inconclusive., Using light microscopy, some cells were found in the alimentary tract
which resembled rodlet cells but further work using electron microscopical procedures is
necessary to confirm this. The presence of rodlet ceils in cyclostomes and sharks has therefore

vet to be contirmed.

7.4. DISCUSSION

The distribution and morphology of rodlet cells has been reviewed by I.eino {(1974),
Morrison and Odense (1978), Mattey ef al. (1979), and Mayberry ef al. (1979). ln general,
rodlet cells from different species have general similarities but have been found (o vary in size
and in morphological detail among species (Barber and Westermann, 1983). The presence of
rodlet cells in the turbot, Scophthalmus maximus (L.) as reported by Anderson ef al, {1976)
have been confirmed in the present study. In this investigation the rodlet cells of the turbot were

found to be similar in distribution and in morphological appearance to those of other species of




fish, with only a few vartations. However, despite this apparent consensus on the general
features of rodlet cells, most of their characteristics have been used as arguments for both the
exopenous, parasitic nature of the ccll and for an endogenous, secretory or type of granulocyte
role for the cell and so the nature and/or function of the cell remains coniroversial. These
features will be discussed by comparing findings in the present study in the context of
information reported in other work.

Rodlet cells have been noted from many different specics of marine and freshwater {ish
and from every type ol [ish tissue examined. There is some evidence, although this has to be
substantiated, that rodlet cells are also found in clasmobranchs and cyclostomes, This would
indicate an orgamsm or cell of relatively ancient lineage. This feature and the wide variation in
the distribution and abundance of rodlet cells in indsviduals of the samce specics has led (o
conflicting views. Rodlet cells may be absent from some individuals of a species or present in
different organs of individuals of a species, In some cases they are sparsely distributed
throughout a tissue and in others they form dense apgregations with fow or no intermediate
epithelial or endothelial celis.  Lcino (1974) noted an inter- and intra~specific variation in
distribution and abundance of rodlet cells correlated with scasonal variations, crowding and ionic
concentration and suggested this might be related to a site-specific physiological function. Desser
and Lester (1875), Morrison and Odense (1978) and Mattey ef al. (1979) claimed the wide
distribution of rodlet cells in tissues and among different species was not typical of a parasite
which normally displays a more rigid host specificity.  Bannister (£966), Barber e al. (1979)
and Mayberry et al. (1979) all took the opposing view that the absence of rodlct cells from
certain individuals in a species and Lhe variation in distribution and abundance of the cells in
different individvals of the same species was not consistent with paticrns of distribution of
normal tissne cells but rather was typical of an organism forcign to the tissues where it is found
or typical of the epidemiology of many parasitic infections,

Leine (1974) noted the presence of rodlet cells in very young, laboratory-reared fish and
concluded that the cells were of endogencus origin. Mavberry ef al, (1986) examined artificially
fertilized fish reared in the laboratory under controlied conditions and found 10 day old fish had
no rodlet cells whilst 60 day old fry displayed what appeared to be a migration of rodlet cells
from connective ussue to the bulbus arteriosus. Although their work discounted the possibility of
horizontal transmission between fish, they could not discount the possibility of vertical
transmission or the transfer of an infeeiious stage of rodlet cells from broodstock to offspring.
This could be a possible explanation for the presence of rodlet cells in Leino's young fish and
may aiso explain why Anderson e/ al. (1976) found heavy numbers of rodlet cells in 17 day old

hatchery-reared twrbot.  In a later study by Wayne and Mayberry (1994), investigation of
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laboratory-reared carp fry under controlled conditions revealed an absence of rodlet cells from all
tissues examined from S-day old and 10-day old fry. The authors concluded the rodlet cclis
could not be of fish origin and that the absence of rodlet cells was due to the isolation and
maintenance of the fish host in a controlled environment.

Anderson et al. (1976) assumed the rodlet cell was a parasite and found a corrclation
between both the numbcers of rodlel cells (Rhabelospora thelohany and the sporozoan Myxidivim
incurvatym in the kidney and liver of juvonile turbot, and with the severity of lesions in these
organs caused by hepato-renal syndrome. They found very few turbot with no rodlet cells and
also observed that many apparently normal organs (with no lesions) had mediwm lovels of
infections with rodlet cells. However, they found a general trend of increasing numbers of rodlet
cells with increasing severity of  Iesions and took this as a sign of a parasitic infection. The
authors suggested it was not passible to determine whether both Rhabdospora thelohani  and
Myxosporidium incurvatum were possible causative agents of the disease or if they plaved a
secondary, opportunistic role. They stated however, that if the latter was the case, then the
organisms may contribute to the uitimate death of the fish. They also observed large numbers of
rodlet cells in the lower mtestine and rectum and fewer numbers in the upper intestine, regardless
of whether the fish had liver or kidney infoction, and so suggested that the lower intestine and
rectum may be the major site of infection with rodlet cells,

However, this observation is not consistent with the present study where large numbers
of rodlet cells wers present in the stomach and anterior (upper) intestine of juvenile turbot, as
well as n the posterior (lower) intestine and rectum. Fewer rodlet cells were observed in the
oesophagus than in any other region of the alimentary tract. As with other investigations (Leino,
1974; Morrison and Odense, 1978; Mavberry et al., 1979), the distribution and abundance of
rodlet cells in juvenile turbot varied between individual fish and in some fish (electron
microscopal observations) no rodlet cells were abscrved, although this does not prove that they
were not present. There could be scveral rcasons for this apparent difference. Firstly, if rodlet
cells are parasitic it may be that in heavier infections the parasites establish themselves in less
preferable sites. Secondly, if rodlet cells are some type of granulocyte with immune properties
they may only be activated under certain circumstances, presently unknown. Thirdly, differences
m individual fish, both genetic and phenotypic, could result in variation in abundance and
distribution of the parasite, this is common in parasitic infections,

This would seem to follow the pattern of parasitic wfection where one might cxpect the
prevalence of infection to vary, us well as the distribution and abundance of the parasite, between
individuals of a species.  Parasites, on the other hand, usually display more host and site

specificity, but it is possible there could be a number of different specics of rodlet cell involved
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which would explain their wide host, tissue and habitat vaviation.  Also, this could be an
organism of very ancient lineage (Barber and Westermam, §1983). This would explain the wide
distribution in freshwater and marine fish, the minor morphological variations and the rcported
association with some cyclostomes, elastnobranchs and even hyalid frogs (Thélohan, [892a,b;
Bannister, 1966). The protozoa are a very ancient and even moic diverse group than was
presumed until recently. For example, molecular data suggest that different species within the
genus Fnlamoeba are more diverse than plants, fungi and the metazoa (Margulis, 1993). Such
proven diversity lends support to the idea that rodlet cells could comprise a group of organisms of
different species or groups having diverse relationships with different hosts.

There are some parasites which display low host specificity and are referred to as wide
generalists (Holmes, 1990). For example, the protozoa Toxoplasma and Trypanosoma as well as
the tapeworms Diphyllvbothrium lafum and Echinococcosus granulnsus display a lack of host
specificity. Some parasites migrate through different tissues before the sexually mature phase
localizes in a certain area (Toxoplasma, Fimeria, Ascaris lumbricoides and Dracunculus
medinensis), Also, certain host or environmental factors such as diet, life span, mobility
(including the variety of habitats it cncounters), population density, and also size, may cause the
distribution and abundauce of a parasite to vary. If indeed the rodlet cell is a parasite, some of
these factors could explain the differences observed between the present results and thosc of
Anderson ef al, (1976),

Rodlet cells are characterized by their unusually thuck 'capsule’ wall, basal nucleus and
large, electran dense inclusion bodies known as rodlets. They are found in many fish tissues such
as intestine, liver, kidney, pancreas, bulbous arteriosus, thymus, gonad, gills, connective tissucs,
meninges, brain, spinal cord and eye (Bammister, 1966; Mayberry et af., 1979; Pulsford, et af.,
1991).  Howover, they arc most comumonly associated with epithelial or cadothelial tissucs where
they are orientated with theur apexes bordering on the fiee surface. Junctional complexcs between
the apical region of rodlet cells and ncighbouring epithclial or cndothelial cells when they are
positioncd al the free surface have been desceribed by many authors. Desser and Lester (1975)
obscrved light junctions between rodlet cells and gill epithelium, Leino (1974) noted desmasomes
between rodlet cells and ncighbouring epithelial cells, Maticy e/ «f. (1979) also reported
decsmasomes between rodlet cells and cpithehal celis, They all interpreted this as evidence of the
endogenous origin of the rodlei cell.  Paterson and Desser (1981) claimed the junctional
complexes observed by workers proved that rodlet cells lay between epithelial cells and therefore
could not be members of the apicomplexa as these organisms were intracellular in cpithelia.
Although Smith et al. (1995) found no desmasomes in their own study, they argued that the

observations of such complexes by other authors was inconsistent with the parasite theory of
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rodiet cells, Lekoes (1990) observed tight junctions and desmasomes connecting rodlet cells to
endothelial cells but wag awarc that some parasites arc known te form junctioval complexcs with
host cells.  Barber ef al. (1979) also considered that the presence of desmasomes and tight
junctions between rodlet cells and epithelial cells did not preclude the parasitic nature of rodlet
cells, noting that Giardia may induce cvtoplasmic filaments in the host cell encircling the sites of
attachment of the trophozoites {Erlandsen and Chase, 1974). Mayberry er al. (1979) observed
desmasomes conunecling rodlet cells o epithelial cells and interpreted the cells as a parasite,
although they did not discuss the junctional relationship. ¥Flood er af. (1975) described a
Junctional relationship between rodlet cells and adjaceni epithelial cells as well as between
ncighbouring rodlet cells and explained this as ae active tunction of the fibrous layer. Biclek and
Vichherger (1983) commented on other avthors obscrvations that junctional complexes indicated
a type of tissue cell but noted that such complexes are also found between parasites and host cells
(Aikawa and Kilgjian, 1979).

In this study, desmasomes and tight junctions were observed between the apical region
of rodlet cells and intestinal epithelial cells of turbot. Andcrson ef . (1976) did not carry out
electron mucroscopal studics and therefore did not observe desmasome contact between rodlet
cells and epithelial cells in their study on turbot. However, they commented on Mourier's (1970)
observation of desmasome-like connections between pairs of rodiet ceils but not between rodlet
cclls and cpithelial cells and claimed that this, combined with their observation of a separation
between rodlet cells and epithelial cells, indicated a lack of tntimate contact between rodiet cells
and the ncighbouring host cells. Many studics since then have shown junctional complexes may
occur between parasites and host cclls (Aikawa & Kilcjian, 1979).

Many protozoa and other parasites invade host tissucs but the physiology of ccll
recoguition, cell adhesion and penetration is bath complex and inadequately understood
(Chappell, 1993). For example with malarial parasites, after recognition of the red blood ccll by
thc merozoite, junctions are formed beotween the apical complex of the merozoite and the red
blood cell prior to invasion.  Perhaps the junctions observed connecting rodlet cells ta epithelial
or cndothclial cells are similar to those of certain stages of Apicomplexa bui instead of being
involved in cell invasion they are used when the rodlet cell is secreting material into the lumen.
The mitochondrial ultrastructure suggests that the rodlet cell may be in a metabolically inactive
state when it is situated next to a free surface. It is possible therefore thal communication
Junctions are formed with epithelial cells in order to obtain the energy required for secretion,

Mayberry er al. (1979) considered rodlet cells to be members of the Apicomplexa and
argued that the apical region of the rodlet cell bore many similarities to the apical complex in

motile stages of the coccidia.  They compared the organeiles of the rodlet cell to the conoid, polar




ring, subpellicular microtubules, micronemes and rhoptries of members of the Apicomplexa,
although they also stated neither a conoid or polar ring were present in rodlet cells. Paterson and
Desser (1981) argued that the tubular organelles at the cell apex, described as micronemes by
Mavberry ef al. (1979), were, in fact, the dense mitochondria usually found in the apical region
of mature rodlet cells which had probably been preserved inadequately and claimed that the
rodlet sacs bore only a superticial resemblance to the rhoptries of the Apicomplexa.

Paterson and Desser (1981) also noted the similarity of the structure of the rodlet cells of
the common shiner, Notropis cornutus, to that of those of the white sucker, Calostomus
commersoni, as reported by Desser and Lestor (1975), in respect to the posession of apical
miceovilli.  Apical microvilli bave not been reported in the rodlet cells of other fish or by other
workers investigating the ultrastructure of rodlet cells from Catastomus commersoni.  Rodlet
cells in the present study did not appear to possess apical microviili., Howcver, m  cclls
positioned at the free surface of the cpithelium, a well defined apical cap was obscrved
projecting into the extracellular space. Occasionally, these cells possessed a projection which
resembled the neighbouring microvilli but which might also be explained as the commencement of
the secretory process (Figures 6.8 and 6.9). This cone-shaped arca had featurcs simiar to those
of the penelration organs of some parasites and did have some resemblance to the apical complex
of the Apicomplexa. Howcever, the apical complex is used to assist the parasite in invasion of the
host cell and rodlet cells are not intracellular. It has been suggested that the apical region may
assist in the secretory process of the rodlet cells but is unlike the usual scerctory patterns such as
merocring, holocrine or apocrine scerction of nonmal secretory cells (Smith e al. 1993).

Barber et af. (1979) described a cytoplasmic extension projeciing from the fibrillar
‘capsule’ into the neighbouring epithelial cell cytoplasm.  Desser and Lester (1975) also
illustrated a cytoplasmic extension, but did not discuss it m their paper. Cytoplasmic extensions
were observed projecting from the fibrillar wall of rodlet cclls into adjacent epithelial cclls in the
present study (Figures 7.14 and 7.28). Barber et al, (1979) suggested this may be similar to the
extracapsular cytoplasm seen in Lankesterella spectes for which Stehbens (1966) postulated a
feeding function. Occasionally, vesicles are observed in the protoplasmic extension of the rodlet
ccll and these possibly indicate some form of nutrient uptake. Flood et al. (1975) described an
amorphous substance surrounding their semi-encased and fully~encased rodlet cells and suggested
that this may be a sceretion of the 'encasing' layer or of the surrounding vascular tissue. They
noted the resemblance to a seties of observations made by Bowers and Kom (1967, 1968, 1969)
on the ultrastuctural changes which take place in encysting amoeba. The authors also compared
the similarities of the cellular activity which accompanics the construction of the encasing layer in

amoebae and ils structure to that accompanying the production of the fibrillar wall of the rodlet
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cell. However, they pointed out that the capsule-like wall of the rodlet cell is not a 'resistant
envelope’ but a specialized fibrillar cytoplasm,

The thick, 'capsule' wall of the rodlet cell is yet another characteristic which has been
interpreted as either a feature of an endogenous cell or as an indication of an exogenous or
parasitic origin. Some have taken it to represent a cyst-like wall characteristic of an isolated
parasite (Bannister, 1966, Iwai, 1968c) whilst others state the ‘capsule’ wall is cleariy not a cyst
wall and is part of the cytoplasm with no membrane separation (Flood et af., 1975, Mattey ef al.,
1979; Smith ef @l 1995). Many have attributed contractile properties 1o the microfilaments
within the capsule wall (Leino, 1974; Desser and Lester, 1975; Mattey ef af., 1979; Mayvberry e/
@l 1979 and Barber and Woestcrmann, 1983), Maitey er of, (1979), described the general
appearance of the 'capsule' wall as similar to that of smooth muscle cell cytoplasm and Desser
and Eester (1975} compared the appearance and size of the microfilaments to the actin filaments
of skeletal muscle suggesting the microfilamentous 'girdle' could squeeze the cell contents through
the thin apical region onto the apical surface. Morrison and Odense (1978) noted the capsule
wall appeared darker when the rodlet cells were secreting and suggested the faments became
disorientated and overlapped as the capsule contracts. This could possibly explain the irregular
shape often observed in scercting cells.

In the present study, rodlet cclls apparcently in the process of seercting werc occasionally
observed with irregular outlines, but often they appeared relatively smooth in shape. Somctimes
electron dense bands lying immediately underneath the plasma membrane were observed. These
are superficially reminiscent of the hemidesmasomes of the coccidea (Smith ez af., 1995). There
appeared to be no changes in the staining properties of the capsule wall of rodlet cclis during
secretion, although these cells appeared narrower and longer than cells {further down in the
epithelium. This is in accordance with Leino (1974) who reported that radlet cell width
decreased from 6 pm to 2 wn during contraction and that this supplicd the foree necessary to
propel the rodiet sacs and other cytoplasmic contents out into the lumen. It was observed in the
present study with juvenile turbot that the width of the ‘capsule’ wall remained relatively constant
at approximately 0.5 um, although accasionally the fibrillar border at the basal portion of the
secreting cell appeared to be thicker, Frequently, an interecllular gap between the base and lateral
edges of the rodlet ceil and adjacent epithelial cells was obscrved. Such interecllular gaps were
observed between both secreting and non-secreting radlet celfs and adjacent epithclial cells.
These gaps were also reported in turbot by Anderson ef al. (1976}, who suggested they indicated
a lack of intimate contact between the rodlet ccll and adjacent host cells.

It is possible that the ‘capsulc' wall has contractilc properties but it seems unlikely that

this is the method of secretion employed. Secretory cells usually employ methods such as
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merocrine, holocrine and apocrine secretion (Rhodin, 1974).  Smith ef al. (1995) likened the
secretion of the contents of the rodlet cell to a madified form of holocrine secretion, where only
part of the cvtoplasm is released. They suggested that the rodlets are lysed intracellularly, then
released in amorphous form. This is in some agreement with this study where, occasionally,
disintegration of thc nucleus and other organelles appeared o occur prior to secretion of the
rodlets, There has also been some suggestion that the forin of secretion may vary between
difterent species of fish, Discharged, intact rodlets bave been reported by Icino (1974), Desser
and Lester (1975) and Barber ¢f af. (1979) whilst Morrison and Odense (1978) noted discharged
rodlets near "ruptured' cells and suggested the vodlets had caused the rupture of the cell. In other
cases, large vesicles, small electron dense bodies and intact rodlets were observed in the lumen.

Many studies have reported rodlet cells secreting their products, especially the rodlots,
into the extracellular space. This has led to a great deal of speculation as to the properties of
this secretion and/or its function.

The iaterpretations of the rodlet inclusions have included: sporozoites (Thélohan 1892
a,b, Laguessé, 1895,1906, Mayberry ef al., 1979); trichocysts (Mourier, 1973); merozoites
(Richards ef al, 1994); sccrctory products of a giand cell (Plebn, 1906a,b; Leino, 1974;
Morrison and Odense, 1978; Mattey ef al., 1979; Leknes, 1986); a type of blood cell (Duthie,
1939; Catton, 195]1; Wewreb and Bilstad, 1955; Smith et o/, 1995). Proponents of the
codogenous theory for rodlet cells have attributed a variety of functions to these secretions,
These include ion transport and osmorcgulation (Vickers, 1962; Fernhead and Fabian, 1971;
Leino, 1974; Morrison and Odense 1978, Mattey ez al., 1979), reduction of friction (Desser and
Lester, 1975), antibiotic cffect or cells associated with defence (Leino, 1974, 1982, Malley ef
al., 1979, Leknes, 1986; Balabanova and Matey, 1987; and Imagawa et o/, 1990). A number of
earlier workers belicved the seerction may be similar to that of mucous glands (¢.g. Al-Hussaini,
1949a,b) but Morrison and Odense (1978) pointed out that the polysaccharide of the rodiet gives
different histochemical reactions to those of goblet cell mucous. Also, il would seem unlikely for
a celt with an exocrine secretion like mucous or cven a eell with an codocrine or sensory function
would be found in so many different tissuc sitcs. Morrison and Odense (1978) argued that the
absence of rodlet cells in clasmobranchs supported the theory that they are involved in ion
transport as elasmobranchs usc urca for osmoregulation. However, Bannister (1966) claimed
that Thélohan (1892b) reported the cells from elasmobranchs and this would seem to contradict
their theory. Neither would this explain the absence of rodlet cells from certain individuals of the
same specics.  Mayberry ef ¢of. (1979) noted the presence of intact rodlet cclls as well as rodlets
mn the lumen and considered this was not consistent with a secretory cell hypothesis and

suggested this may be a method of escape for the parasile from the host's body.
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A secretory cell would be expected (o develop in the germinal epithelivm from an
undifferentiated cell type and therefore early stages of the cell should be evident. Lemo (1974},
Desser and Lester (1973), Flood ¢f a/. (1975), Morrison and Odense (1978), Barber et af. {1979)
and Mattey e# al. (1979) all described what they believed were developmental stages of rodiet
cells. They described cells with organelles in progressive stages of development. Generally, the
immature or ‘active' cells displaycd a gradual appearance of a 'capsule’ wall and rodlet sacs.
combined with a temporary increase in the number of ribosomes and granular endoplasmic
reticulum, which is indicative of increased protein syunthesis. This was followed by mature or
'inactive' stages showing a decrease in granular endoplasmic reticulum and a rearrangement of the
cell organelles with the milochondria forming a densc aggregation at the apex of the cell in the
region where junctional complexes are made with epithelial or endothelial celis. ‘The rest of the
mature cell was taken up by the basal nucieus with a number of rodlet sacs and large, electron
luscent, membrane bound vesicles Iying between the nucleus and the mitochondria.  Leino,
(1974); Desser and Lester, (1975);, Morrison and Odense (1978) and Mattey ef al. (1979} all
believed the formation of rodlet cells in the basal aod intermediate zones of the epithelium or
endothelium and their migration to the surfacc showed they were normal host cells. Desser and
Lester (1975} commented on the similarity between the formation of rodlet eells and mucous
vells. Maltey ef af, (1979) believed the granular endoplasmic reticulum and Golgi complex of the
immature cell explained the formation of the rodlet sacs. Morrison and Odense suggested that the
mitochondria, ribosomes and Golgl apparatus moved to the apex of the cell so that matertal could
be added to the apical ends of the rodlets as they became clongated.  Howover, Flood ef af.
(1975) believed these could be different stages of a parasitc and comparcd the progressional
development to the stages undergone by pro-encysting amoebae, although they did emphasize the
ditferent natures of the capsulc of the amoebae and the cytoplasmic fibrillar wall of the rodlet
cell.  They noted the mitochondria of the 'mactive’ or "fully encascd' stage were irrcgular in size
and shape, were more opague than the mitochondria of carlict stages and appearcd to lack
internal cristae.  They suggested the lack of internal structure of the mitochondria may be a sign
of a depressed metabolic state with a correspondingly reduced respiratory activity (Vickerman,
1960, 1962; Band and Molulok, 1969).

Cells with organelles in progressive stages of development were not observed in this
study, although cells similar to the rodlet cell precursor’ of Smith ef af. (1995) were observed.
According to Smith ef af. (1995) these cclls had enchromatic nuclei, contained numerous small
cytoplasmic vesicles and werc often found with pseudopod-iike cytoplasmic extensions
enveloping nearby mature or ncarly mature rodlet cells. Similar cells were obscrved in - close

association with mature rodlet cells in this study.,

268




If rodlet cells are some form of protozoan parasitc it is possible that the developmental
stages occur in another species. Maybciry ef al. (1986) pointed out that the developmental stages
of Myxosoma cerebralis and Triactinomyxon were described from their respective fish und
tubificid hosts but until recently were not recognized as alternating phases of a single parasite
life cycle (Woll and Markiw, 1984).

The proposition that rodlet colls are some type of blood cell (Duthie, 1939; Catton, 1931;
Weireh and Bilstad, 1955; Smith ef a/., 1995) would certainly agree with the widespread
distribution of some defence cells. However, it does not explain one of its main morphological
characteristic, the 'capsule’ wall, and does not explain the nature of the rodlets. It would seem
that explaining the chemical nature of the rodlets may hold the answer to the enigmatic rodlet cell.

Morphologically, the rodlet sac consists of a club-shaped, membrane bound sac with a
long, narrow clectron-dense core surrounded in the basal region by a finc granular inner area and
a coarse, flocculent outer zone,  There is a reasonable consensus on the compostiion of the
cortical layor of the rodlet bul not on the core material. ‘The rodlet cortices appear to consist of a
neutral glveoprotein (Morrison and Odense, 1978; Mattcy et al., 1979, Leino, 1982; Bielek and
Viehberger, 1983), Studies have demonstrated the rodlet core to be negative for polysaccharides
(Baunister, 1966; Morison and Odense, 1978; Leino, 1982). A negative Feulghen reaction for
DNA (Bannister, 1966, Barber and Westenman, 1975; Bicick and Vichberger, 1983) was
mierpreted by some as evidence against the parasitic naturc of the rodlets but Feulghen-negative
DNA is known to exist in the cytoplasm of amoebae, insects and plaots (Lima-de-Faria, 1962).
More recently, the rodlet cores have been shown te be positive for DNA of an unusual
configuration (Viehberger and Bickck, 1982, Biclck and Vichberger, 1983; Barber and
Westerman, 1986b), whilst there is some evidence that the macleus of the rodlet cell contains a
similar quantity of DNA to other cell nuclei from the same fish species (Barber and Westerinann,
1986a). This would appear to indicate that the rodlet cell itself is of teleost origin whilst the
rodlets may be the transport units of genetic material. The possibility that only the rodlets are
parasitic stages was argued against by Bannister (1966) who pointed out that the nucleus of the
rodlet cell remained healthy and showed no signs of degencration as onc might expect in a healthy
cell. However, as Mayborry ef al (1986) suggested the rodlets may have been parasitic at some
stage and have cvolved in a simikar fashion to mitochondria. A symbiotic relationship between
the rodlets and host celf could explain many of the properties of rodlet cells. However, again the
overall diversity and the unknowi naturc of many individual protozoa should be remembered.
For example, Bielek and Vichberger (1983) noted the clectron densc rods of the Haplosporidians
which develop into internal bipartite structures of yet unknown nature, and of which DNA is

indicated as a possible constituent. Until the rodlets are isolated from rodlet cells and tested (or
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DNA the nature of the rodlets will remain uncertain,  Sequencing of any DNA present should
provide answers to many of the currcitly unanswered questions.

Finally, the lack of a distinct pathclogical tissue reaction has often been used as evidence
against the parasitic nature of rodlet cells. Schaperclaus (1979), however, pointed out that
sporozoa often cause no significant defence mechanisms in their host and also many authors have
ohserved some degree of tissue reaction against rodlet cells. For example, Bielek and Viehberger
(1983) noted a phagocytic reaction against rodlets by macrophages aund by heterophilic
granulocytes. Richards et al. (1994) observed phagocytosis of both rodlst cells and released
rodlets by macrophages and neutrophils. Dawe ef af. (1964) suggested there was a relationsbip
between rodlet cells and hepatic neoplasia in Catostomus commersoni wWhere he observed rodlet
cells replaced 50 % of the neoplastic tissue.  Also, the isolation of rodlet cells from the
surrounding host tissuc would scem (o suggest a parasitic origin for the cells (Anderson ef al.
1976; Morrison and Odense, 1978 and Bielek and Vichberger, 1983). Mayberry ef al. (1986)
used the term ‘rhabdosporosis' to desceribe the heavy invasion of host tissue by large numbers of
rodlet cells which they believed to be disrupting the histological integrity of the host tissue.
Evidence in the present study also indicates some degree of tissue disruption does take place. For
example, intercellular gaps between rodlet cells and surrounding host tissue were often observed.
The observation that in poorly preserved sections rodlet cells remained intact amidst autolysing

host tissue suggests that they differ significantly form mast of the hosts cells.

7.5. CONCLUSIONS

When the evidence and views accumulated over the last century on rodlet cells are
examined it seems possible, but not conclusive, that rodlet cells, or at the least the rodlet
inclusions, are of 4 parasitic (or exogenous) origin, The strongest evidence for a parasitic origin
lies in the fact that the rodlets appear to contain DNA different from the host DNA and of an
wsual configuration. Also, the evidence that some form of tissue reaction to the rodlet cclls, or
to the rodicts, appears to take place and that there is isolation of the cells from adjacent tissue,
peint to a parasitic origin.  The prolozoa arc an enormously diverse group of very ancient origin
about which much remains unknown, Rodlet cells too, would appear to be of relatively ancient
origin. 'That the rodlet cell is a protozoan of unknown otigin would seem the most likely
conclusion from the present cvidence. Clearly, however, the taxonomic calegory is unkuown at
this stage. Isolation of the rodlets and identification of the {ype of DNA they contain would
appear to be a crucial experimental approach to undertake. The use of a chitinasc enzyme to test

if the 'capsule’ wall contains chitin might alse be a useful approach in determining whether the
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rodiet ecll is of cxogenous origin.  If rodlet cells represent a parasitic infection then the mode of
transmission between hosts must be ascertained and the course of infection within individual
hosts established.  Although no severe pathology has been recorded, there is some evidence
indicating disruption of the integrity of cpithelial and endothelial tissue and this may cause a
decrease in metabolic efficiency. This wounld be of particular significance since rodlet cells are so
widespread amongst fish species and arc known to occur in species of fish of greal cconomic
importance such as turbot, salmon and trout. If the rodlets alone arc of parasttic origin it is

possible that some form of parasitic relationship is in the process of evolution.

7.6 SUMMARY

i The presence of rodiet cells was recorded throughout the mucosal epithelium of the
alimentary tract of juventle turbot from the oesophagus to the rectum. The basic
morphology of the cells agreed with the description of ‘mature' rodlet cells of other
workers, They are large ovoid cclls (5-10 pum x 10-20 pm) with a large spherical basal
nucleus, large electron dense rod-like inclusions and a thickened capsule wall. The
rodlet cells were interceliular.

2 A slight variation in shape was observed between rodlet cells in the stomach and those
in the intestine. Rodlet cells in the stomach were more ovoid than those in the intestine
which appeared longer and narrower,

3 Rodlet cells were not obscrved in overy fish examined.

4 The distribution of rodlet cells throughout the alimentary tract varied between
individuals but generally the greatest numbers were found in the slomach.

5 Rodlet cells near the surface epithelinm were frequently obscrved to form
communication junctions between the apical region of rodlet cells and neighbouring
epithelial cells.

6 A distinct apical region with a stoma was obsetved in rodlet cclls adjacent to the surface
epithelium. Often the rodlets and other contents of the celi appearad to be ‘secreted
into the lumen.

7 Occasionally in some redlet cells part of the limiting membrane appeared to extend into
and encompass part of the surrounding cytoplasm forming a cytoplasmic extension.

8 Intercelluiar gaps were often observed between rodlet cells and ncighbouring epithelial

cells especially in those nearest the lumen. A certain amount of disruption of the

histological inteprity of the mucosal epithelial tissue was evident.
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The distribution of rodlet cells among fish specics was cxamined phylogenetically.
Rodlet ccils have been described from many fish groups including the Chipeomorpha,
Ostariophysi, Salmoniformes, Paracanthopterygii, Atherinomorpha and the
Percomorpha showing the wide distribution among fish groups and demossirating they
are probably of ancient phylogenetical origin, Celis were found in the river lamprcy,
Lampetra fluviaiilis, which resembled rodlet cells. If this observation along with
Thélohan's tenuous report of rodlet cells in elasmobranchs is substantiated this would
confirm an even more ancient phylogenetic origin for these cells.

Based on all the evidence available, it is suggested that rodlet cclls are probably
parasitic in nature. However further research is necessary to substantiate this
hypothesis; the rodlets must be isolaled from rodlet cells and any DNA present nwst

be identificd and Koch’s postulates must alse be proven.
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This research investigation dealt with factors influcncing feeding, digestion and
absorption in juvenile turbot and explored the partitioning of cnergy from ingested food. Energy
use under varying intrinsic and extrinsic conditions was examined, thus giving a deeper insight
into the interrelationships of factors affeeling the motabolic scope and hence growth in turbot.
The application of sctence to fish farming was very much in its infancy when this study was
undertaken, little was known of the basic biology of turbot and obscrvations were alse made on
Icss obvious factors which may influcnee the cocrgy partitioning in turbot, such as parasitic
infection.

A multi-disciplinary approach was adopted. The research strategy involved a study of
the gross morphology, histology and ultrastructure of the alimentary tract of turbot; experimental
investigations into the effect of various environmental and intrinsic factors on the relationship
between ingestion rate, growth rate and conversion efficiency: the rate of transit of food through
the gut, assimilation cfficicncy; maintenance and feeding oxygen metabolism; body composition;
condition factor and hepato-somatic index. A study of the host~parasite rclationship  between
turbot and the tapeworm, Bothriocephalus scorpii was undertaken. Data were collated from the
above and used to construct energy partitioning tables for turbot. A review of infectious discases
of turbot and an investigation into the nature of the rodlot cell were also carricd out.

Research has shown that temperature, satinity, quantity and composition of foad, feeding
frequency, size of fish, structure of alimentary tract, health of fish and parasitic infection may
influence food intake, digestion and absorption in fish and that these are interrelated (Kapoor ef
al.. 1975; Fange and Grove, 1979; Talbot, 1985; Hoeole, 1994). Braber and de Groot (1973h)
showed there was an ontogenic shift in the relative lengths of different parts of the alimentary
tract of turbot reflecting the changes in their feeding patterns throughout their development, It
was thought that this plasticity in gut morphology due to changes in diet might also be reflected in
differences in the length of the alimentary tract between wild turboti fed on a natural dict and
cultured turbot fed on a highly nutritious, easily digested, protein rich diet, Results from the
present study indicate that indeed there may be a shortening of the overall length of the alimentary
tract i turbot fed on an artificial, high protein, easily digested diet in comparison with that of
wild fish cating naturzl prey items. This was more pronounced in fish held at 20°C compared
with thosc beld at 10°C, The length of the alimentary tract in turbot is approximately equal to the
body length of the fish and is typical for camivorous fish. The histological study of the
alimentary tract undertaken in the present study revealed the organization of (he turbol alimentary
tract to be very similar to that of other telcost fish and to carnivorous fish in particular (discussed
n detail in Chapter 3). No differences were observed in the histological structure of turbot

acclimated to different temperatures and feeding regimes, although more refined, quantitative




techuiques are probably necessary before major conclusions can be drawn (McFadzen ef af.,
1994). Ilowever, notably long microvilli were observed in the intcstine and rectum as well as
radlet cells in the epithelial layer throughout the length of the alimentary tract, meriting further
investigation using electron microscopal techniques.

The ulirastructure of the epithelial layer of the intestine of turbot was examined to see if
there was any apparcnt link between the feeding habits and digestion of the fish and the stracture
of the epithelial brush border. Strikingly long microvilli of 2.0~5.6 pm were found in the intestine
and rectum of juvenile turbot, compared with an average of 0.6-2.0 pm in other fish (Iwai,
1968a, b; Kremeniz and Chapman, 1975, Stroband and Debets, 1978; Kuperman and Kuz'mina,
1994), The Iength of the microvilli appeared to deercase from the anterior intestine to the rectum
(Chapter 3). Kuperman and Kuzmina (1994) recently examined the ultrastructure of the
intestinal epithelium of three species ol lish with different feeding habits and found substantial
variations in the height of the microvilli in different regions of the gut.  Since microvilli greatly
increase the digestive and absorptive area of the intestine, it is likely that the total area for these
purposes is greatly increased in turbot and this may possibly contribute to a ghly efficient
digestive svstem in young turbot which in turn may play an important role in the very fast growth
rate of young turbot.

Comparisons were also made of the ultrastiucture of the epithelial layer of the intestine
between fed and fasted turbot. There appeared te be no difference between the number and height
of the microvilli in thesc two groups although this may be because a period of two weeks fasting
was not long enough for any identifiable changes to occur. Also, more refined techniques, such
as quantified digital image analysis of size and number of microvilli, are probably necessary to
examine this in greater detail (McFadzen er o/, 1994). However, there were distinct signs of
cellular degeneration in the fasted fish and the appearance of large, supranuclear vacuoles which
may possibly indicate the occurrence of autophagy. The use of endogenous energy frequently
occurs in fish as a survival mechanism as mapy fish species are faced with fluctuating food
supplies or periods of winter fashing.

Investigations into the digestive enzymes of turbot were carried out to elucidate the
process of food digestion. The enzymes indicated were found to be consistent with those of
carnivorous fish fed on a high protein diet, where pepsin is the main proteolytic enzyme in the
stomach and trypsin and chymolrypsin are the main enzymes in the intesiine. These findings
wore later confirmed by Munilla-Moran and Stark (1990). Cousin ¢f ol (1987) commented on
the intensity of alkalinc phosphatase activity in the brush border of the intestine of turbot and
linked this with the importance of alkaline phosphatase in the absorptive process. Research has

shown that the regulation of enzyme production and activily is under neuro~hormonal control and




that distcnsion of the stomach muscles probably acts as an important stimulus to the vagal-
cholinergic nerves (De Silva and Anderson, 1995). The amount and composition of food
consumed, frequency of {eeding, rate of passage of food through the gut and temperature, all
influence the rate of digestive secretions and are all interrelated.

The food intake of fish is controlled by appetite, metabolic debt and by foregut fullness
(Colgan, 1973; Elliott, £975a, b; Grove ef al,, 1978; Grove and Crawford, 1980; Godin, [981:
De Silva and Anderson, 1995). The rate of trausit of food through the gut depends on quantity of
food, feeding frequency, method of feeding, fish size, temperature, gastric motility and capacity
of the intestine. Since appetile is belicved to retum as the foregut empties, some workers suggest
that in fish fed on w vegular basis regulation of meal size follows so that digestion is complete
before the next meal arrives (De Silva and Anderson, 1995).

In the present study the rate of transit of food through the alimentary tract of turbot was
found to be faster in fish fed to satiation twice daily than v fish fed on a reduced ration daily or
for those fed to satiation once every 4-5 d. An increase in the time since the last meal slowed the
rate of gastric evacuation. There was ouly a slight increase in transit time in fish acclimated to 20
°C compared with those acclimated to 10°C, possibly duc to compensatory changes occurring
with acclimation Lo tomperature, Alternatively, (his may partly reflect the only slightly greater
ingestion rate of the 20°C fish, possibly due to restriction int the size of the holding tanks. Force-
feeding greatly increased the transit time of food through the gut compared with fish fed
voluntarily and similarly fish fed on a high protein, easily digested pelieted diet had a faster
digestion rate than that of fish fed on natural prey items (discussed in detail in Chapter 3.4). Tt
scems possible that turbot may have a high degrec of control over the process of digestion and
evacuation. Work by Grove ¢/ «/ (1983) and Bromley (1987) has shown that turbot may
regulate the flow of chyme into the small intestine at an optimum rate to ensure completion of
digestion and absorption of nutrients.

Ingested food s only uscful to the fish if it is digested and absorbed (assimilated) and
therefore assinmulation efficicney and the factors affucling (his are very important in determining
how much of the ingested encrgy is available for maintenance and growth of the fish.
Assimilation efficiency is found to be 40-80 % for herbivorous fish where a high proportion of
indigestible material in the food means significant losses of energy and nutrients in the facces,
whilst values of 70-95 % are common for carnivorous fish where a large amount of protein is
found in the food (Brett and Groves, 1979; Cul and Liu, 1990). ‘The assimilation efficiency, in
terms of energy and protein content, was found to be very high (96 %) for juvenilc turbot aged 3
months. When expressed in terms of energy content, the assimilation cfficicney decrcased with

merease in age (to 82 % for 6-9 month old turbot), and with increasing temperature (to 75 %),




and also with less frequent feeding (to 73 %), When expressed in terms of protein confent, the
assimilation efficiency remained high (94 %} with increase in age and decreased only slightly with
increasing temperature and decrease in frequency of feeding (89.0-90.0 %), This may be due to
the very high protein content of the diet.  Incremental replacement of the protein content of the
diet with starch produced no significant difference in either the protein or energy assinilation
cfficiency in 3 month old turbot. The protein and energy assimilation efficiencics of juvenile
turbot heid at 10°C were generally found to be very high and were similar to data subsequently
obtained by Grove ef al. (1985) for turbot held at 16°C. |

It is clear that a number of intrinsic and extringic factors may influence the ingestion rate
and processes of digestion and absorption in turbot. That these factors may be manipuiated to
achicve optimum food intake to give highest assimilation efficiencies is of great importance so
that the maximum energy and nutrients are available for maintenance and growth. However, it
should be noted that thesc conditions arc most likely to be species-specific, they may show
ontogenic shifts within species, and the results may be highly dependent on the length of tiine the
fish are subjected to the conditions. For instance, the fish may reduce their activity in response to
a decreasc in rations in order to preserve their food supplics. Ultimately the fish may adapt
metabolically. Also, the conditions for highest food intake and for highest assimilation efficicney
may not producc maximum growth rates as the mctabolic costs to other physiological processes
may be too high.

Onc method of investigating the rolutionship between food mtake and growth is to
produce growth-ration curves for a variety of experimentally controlled variables. In the present
study, growth-ration curves were constructed from data obtained in feeding experiments to give
some insight into the relationship between mean specific growth rate and ingestion rate and
between ingestion rate, mean specific growth rate, conversion efficiency and temperature for
Jjuvenile turbot. The results are discussed in detail in Chapter 4 but generally it was found that
although fish held at 20°C had a higher ingestion rate than those acclimated to 10°C, on the same
feeding regime, the 10°C acclimated fish had a higher conversion efficiency whether espressed in
terms of grams of food eaten or as energy intake. Jones ef al. (1981) found the temperature for
maximum growth for young turbol was 18.9°C but the temperature for maximum food
conversion efficiency was 16.2°C. The growth rate of young turbot (< 100 g) has since been
shown to be greatest between 16-20°C (Brown ef af, 1984, Scherrer, 1984, Imsland e af,
1996).  Fish in gencral tend to have a temperature range which is opttmal for growth and
survival (Brett and Groves, 1979; Weatherley and Gill, 1987 Gadomski and Caddsii, 1991;
Imsland ef al., 1996). This often changes with age and size of fish (7.e. there is an pntogenic

shift) as juveniles of a great many species prefer warmer waters than adults (McAnley and




Huggins, 1979; Pedersen and Jobling, 1989, Fonds ef al, 1992, Hallardker et al, 1995,
Bjdrnsson and Tryggvadattir, 1996; Imsland ef o, 1996). This is of great significance to both
the natural distribution of different life stages and to (he optimal rearing of the species under
culture conditions. Imsland et el (1996) observed that the temperature optimum producing the
maximum growth ratc in turbot decreased rapidly with increasing size, and for 100 g turbot was
13-16°C.  The optimum environmental requirements for maximum growth th young turbot are
still poorly undersiood due to the variation in techniques used and the conditions fish were held
under, thus making comparisons of data difficult (Person-Le-Ruyet, 1990).

The cnergetic cost of maintenance, feeding and activity metabolism arc also dependent on
various intrinsic and extrinsic factors and a knowledge of how (hc assimilated energy s
partitioned between these three components of metabolism and growth, under different conditions,
is therefore essential. 1t is important to have empirical knowledge of the effects of, for instance,
salinity, temperature, stocking density, water quality, variations in diet and feeding regimes and
body size on the cost of metabolism in order that predictions may be made on the amount of
assimilated energy available for growth.

The relationship between body size and standard metabolism was mvestigated in the
laboratory for juvenile turbot acelimated to 10°C and 20°C. These resulis are discussed and
compared with those obtained for routine metabolism of juvenile turbot by Brown er af. (1984)
under field conditions and Waller (1992) under laboratory conditions (Chapter 4). The effects of
short and long-term acclimation to temperature and how the fish adapt to these changes were also
examined and the vesults are discussed in Chapter 4. Generally, the exponent for the relationship
between body weight and standard metabolism at 10°C was slightly higher at ¢.77 than the 0.75
obtained for routine metabolism of turbot by Brown ef a/., (1984) for {fish acclimated to 9-10°C
and the 0.699 obtained by Waller (1992) (exact temperature not given), This finding emphasizes
the fact that caution should be taken about the transference of physiological data from laboratory
to field set~up and how important it is to comununicate the exact conditions under which the
experiments are performed. The length of time the fish have been held under the experimental
condlitions is very important as partial or compiete compensation in standard metabolic rate may
ocour 1o accommodale for changes in temperature. The rate and amount of compensation may
depend on whether there is an increase or decrease in lomperalure, whether the temperature is in
the mid-range or near the upper or lower limits of tolerance of the fish, on the nutritional and
thermal history ot the fish, on salinity and oxygen levels and also on horimonal condition.  Tn the
present study partial adaptation to an increase of 10°C in juvecnile turbot fed twice daily to
satiation occurred after 3 weeks with further acclimation to temperature taking place after 10

weeks; complete compensation was not observed. Rapid temperature changes gave a




corresponding rise or fall in respiration rate and therefore, where possible, temperaturc changes
should be gradual to avoid respiratory stress 1o the fish.

The thermic affect of feeding (SDA) was also cxamined and revealed a definite rise in
respiration rate from i-3 h after feeding and lasting for a period of approximately 24 h. The size
and length of time of this increase was positively correlaied with the size of the meal admmistered
and is in agreement with similar work on other species of fish (Brett and Groves, 1979; Jobling
and Davies, 1980, Jobling, 1981b, [983a; Knights, 1985; Cho and Burcan, [995). However, it
should be noted that thermic effect of teeding will also be influenced by the nutritiopal quality of
the food, the energy value of the foed, the methorl of feeding (force feeding causes an increase in
transif of food through the gut) and temperature of acelimation.

A bioenergetics model was constructed for turbot held under dafferent conditions using
data obtaincd for the cocrgy value of the food consumed, ingestion rates and assimilation
efficiencies (Chapter 3); the energy used for respiratory metabolism (Chapter 4); data obtained
froim growth experiments (Chapters, 3, 4); and information on the energy consumption of the
tapeworm, Bothriocephalus scorpii (Chapter 6).

Energy partitioning data revealed fluctuations in the assimilation efficiency between the
experimental groups. Generally, less of the consumed eneigy was lost in the faeces of fish fed
regularly and held at 10°C, whether fed to satiatton or on a reduced ration, than in those fish fed
once every few days. Assimilation efficiency also decreased with an increase in temperature.

Further variation was observed in the amount of assimilated energy apportioned between
standard metabolism, feeding metabolism, parasitism and growth depending on the experimental
conditions.  According to Priede (1985) there is a continual conflict between SDA, active
metabaolism and growth. If'a fish is swimming at maximum speed it can't cope with digestion but
this 1s also dependent on other influences including temperature, stress, salinity, and parasite
status. In the present study fish fed on a reduced ration used a greater proportion of assiimlaicd
energy for standard metabolism (maintenance) than fish fed to satiation. Fish held at 20°C
parttally acclimatized to the rise in temperature, and used only a slightly greater amount of the
assimilated energy for standard metabolism than the 10°C fish, Fish fed on a reduced ration
used cven less energy on feeding metabolism. The amount of assimilated cncrgy likely to be
consumed by tapeworms of infected fish varied with the size of fish. Smaller fish had a higher
parasite index and in this case the worms would be likely to use a higher proportion of the
assimilated energy than in larger fish. Vhis effecl was assumed to be exacerbated by reduced
rations and an increasc in femperature as tapeworms derive all their coergy and nutnenl
requirements for prowth, development and the maintenance of physiological functions from the

host's intestine (Ash er /., 1984). Data from growth experiments revealed a similar proportion of
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the assimilated cnergy was used for growth under all conditions apart from the 10°C fish fed o
satiation where only slightly more energy was used than in the other fish groups. A large
proportion of the assimilated energy was used for active metabolism although this appeared (o be
very fabile between the experimental gronps. This supports the observation by Boisclair and
Sirois (1993} that activity rates can be a large and variable component of a fish's energy budget.

The proportion of cnergy used for growth (anabolism) in turbot was quite small in
comparison with studies on rainbow trout, Salmo gairdneri (Cho and Bureau, 1995), on white
sturgeon, dcipenser transmontanus (Cul ef al., 1996), and on the southern catfish, Sifurus
meridionalis (Cui and Wooten, 1988a,b,c.d; Xic and Sun, 1990, 1992ab, 1993; Cul ef af.,
1996). A mumber of factors may have influenced this result. For instance, fish held at 20°C
experienced a growth check at the start of the experiment, probably whilst adjusting to the large
rise in temperature. This undoubtedly caused stress to the fish and resulted in ensrgy being
wasted. ‘The small size of the tanks used may have influenced the results, although fish fed o
satiation at both 10 and 20°C did have a higher mean specific growth rate than those on a
reduced ration, however, they did use a similar proportion of the assimilated energy for growth.
It is also possible that the fish were poor growers having been selected from a small size scale at
Ardtoe (Pedersen and Jobling, 1989).  Also, flatfish are more efficient when swinuning at speeds
for long periods as they have no swimbladder and have negative buoyancy. It is enerpetically
costly for flatfish to actively lift off from the bottom and therefore swimming for short periods is
mnetficient (Priede, 1985). This may have adverse implications in fish farms where space may be
limited and may have even more extreme effects for fish held in small, laboratory tanks.

Errors may occur in cuergy budgets when some of the parameters arc unknown and
cstunates are made, especially from unknown activity data and from unjustified borrowing of
physiological values from other species (Ney, 1993), or from the same specics, bui under
different conditions. Different growth rates at different stages in the life history {(ontogenic slhift)
can also result in errors when cxtrapolation of weight-dependent power functions are made
(Imsland ef al. 1996)., Variation in cxperimental techniques used by researchers may make
comparisons of physiological data difficuit. For instancc, differences cxist between the
measurement of routime metabolism vnder farmed conditions and the measurement of the
respiration rate in the laboratory of isolated fish in a small respiratory chamber which
undoubtedly induces stress and may also induce a growth check. Weighing the fish during the
course of growth experinents can also canse stress and induce growth checks (Brafield, 1983).

Despiic these inherent problems, the development of energy budgets over the past 135
years has grown from single-species studies of growth and food consumption to studies of foad-

wcb dynamics, nutrient cycling within food-webs, food requirements of single animals, whole




populations and commuaities of fish, predator-prey interactions at various spatial and temporal
scales to assessment of production potential at cco-system level (Brandt and Hartman,1993;
Hansen et af., 1993). Much of the advance has come from the integration of biocnergetics
approaches with new technologies (hydroacoustics, physiclogical telemotry) and ecological theary
{e.g. cnergetics approach to diet vertical migration of fishes wherc combined effects of scveral
selective forces such as predator avoidance, foraging efficicncy and bioenergetic efficiency are at
play (Bevelhimer and Adams, 1993)).  However, improved estimates arc still required for model
parameters such as the metabolic costs of activity, and more complete studies of the bioenergetics
of different ontogenic stages of fish species, especially larval and juvenile stages. According to
Hansen et al., (1993) future research on bioenergetics should include both laboratory and ficld
mcasurcments of important model parameters such as weight-dependent optimum consumption,
respiration and activity and the thennal habitats actvally occupied by the fish, thus improving
predictions of fish growth. Recent work by Imsiand ef al., (1996) clearly shows the need for such
mformation where the optimal temperature for juvenile turbot decreased substantially for fish of
100 g compared with that for fish between 25-75 g, reflecting their natural spatial distribution
differences. Data by Gaumet et al,, (1995) also supports this where full strength sca-water was
found not {0 be the optimum salinity for growth in juvenile turbot over periods > 3 months.
Bioenergetics models can predict the amount of energy available for growth but it is

also necessary to know what lype of growih has ocourred. Turbot are a luxury fish and any
changes in the relative proportions in chomical composition of the fish tissuc may result in
spoilage of the product. Accordingly, chemical analyses were carried out on the body
composition of juvenile turbot held under differcnt experimental condilions. The largest variations
were found in the percentage of lipid in both the carcass and in the liver, Carcass lipid levels (%
dry weight) were highest in fish fed to satiation at both 10°C and 20°C whilst liver lipid levels (%
dry weight) were far greater in the 20°C acclimated fish. The percentage carcass protcin was
fairly stable in all expenimental groups with a slightly higher level occurring in the 20°C fish.
Healthy [ish tend to have a relatively stable percentage of carcass protein for a given species with
little seasonal variation except during periods of starvation and gonad development where non-
fatty fish may draw on their carcass protein (Love, 1970; Chellappa e/ ol, 1995). The
percentage of carcass and liver lipid may, however, vary considerably in fish (Love, 1970). In
the Atlantic cod, Clupea harengus. a non-fatty fish where the muscle lipid concentration is 0.5
%, the liver 1s used to store large quantitics of lipid of up to 65 % liver weight (Jangaard et al.,

1967). The liver lipid was very high in turbot held at 20°C at 52.9 % dry weight suggesting that

the liver may be a major store of [ipid.




Hepato-somatic index (HS1) is a measure of the relative weight of the liver and 1s oficn
used as an indication of the energy stores in fish, especially in non-fatty fish (Chcllappa er af.,
1995). I tarbot the HSI was found to be lowest in fish acclimated to 20°C. However, as this
group of fish were also found to have the greatest level of liver lipids and the highest carcass
energy levels, this suggests that HSI may not be a suitable index of energy stores in turbol,
although this may be a reflection of the small sample size and could be worth further
investigation.

In fish farming it is often useful to employ rapid, nos-invasive methods of indicating
growth-rates. Comumonly, the condition factor, a traditional method of measuring the body
condition or, 'fatness' or well-being of a fish, is employed. This is calculated as a ratio between
weight and length of a fish and is ofien expressed in the form W/L3 (Chapler 4). In turbot the
condition factor increased over the experimental period in fish held at 10°C and fed to satiation
from 1.6 to 1.8, whilst i the other experimental groups the condition factor remained relatively
stable. Again, since the 20°C acclimated fish had the highest liver lipid and the highest carcass
coergy levels 1t would suggest that condition factor may not be an ideal index of energy reserves.
However, large samples with a farge size range are inportant for accuracy of condition factor
(Chellappa ef af, 1995) as CF is known ta vary considcrably at any given fish length
{(Weatherley and Gill, 1987). This partly arises duc to variations occurring in the growth ratcs of
different parts of the body of an organism and highlights the necessity to measure growth in more
detail such as the relative growth of tissues in terms of lipid, protein and energy content. It
should also be remembered that the mcasurement of weight and length at different time intervals
are necessary to obtain data on the condition factor. Since large numbers are required for this
and il is known that handling induces stress resulting in growth checks, it may be more accurate
to take a sample of fish and run more detailed morphometric measurements and chemical
analyses.

Most studies of the energetics of fish etther fail to note diseases of fish, or they may give
them a very cursory mention. Instead, this research area tonds to be dealt with in isolation. Inthe
present study, the effect of disease on the morbidity and mortality of turbot was very apparent
from the outset. The prevalence of the tapeworm, Botbiriocephalus scorpii was quite high at 40-
60 %. Mortalities occurred in the carly stages of research due to the bacterium, Fibrio
anguillarium. Light and electron microscopal studics revcaled the presence of the rodlet cell,
reported as possibly being a protozoan parasite, Rhabdospora thelohani (Thélohan, 1892a, b;
Lagucsse, 1895; Dawe ef al, 1964; Hale, 1965; Bannister, 1965, 1966; Iwai, 1968¢c; Anderson
et al., 1976; Mayberry e/ al., 1979; Vichberger and Biclek, 1982; Barber and Westermann,
1983; Biclek and Viehberger, 1983; Richards ef /., 1994, Wavne and Mayvberry, 1994), in the




alimentary tract of turbot. Thal parasitcs and disease adversely affect the host's nutrition and
may therefore ultimatefy affect their growth seemed very probable and worthy of investigation in
a study on the ¢nergetics of turbot.

A review of infectious discases of turbot was therefore carricd out and the importance of
disease in intensive fish culture was discussed in Chapter 5. Generally, an increase in the
mtensive culture of turbot in the last 15 years has led to a concomitant rise in the pathological
problems of turbot. Whilst most research has been carried out on bacterial and viral infections.
the pathogenicity of some parasitic protozoa and their threat to turbot stocks has become evident
and has led to recent research in this area. For instance, infection of turbot with the
microsporidian Tetramicra brevifilum  resulted in a reduction 1 growth rate of 50 % and
mortalities of 11.5 % (Figueras et al, 1992). It would scom prudent to incorporate a more
vigilant approuch to the possible cffccts of infoctious diseases in studies of the energetics of {ish.

Intestinal helminths of fish, including cestodes, have penerally been considered to be a
less serious problem than other discases and conscquently Iess research has been carried out on
this topic. There remains something of a controversy over the pathogenicity of tapeworms.
However, intestinal parasiics are known to adversely affect their hosts in a mumber of ways.
Firstly, the parasite receives its cnorgy and nutrition from the host’s assimilated energy. This
may have little effect in a well nourished and healthy host with unlimited amounts of food but if
infection is combined with other environmental siressors (physical, chemical, dietary or other
disease) which have a limiting cffect on the host's food intake then the proportion of the hosts
food intake used by the parasite will increase {Ash ef af., 1984). There have besn numeraus
reports of fish infected with fresh water bothrioccphalid worms (8. acheilognathi) becoming
sluggish and emaciated, ceasing to fecd and swimming closer to the surface (Haole, 1994).  The
presence of the parasite in the intestinal tract may alter the gastric evacoation rate by impeding
the passage of food through the gut and therefore may decrease the host's food intake by impeding
digestion and absorption of nutrients by the testinal lining (Ash ef ol | 1984). “This would have
the effect of increasing the proportion of the host's food intake consumed by the worm as the
worm's nulrient and energy intake remain the same. Current evidence suggests that specics of
fresh watcr bothriocephalids affect host intestinal cnzymes including  trypsin, chymotrypsin,
phosphatases and amylasc {(Matskasi, 1984, Kurovskaya and Kititsyna, 1986) and therefore
probably cffeel host nutrition.  Parasitism of sockeye satmon, Oucorhynchus nerka by
Eubaothrium salvelini had a deleterious effect on the growth, survival and swimming perfromance
of the fish (Boyce, 1979). A 10 % loss of growth was recorded in farmed Atlantic salmon with
low level infections of Fubothrium  species and this was more pronounced in males than in

female fish Bristow and Berland (1991}, They estimated a direct loss of miltions of dollars per
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vear in Norway due to the infection as well as noting the loss of food and the possible increased
susceptibility to disease in infected fish. Generally, the greater the degree of pathogemcity
mvoked by a parasite the greater the decrease in food intake of the host. This could have a
profound cffect when the fish s suffering from a sccond infection caused by a more highly
pathogenic organisim such as Vibrio anguillarivm.

Tnvestigations were therefore carried out into the host-parasite relationship between
turbot and the tapeworm, Bothriocephalus scorpii and these results are discussed in detail in
Chapter 6. Data were gathered on the prevalence and intensity of infection of turbot of different
sizes and used to estimate the amount of energy used by the tapeworm in fish held under different
conditions. Local tissue pathology was also investigated. It was cstimated that the tapeworm
uscd between of 1.5-8.0 % of the turbot's assimilated energy depending on various infrinsic and
crvironmental factors (Chapters 4, 6). With this kind of information, estimates of energetic
losses due to intestinal hefminth infection can be made for fish at different ontogenic stages and
informed decisions on when and whether to treat the infection with anthelminthics can be made.

Light and electron microscopal investigations were carried out into the nature of the
rodlet cell in turbot. These findings and their implications are discussed in detail and in the
context of other research in Chapter 7. Tt was considered that if this were a protozoan parasite as
suggesed (Thélohan, 1892a, b; Laguessé, 1895; Dawe ef al, 1964; Hale, 1963; Bannister, 1965,
1966; Iwal, 1968c; Anderson ef o/, 1976; Mayberry ef al., 1979; Viehberger and Bielek, 1982:
Barber and Westermann, 1983; Bielek and Viehberger, 1983; Richards ¢f &f., 1994; Wayne and
Mayberry, 1994}, then this might bave important implications on the health and energetics of
turbot.

When the evidence and views accumulated over the last century on rodlet cells are
examined together with results from the pi‘CSCI;t study it seoms possible, but not conclusive, Lhat
radiet cells, or at the least the rodlet inclusions, are of parasitic {or ¢cxogenous) origm. The most
convineing evidence for a parasitic origin lies in the fact that the rodlets appear to contain DNA
different from the host DNA and of an unusual configuration {Vichberger and Bielek, 1982;
Bielek and Viehberger, 1983; Barber and Westerman, 1986b). That some form of tissuc reaction
1o the rodlul eclls, or 1o the rodlets, appears to take place and that there is isolation of the cells
from adjacent tssue, also points to a parasitic origin {Anderson ¢f af, 1976; Morrison and
Odense, 1978; Bielek and Viebberger, 1983, Mavberry ef af., 1986; Richards e al, 1994;
present siudy),

Protozoa are an enormously diverse group of very ancieni origin aboul which much
remains unknown,  The distribution of rodlet cells among fish species was examined

phvlogenetically in the present study. Rodlet cells appear to be of relatively ancient origin
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having been described from many fish groups mcluding the Clupeomorpha, Ostariophysi,
Salmoniformes, Paracanthoptorygii, Atherinomorpha and the Percomorpha. If obscrvations of
rodlet cells from elasmobranchs and cyclostomes are substantiated (Thélohan, 1392a, b
Bamnister, 1966, present study} then an even more ancient phylogenstic arigin will be realised.
That the rodlet ccll is a protozoan of unknown origin would seem the most likely conclusion from
tie present evidence. Clearly, however, the taxonemic catcgory is unknown at this stage.
Isolation of the rodlets and identification of the type of DNA they contain would appear to be a
crucial experimental approach to undertake. If rodlet cells represent a parasitic infection then the
mode of transmission between hosts must be ascertained and the course of infection within
individual hosts established 7.¢. Koch's postulates must be realised.

Although no scvere pathology has been recorded, there is some evidence wdicating
disruption of the mtegrity of epithelial and endothelial tissue and this may cause a decrease in
metabolic efficiency. This would be of particular significance since rodlet cells are so widespread
amongst fish species and are known to occur in species of fish of great economic importance such
as turbot, salmon and frout. If the rodlets alonc arc of parasitic origin it is possible that somc
form of parasitic/symbiotic relationship is in the process of evolution,

An understanding of the lifc history pattern and ecology of parasitic infections of turbot
is neeessary if effective control measures are to be employed in fish farming. Quantitative
nformation on the energy cost of infectious diseases is clearly lacking and would also be of great
benefit for use in bioenergetics models,

Elaborations of (hc mass-balance cnergy equation (energy budget) that partition the
encrgy of consumed food inlo its various physiological fates have flourished over the last 15
vears into sophisticated bioenergetics modols (Ney, 1993). They have grown [rom simple
predictions of the growth of fish as a function of quality and quantity of food and temperature to
more powerful simulation tools applied to a variety of research and management questions
relating to fish stocks, populations, food-webs and ccosystems (Hansen, ef al, 1993).
Applications include, estimales of the miensity and dynamics of predator-prey interaction,
nutrient cycling in food webs at different trophic structure, lood requirements of single fish,
populations of fish and of communitics groups of fish species. Despite criticism by some that
bioenergotics models lack sufticient detail to produce reliable results in field applications, many
studies have achicved notable predictive success. For instance, bioenergetics models were used to
predict the effect of increased fake trout Salvefinus namaycush predation of rainbow simelt
Osmerus mordax, following chemical control of the sea lamprey, Preromyzon marinus (Labar,

1993). Predictive models were also used to assess the environmental impacl of a salmen farm off
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the west coast of [reland and to ensure any environmeatal impacts were minitoized and kept
within acceptable limits (Hartoett, 1993),

It is essential to know how aquaculture interacts with the environment. Maintenance of
the waler column avoiding deoxygenation is neeossary, It is important to alleviate the effect of
sediments on the benthos avoiding hypernutrification, eutrophication and sediment accumulation.
Prevention of the detrimental effects of chemicals and drugs used in aguaculture thus protecting
natural fish populations as well as bird and mammal populations is very important. The
alteration of the natural environment duc to food, chemical pollution, the introduction of new
diseases and parasites from farmed fish to wild populations and vice-versa and the displaccment
of native stocks by escaped fish are all serious potential consequences of the aquaculture
industry. The conflict and interrelationships between maximen growth in fish, pollution of the
environment and disease in fish is clear. Mawdesley-Thomas (1972) stated that " ... discase per
se, is not an entity in itself. Disease is the cnd result ol an interaction between a noxious stimulus
and a biological system and to understand disease is to understand all aspects of that system"
{Smieszko, 1974). Bicenegetics models can be used (o monitor the effeets of aguaculture such as
the flow of nitrogenous waste, the effects of stress, the increase in risk of infection, the energetic
cost of nfection, and ensure that whilst the industry grows and develops the impacis on the
eaviromnent arc minimized.

In conclusion, the present study has shown how factors affecting growth in fish are
complicated and interrelated and the mare factors examined the more accurate the biocnergetics
model. Undoubtedly improvements can be made on the accuracy of some parameters of the
model, such as improved estimates of the metabolic cost of activity, Further examination of the
host-parasite relationship between turbot and the tapeworm, Bothriocephalus scorpii, wcluding
more detailed studies on the cnergetic cost of stress and discasc would be advantageous.
Detailed epidemiological studies of the mfectious discascs of wild and captive turbot, including
mothods of control and the implications for public health are essential. Uhe determination of the
status of the rodlet cell remains as elusive and as intriguing as it appeared over one century ago
and the isolation and accurate identification of the DNA remains a challenge for future research.
Despite the time gap, these laboralory studics give a deeper insight into the interrelationships of
factors affccting motabolic scope and hence growth in turbot, Although a few of these findings

have since been repeated, others add to the knowledge of this area and are still relevant today.
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