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Introduction

1 Introduction

In early life seafood was a privilege of coastal inhabitants only. In the present era of global
trade it belongs to the commonly available goods, and its supply has formed a billion dollar
industry. In 2002, world total fishery production (excluding aquatic plants) was reported to
be 133 million tonnes, of which 93 million tonnes were landings from capture fisheries
(Vannuccini, 2004). The question that concerns scientists who predict the total exhaustion
of the oceans is: how can we enhance the recovery of endangered species and still satisfy
the on-growing demand for marine products? Although sometimes described as an
alternative to fisheries, aquaculture is still far from representing a solution to the decline of
fish stocks. However, aquaculture contributes with a continuing growth to the world
seafood production (Minkner and Kuhimann, 2001; FAO, 2002) and will remain
indispensable in the future. Thus, instead of totally condemning the production of farmed
aquatic meat to co-responsibility and even amplification of over-fishing, enhanced interest
should be concentrated in the development of sustainable culture practices and strategies
that can still be profitable (Rosenthal, 1997; Burbridge et al., 2001), a shift already being
observed to become the key objective during the last years, although mainly in developed
countries yet (FAO Fisheries Department, 2004).

Success in the cultivation of a target species begins with the reduction of costs in
hatcheries. Apart from the availability of a broodstock able to reproduce successfully in
captivity, which secures the independency from natural stocks, the reliable production of
high quality fry with good growth and high survival rates is of considerable importance.
During the first weeks after hatching, which include so-called “critical” periods for larval
survival (Sifa and Mathias, 1987), marine fish larvae undergo drastic physiological and
behavioural changes, like improvement of visual range and ability (Kvenseth et al., 1996;
Fiksen et al., 1998; Carvalho et al., 2004), increasing swimming activity (Skiftesvik, 1992)
and the switch from endogenous to exogenous nutritional sources. These are again linked
with a number of morphological changes. The rapid development requires a great deal of
energy. Consequently, a nutritional supply of sufficient quantity and quality is essential for
growth development and survival.

Natural prey organisms meet the nutritional demands of marine fish larvae the best
(Evjemo et al., 2003), but their use in commercial aquaculture restricts the production of fry
to certain parts of the year and the fish farmers are not able to maintain control of prey
species and size composition (Berg, 1997; Olsen et al.,, 2000). A generalised feeding
protocol for marine fish larvae begins with the administration of rotifers at the time of first
feeding, followed by Artemia nauplii and larger Artemia stages as larvae increase in size.
Formulated diets are then introduced and larvae are weaned from live feed organisms, a
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process which varies in the time of start and duration, according to the species. Usually,
micro-algae are additionally cultured as food for the zooplankton. Thus, most mariculture
hatcheries culture at least three different live foods (micro-algae, rotifers, Artemia) to
provide food for the larvae of a single target species (Southgate and Kolkovski, 2000 and
2005; Lee, 2003). The issues and problems associated with the use of live feed organisms
are summarised in Table 1.

Table 1: Issues and problems associated with the use of live feed organisms in mariculture hatcheries
(compiled from Sargent et al., 1995; Evans, 2000; Southgate and Kolkovski, 2000 and 2005; Sorgeloos
et al., 2001)

Expense
Live food organisms contribute to 50-80% of hatchery operating costs. The price for Artemia cysts is
subjected to high fluctuations depending on harvest success and quality

Facilities
Live food production requires substantial commitment of space and infrastructure

Nutritional inconsistency and/or deficiency

Live foods vary in their nutritional composition according to source, age and culture techniques.
Artemia and rotifers represent only a suboptimal substitute for natural feeding organisms (e.g.
copepodits), since they lack some essential nutrients - mainly highly unsaturated fatty acids - and
must be enriched prior to use

Availability
Hatcheries rely on a continuing supply of adequate quantities of mostly imported Artemia cysts. In
some countries there are also quarantine issues to be followed

Disease and/or crashes
The introduction of disease and live food culture crashes can be major problems for mariculture
hatcheries

Recently, research has been conducted in developing systems and rearing protocols for
intensive culture of copepods (Payne, 2000; ICES Mariculture Committee, 2004), as a way
to overcome the necessity for using Artemia. However, most of the problems related to the
use of live feed remain. The advantage of using formulated diets is not only economical
but also nutritional. In contrast to live feed organisms, formulated feed particles can be
adjusted in their size and nutritional composition according to the specific demands of the
larval stages of a certain fish species.

The fish food industry as well as scientists dealing with the formulation of appropriate diets
for larval stages have to consider a great number of factors influencing the acceptability
and digestibility of the administered feed particles. These factors range from the
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composition of macro- and micronutrients in particle sizes appropriate for the small
opening of the larval mouth, to the performance of the feed particles in the water column,
including stability and long lasting buoyancy, and characteristics like taste and colour
(Dendrinos et al., 1984; Bengtson, 1993; Rice et al., 1994; Planas and Cunha, 1999; Cahu
and Zambonino-Infante, 2001; D’Abramo, 2002; Cahu et al., 2003; Langdon, 2003). The
difficulty lies in achieving the optimum combination of all these factors, while also being
adjusted to species-specific demands. Above all, the exceptional structure of the larval
digestive tract - particularly of marine species (Kolkovski, 2001) -, which differs
tremendously from that of adults, requires additional adaptations and in depth study, in
order to understand the larval digestive physiology.

Pancreatic tissue has been identified histologically and/or histochemically in newly hatched
larvae of several species (Beccaria et al., 1991; Segner et al.,, 1994; Kurokawa and
Suzuki, 1996), and the importance of trypsin as the main proteolytic enzyme in the
digestive tract of marine fish larvae that lack a morphological stomach (Govoni et al.,
1986), has also been recognised and described in numerous articles. Trypsin is produced
by the pancreatic tissue as the inactive precursor trypsinogen (zymogen) and activated by
the enzyme enteropeptidase. Further activation of trypsinogen occurs autocatalytic by
trypsin itself. Storage of trypsinogen, as well as of other pancreatic zymogens occurs in the
acinar cells, which - after stimulation - release their products into the gut lumen
(Hjelmeland, 1995). However, the exact mechanisms of trypsinogen production and trypsin
release are not yet fully known. Ueberschar (1993) demonstrated tryptic activity as the
quantitatively most important proteolytic activity in larvae of herring and turbot. Based on
results from different marine fish species, Ueberschar (2000) described 4 phases in the
ontogenetic development of the larval tryptic activity, from hatching to metamorphosis (Fig.
1), and showed that the stage shortly after first feeding during which mass mortalities are
often observed, is accompanied by low tryptic activity levels. Pedersen and Andersen
(1992) found that trypsinogen secretion in herring larvae increases with prey size, even if
non-biodegradable polysterene-latex spheres were offered instead of prey organisms, and
thus suggested a neural initiation of trypsinogen secretion. Koven et al. (2002) proved the
chemically mediated control of trypsin secretion by measuring higher trypsin activities in
herring larvae after administration of bovine serum albumin in combination with specific
free amino acids, rather than one of these components alone. Rojas-Garcia and
Rennestad (2002) found a high correlation between tryptic activity and the hormone
cholecystokinin in the gut of Atlantic halibut larvae, indicating that both factors contribute to
the digestion process.
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Fig. 1: 4-Phase hypothesis on the ontogenetic development of the tryptic activity in marine fish larvae
from hatching to metamorphosis. Phase |: yolk-sac stage and initiation of exogenous feeding; Phase Il:
“critical” larval stage with decreasing tryptic activities, poor growth and high mortality rates; Phase IIl:
sufficient production of trypsin (at optimal food supply), high growth rates; Phase IV: beginning of
metamorphosis, during which tryptic activity is being partly replaced by the activity of pepsin in the
developing stomach (after Ueberschéar, 2000)

The gastrointestinal hormone cholecystokinin (CCK) has also a long research history. CCK
was discovered by Ivy and Oldberg already in 1928, but further efforts to study this
hormone showed slow progress, mainly due to difficulties in developing purification
techniques and reliable methods for its determination. The problems related to the
development of quantification methods for CCK have been summarised by Jansen and
Lamers (1983), Rehfeld (1984) and Liddle (1998). One of the main contributing factors was
that initially developed radioimmunoassays were performed with antisera directed against
the common COOH-terminal pentapeptide sequence of CCK and the gastrointestinal
hormone gastrin (Barrington and Dockray, 1976; Rehfeld, 1998a), and exerted a high
degree of cross-reactivity. During the 1980s, highly specific CCK antisera were raised, with
negligible cross-reactivity to gastrin (Himeno et al., 1983; Ohgo et al., 1988; Rehfeld,
1998b). Liddle et al. (1984 and 1985) developed also a bioassay based on the ability of
CCK to stimulate amylase release from isolated rat pancreatic acinar cells. Since
methodology problems were overcome, extensive research has been performed, various
molecular forms of CCK have been characterised, and the involvement of CCK in the
control of food processing and satiety in the gut as well as in specific brain regions of
mammals (reviewed e.g. by Silver and Morley, 1991; Reidelberger, 1994) has been
demonstrated by integrated actions on gastric emptying (Debas et al., 1975; Liddle et al.,
1986; French et al., 1993), gallbladder contraction (Byrnes et al., 1981; Liddle et al., 1985)
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and pancreatic enzyme secretion (Soudah et al., 1992). In context with the pancreatic
enzyme secretion a feedback mechanism was proven between CCK and trypsin release
(Owyang et al., 1986).

Finding CCK in specific brain parts controlling the process of food intake, and at high
concentrations in the mucosa, confirmed the regulatory effect of this hormone on digestion
and satiety also in fish (Vigna et al., 1985; Jonsson et al., 1987; Sankaran et al., 1987;
Himick et al., 1993; Himick and Peter, 1994 and 1995; Peyon et al., 1999; Jensen et al.,
2001; Lee et al., 2004). Most of the main actions of CCK have been demonstrated in vitro
or in vivo in adult fish (Fig. 2). Exogenous CCK induced gut smooth muscle activity in cod
(Jonsson et al., 1987); delayed gastric emptying in rainbow trout (Olsson et al., 1999);
activated the gallbladder in coho salmon (Vigna and Grobman, 1977), rainbow trout
(Aldman and Holmgren, 1987; Aldman et al., 1992; Aldman and Holmgren, 1995), bluedill,
killifish and bowfin (Rajjo et al., 1988); and stimulated the secretion of trypsin and
chymotrypsin from the pancreas in Atlantic salmon (Einarsson and Davies, 1996;
Einarsson et al., 1997). Although fishes are an extremely diverse and complex group,
representing more than half of all vertebrates and accordingly, they have a great variation
latitude (NRC, 1987; Hastein et al., 2005), studying CCK in fish is of additional interest,
since it can reveal actions of earlier origin that are not detectable in evolutionary older
mammal species: e.g. duodenal HCI stimulated CCK release in rainbow trout (Aldman et
al., 1992), rabbit and dog (Berry and Flower, 1971; Chen et al., 1985), but not in the prairie
dog (Grace et al., 1987), suggesting that CCK secretion by duodenal acidification is a
response developed early in evolutionary history, which the prairie dog may have
secondarily lost (probably due to feeding habits) (Aldman et al., 1992).

CCK producing cells in the digestive tract have been detected immunohistochemically also
in larval stages of turbot (Reiencke et al., 1997), Japanese flounder and Japanese eel
(Kurokawa et al., 2000 and 2004), Atlantic halibut, bluefin tuna, ayu and Atlantic herring
(Kamisaka et al., 2001, 2002, 2003 and 2005). Plantikow et al. (1993) measured CCK and
tryptic activity in larval rainbow trout and found depots of both even before first feeding.
However, knowledge on the role of CCK in fish larvae is rather in a basic research stage,
and much remains to be discovered with respect to synthesis, release and actions
(Rennestad, 2002; Rgnnestad et al., 2003).

11
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Fig. 2: Schematic presentation of the role of cholecystokinin in the control of digestive function in fish
(after Rgnnestad, 2002)

In relevance to the functional context of CCK and tryptic enzyme secretion, Herzig et al.
(1997) and Radberg et al. (2001) studied the effects of a plant protein called
phytohemagglutinin (PHA): in rats, PHA significantly stimulated growth of the pancreas
and the small intestine, stimulated CCK release in vitro and increased CCK plasma levels
in vivo; in PHA treated piglets, a greater size of the pancreatic acinar cells and higher
plasma levels of CCK were recorded, suggesting a contribution of PHA to the maturation
of the pancreas.

PHA is a lectin extract from the red kidney bean Vaseolus vulgaris. Lectins are sugar-
binding proteins of non-immune origin which agglutinate cells and/or precipitate
glycoconjugates (Goldstein et al., 1980; Dixon, 1981). Lectins have been found not only in
plants but also in fish body fluids (Dash et al., 1993), and play mainly a defensive role
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against fungi, bacteria and predation (Alexander and Ingram, 1992; Arason, 1996; Ahmed,
2001). PHA comprises five isolectins. Each isolectin contains four subunits (building a
tetramer held together by non-covalent forces), which are of two different types: leucocyte
(L) and erythrocyte (E) reactive. L has high affinity to lymphocyte surface receptors and is
responsible for the mitogenic properties of the isolectins. E is responsible for the
erythrocyte agglutinating properties (Felsted et al., 1977; Leavitt et al., 1977; Hamelryck et
al., 1996). PHA is being routinely used in vivo and in vitro to initiate mitosis in cell cultures
(Fan and Fox, 1990; Pendas et al., 1993; Mizuno et al., 1996; Otte et al., 2001). The
protein form of PHA prior to separation and purification of leucoagglutinin and
erythroagglutinin is called PHA-P.

The aims of this work were to study the ontogenetic development of CCK in comparison to
that of tryptic activity — which has been evaluated as a good indicator for even short-term
changes in the nutritional condition of larval fish stages (Ueberschar and Clemmesen,
1992; Ueberschar et al., 1992; Ueberschar, 1993) — in marine fish larvae. Furthermore, it
was aimed to test the effects of externally applied CCK-8s (sulphated CCK-8, CCK
molecule with 8 amino acid residues and a sulphate group in position 7 from the C-
terminus) — which has been identified as the biologically most active endogenous CCK
molecule (Aldman and Holmgren, 1987; Raijjo et al., 1988) — on larval endogenous CCK
and tryptic activity. For this purpose short-term and long-term applications were tested
experimentally: a tube-feeding method was applied on larvae that were micro-injected in
vivo with test solutions directly in the gut and sampled at different incubation periods after
treatment, while immersion treatment was performed in bathing solutions of different
concentrations repeatedly over a longer period. Since hormonal treatment doesn’t find a
wide acceptance by the consumers of farmed fish, additional to the external administration
of the quite expensive pure physiological hormone, the plant protein phytohemagglutinin
(PHA) was tested as a stimulant for CCK and consequent trypsin release.

Halibut, herring and cod were chosen for this study mainly because of their morphological
differences (larval size and gut shape) at the onset of exogenous feeding. Much of the
development which takes place during the embryonic phase in herring and cod, occurs
during the yolk-sac phase in halibut (Karlsen et al., 1998). While mouth opening in herring
and cod is being observed within a few days after hatching, halibut larvae show a slow
development in the mouth formation (Sale et al., 2004), which seems to be capable of
opening and closing by the third week after hatching (Pittman et al., 1990a). Herring larvae
are a good model species for the type of nutritional experiments performed here, due to
their simple and strait gut tube, composed of a narrow foregut which is separated by the
foregut sphincter from the midgut, followed by the rectal sphincter and the hindgut (Tytler
and Blaxter, 1988; Koven et al., 2002; Kamisaka et al., 2005). The gut of cod larvae is
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much shorter and consists of the foregut and the hindgut, which form two ellipsoidal
sections separated by a sphincter (Tytler and Blaxter, 1988). The larvae of halibut
represent the biggest individuals at hatching, and by the time of first feeding they possess
a rotating gut, differentiated in foregut, midgut and hindgut, which are distinguished from
each other by sphincter muscles (Pittman et al., 1990a; Luizi et al., 1999; Kamisaka et al.,
2001). In culture, all three species depend on live food until metamorphosis and thus,
details on their digestive physiological demands are needed for the development of
successful formulated micro-diets.

Halibut and cod have been identified to have considerable potential for intensive farming
(Olsen, 1997). Reduction of the wild halibut (Stickney, 2000) and over-exploitation of the
wild cod fishery (Walden, 2000) have served to strengthen their market value and thus
interest in aquaculture of these species. Now, halibut is being produced commercially in
Norway, Canada, Iceland and Scotland; although intensive farming is possible, the
production of juveniles is still the bottleneck, and many of the remaining problems are due
to an incomplete understanding of the biology of the fish (Pittman, 2000; Shields, 2001).
Cod breeding programs were established recently e.g. in Norway (Gildberg, 2004) and
commercial production has been enabled, but cod farming is still in its infancy, mainly
because of problems in the production of sufficient numbers of juveniles (Kjarsvik, 2000;
Brown et al., 2003). The overall survival of halibut after metamorphosis and weaning is
given in the range of 0-10% (Olsen, 1997), and of cod (weaning starts not before 35 dah)
in the range of 5-25% (Walden, 2000). Thus, research is still essential to improve start-
feeding and weaning protocols.

14
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2 Materials and Methods

All animal procedures and handling were in compliance with the Guide for the Care and
Use of Laboratory Animals (NRC, 1996).

2.1 Origin and rearing of larval batches

2.1.1 Atlantic halibut (Hippoglossus hippoglossus)

On the 12" of June, about 1330 halibut larvae (250.2 day degrees after hatching, °dah, at
6.5°C; 38 days after hatching, dah) from a captive brood-stock of Atlantic halibut
(Hippoglossus hippoglossus), were transferred from a commercial farm near Bergen to the
culture facilities of the High Technology Centre in Bergen, Norway.

According to information from the personnel of the farm, these larvae were from one
female and one male, and hatched on the 5™ of May (day 0) with a hatching rate of 75%.
Transportation of the larvae occurred in plastic bags filled with seawater and air (1:1), on
ice. After arrival at the culture facilities in Bergen, the larvae were left in the bags in a
temperature controlled room to acclimate to ~10°C, and were then counted before their
release in a cubic, green coloured tank with stagnant seawater. 26% of the larvae died
during the transport.

A closer inspection of the remaining individuals revealed that more than 50% of the larvae
had still yolk-sac, and that all yolk-sac larvae had macroscopically visible fixed open jaws,
a characteristic of the “gaper” disease, which results into serious larval loses in commercial
farming. The mouths of individuals with this jaw deformity can not be closed voluntarily or
by manipulation with a forceps, and the larvae are unable to feed actively (Pittman et al.,
1990a); consequently, they die in about one week after total absorption of their yolk
reserve. Since they mostly stay passive on the water surface and don’t swim actively for
food, yolk-sac absorption lasts longer than in healthy individuals (Prof. K.A. Pittman,
personal communication). Considering also the fact that in commercial farms temperature
is often measured only at single points that are not necessarily representative for the entire
cylindroconical incubation silo, it can be concluded that the rest of healthy larvae without
yolk-sac could have been about 50°d older and passed the point of no return, since they
were not yet first fed. Thus, it was decided to use only the “gaper” larvae in a short
experiment (until 48 dah), since they still had yolk-sac, which should provide a basic
nutritional supply (according to Terjesen et al. (2000) at 6°C yolk absorption in normal
individuals is complete at around 46 dah).

15
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The halibut larvae were reared in an initial water volume of 450 | (~2 larvae/l), which was
reduced to 300 | during the last 5 days of the experiment, since the number of larvae was
also reduced due to mortalities and sampling. Water temperature was maintained at 9.8 +
0.2°C (n = 7). Salinity ranged from 34.1 to 34.2 and O, was 96.8 + 1.4% (n = 7). Water
exchange occurred daily via siphoning and refilling (about 1/3 of the water volume was
exchanged daily). An overflow pipe fixed in a bottom hole in the middle of the tank was
covered with gauze (500 um), to prevent loss of larvae. Aeration was placed in the middle
of the tank, to create an upward flow departing at the surface (Harboe et al., 1998).

First feeding took place on the same day the larvae were transferred to the rearing tank
(38 dah). Feeding was accomplished once daily, between 13:30 and 15:30 h. For this
purpose, wild zooplankton consisting mainly of nauplii of different species (not further
identified), copepods and rotifers, was caught every second day and kept at 10°C.
Additionally, the water in the rearing tank was “greened” with algae of the species
Isochrysis sp. and Rhodomonas sp., cultured at 25°C. The density and composition of the
feeding organisms was checked every day in both the zooplankton and the larval rearing
tank, and was maintained in the halibut tank at about 2000 individuals/l. The two algal
species were added at a ratio of 1:1.

2.1.2 Atlantic herring (Clupea harengus)

Ripe Atlantic herring, Clupea harengus (Norwegian spring spawning herring) were caught
near Bgmla (a small island south of Bergen, Norway) and transported within 3-5 hours on
ice to the University of Bergen (Department of Biology). The brood fish was sorted
according to sex, and females were stripped in individual containers. Table 2 shows the
length and weight of the females used in the fertilisation trials. The eggs of each female
were allowed to adhere to transparent acetate plates and were then artificially fertilised
with the milt of 2-3 males at 15:00 h on the 27" of March (wet fertilisation, as described by
Hoie et al., 1999). Finally, the fertilised eggs were washed with pre-filtered (0.2 pm)
seawater of 34.5 salinity and a temperature of 7°C. The total fertilisation rate was more
than 90%.

Table 2: Standard length and wet weight of adult female Atlantic herring (Clupea harengus), used for egg
stripping at the end of March

Female Standard length [cm] Wet weight [g]
1 34 368
2 37 470
3 31 261
4 29 246

16



Materials and Methods

The acetate plates carrying the adhering eggs were incubated vertically in static 5 | glass
beakers (2 plates per beaker) in pre-filtered (0.2 ym) seawater of 34.5 salinity. The
beakers were placed within a water bath in a temperature controlled culture room with a
regulated photoperiod of 12 hours light - 12 hours dark. The room temperature was
adjusted at 6°C; the temperature in the water bath was controlled through a thermostat
(type: 02 PT 623, 3 x 400 Watt; HETO, BIRKER@D, Denmark). A pump attached to the water
bath system ensured an evenly circulation of the temperature-adjusted water among the
beakers. Aeration was supplied to each beaker by two airstones. Water exchange was
performed once a day by transferring the acetate plates into clean beakers with
temperature-adjusted seawater.

On April 15" some of the plates were transferred to the culture facilities of the High
Technology Centre in Bergen, Norway. The plates were hung in two round black tanks with
a water temperature of 5.8-5.9°C. Hatching occurred on the 17" of April (day 0). The
number of larvae in each tank was estimated at 2000 individuals and the water volume
ranged between 390 and 500 I. Within the next two days water temperature was raised
and maintained at 10.15 £ 0.2°C (n = 58), for the duration of the presented experiments
(Fig. 3). Salinity ranged between 34.1-34.3 and oxygen was 87.2 + 4.8 % (8.2 £ 0.8 mg/l, n
= 10), measured after the daily feeding time by a WTW TetraCon® 325 (WTW LF 330,
Weilheim, Germany) and a WTW CellOx 325 (WTW Oxi 330, Weilheim, Germany) probe,
respectively. The culture facilities of the High Technology Centre have their water intake at
90-100 m depth off the Bergen coast, providing seawater of constant quality. The larvae
were reared in stagnant water, which was exchanged daily via siphoning. An overflow pipe
was fixed through a bottom hole in the middle of each tank, adjusted in its length to the
desired surface level, and covered with gauze on top to prevent loss of larvae. A semi-
closed cover was placed on each tank as shown in Fig. 4, in order to minimise light
reflections from the white walls on the water surface.

10.6
10.4
10.2
10.0

9.8 4
9.6

Temperature [°C]

T T T
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Age (dah)

Fig. 3: Water temperature in the two rearing tanks of herring larvae from April 19" (2 dah) to May 17" (30
dah). Data points represent means + S.D. of two measurements, one in each rearing tank
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Between the 20" and 21%' of April (3-4 dah) the mouth opening was observed.
Consequently, first feeding occurred on the 20"™ of April (3 dah). Feeding was
accomplished once daily, between 13:30 and 15:30 h. For this purpose, wild zooplankton
(80-450 um fraction) consisting mainly of nauplii of different species, copepods and
rotifers, was caught every second day and kept at 10°C, in densities between 20 and 60
individuals/Il. Additionally, the water in the rearing tanks was “greened” with algae of the
species Isochrysis sp. and Rhodomonas sp., cultured at 25°C. The density of the feeding
organisms in the herring tanks was maintained at about 2000 individuals/l. The two algal
species were added at a ratio of 1:1.

The experiment was terminated at 30 dah.

Fig. 4: Schematic drawing of the semi-closed cover placed on top of each rearing tank for herring larvae,
in order to prevent light reflections from the white walls of the culture room on the water surface

2.1.3 Baltic cod (Gadus morhua)

Ripe Baltic cod (Gadus morhua) were caught on July 31% by trawling in the Bornholm
Basin, central Baltic Sea, during a research trip with the R/V ,Alkor* (Al 207/208). The eggs
of one female were dry fertilised using the milt of five males. Table 3 shows the length and
weight data of the adults used. The fertilised eggs were distributed to 500 ml plastic
beakers containing 300 ml of pre-filtered (0.2 um) seawater (17 beakers in total, mean
number of eggs per beaker + S.D.: 393 + 180, density: 1-3 eggs per ml). Salinity was
maintained at 14.5 and temperature at 7°C. Water exchange (at least 'z of the water
volume) and removal of dead eggs occurred daily via siphoning. Until 8 days after
fertilisation egg mortality was 43.8%.
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Table 3: Length, wet weight of body and gonad, as well as maturity stage of adult Baltic cod (Gadus
morhua), used for dry fertilisation at the end of July

Sex Total length [cm] Total wet weight [g] Gonad wet weight [g] Maturity stage
Female 49 1700 315 6

Male 39 493 32 6

Male 70 2460 287 6

Male 43 770 45 7

Male 44 910 80 6

Male 42 710 52 6

On the 8" of August the eggs were transferred to a temperature controlled culture room of
the IFM-GEOMAR in Kiel (Department of Fishery Biology), Germany. On the 16" of
August a hatching rate of 56.5% was recorded (day 0). About 6600 newly hatched larvae
were transferred to two cubic plastic aquaria (8.25 | water volume, ~405 larvaell), filled with
seawater that had been pretreated with ozone (10 mg/h) and filtered through activated
carbon. Aeration was supplied by airstones and water exchange via flow through system
(40 ml/min). Light intensity was 200 lux, measured at the water surface. Table 4 shows the
main water quality parameters in the rearing aquaria during the experimental period.

Table 4: Oxygen, temperature and salinity in the main rearing aquaria for cod larvae during the
experimental period (16™-30" of August, 0-14 dah), given as means + S.D. (n = 4 for oxygen and n = 7
for temperature and salinity measurements)

Aquarium 0O, [%] O,[mg/l] Temperature [°C] Salinity
1 98.8+8.7 11.1+£0.85 6.2+0.8 14.4+0.3
2 99.4+100 11.1+1.1 6.3+0.8 14.4 + 0.3

Food was first offered on the 19" of August (3 dah) but was observed in the larval guts not
before 5 dah. The administered feeding organisms were Brachionus sp. (culture density:
30-90 individuals/l, temperature: 29.2 + 0.4°C and salinity: 15.9 £ 0.3, n = 5) fed with
Nanochloropsis sp. (culture temperature: 30°C, salinity: 30), and were obtained from the
Aquarium of the IFM-GEOMAR. 5-6 hours prior to feeding the zooplankton was enriched
with essential highly unsaturated fatty acids (HUFA) by using SUPER SELCO® (INVE)
(Table 5). The emulsion was prepared according to the instructions of the supplier (0.1 g/l
for a rotifer density of 500 individuals/ml) and added to the well aerated rotifers in two
portions. From day 13 after hatching onward, wild zooplankton caught in the Kiel fjord
(fraction 150-300 pym) was additionally offered. The wild zooplankton consisted mainly of
rotifers (Synchaeta sp.) and cladocerans (Podon sp.). The feeding organisms were offered
once daily between 14:00 and 14:30 h, at a density of 2000 individuals/I until 4 dah and
4000 individuals/l from 5 dah to the end of the experiment.
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Due to mass larval mortalities the experiment was terminated at 15 dah.

Table 5: Composition of the emulsion SUPER SELCO® used for nutritional enrichment of rotifers offered
to cod larvae, as given by the supplier

SUPER SELCO® (INVE)
Moisture (%) 30
Lipids (%) 65
Crude ash (%) 3
DHA/EPA ratio 1
Sum w3 HUFA (mg/g dry weight) 400
Vitamin A (IU/kg dry weight) 1 500 000
Vitamin D3 (IU/kg dry weight) 150 000
Vitamin E (mg/kg dry weight) 3600
Vitamin C (mg/kg dry weight) 800

2.2 Micro-tube feeding method (short-term treatment)

The in vivo micro-tube feeding method used in this study was first described by Rust et al.
(1993) and modified by Rgnnestad et al. (2000a and b, 2001).

The equipment set-up for larval tube feeding via micro-injection is shown in Fig. 5. It
consisted mainly of a microscope (WILD M3), under which the larva was positioned, and
the micro-injector (Nanoliter 2000, WORLD PRECISION INSTRUMENTS) with the injection
capillary (Fig. 6), which - filled with the test solution - was introduced into the larval gut.
The capillary was secured into the micro-injector, washed with distilled water to remove
any dust from the polishing step (described below, § 2.3.1), and then loaded with the test
solution. The loading took longer, the higher the viscosity of the solution, and this was
necessary in order to avoid introduction of air bubbles that can cause inaccurate injection
volumes. After contamination with one test solution the used capillary was disposed. The
applicable volume was adjustable in 4.6 nl intervals, up to a single injection volume of 69
nl. The actual volume used was 9.2 nl throughout the experimental period, but the
concentration of the test solutions was adjusted to the wet body weight of the larvae,
determined one day prior to injection performance. Since the aim of this study was to test
the effects of the solutions only, no stimulation through the applicable volume and thus
through the extension of the gut was desired. Consequently, based on pilot studies, the
volume chosen was the smallest one that caused the slightest visible gut extension, in
order to still enable a control of the micro-injection success. This visual control is only
possible with larvae that have transparent gut areas. An alternative way to control the
tube-feeding procedure, which also enables the monitoring of the gut passage, is to
prepare coloured solutions (Rust et al., 1993).

20



Materials and Methods

Microscope

%

Capillary

Micro-injector

/

Manipulator

Fig. 5: Schematic drawing of the equipment set-up for tube-feeding of fish larvae via micro-injection (after
Rgnnestad, 2002)

Plastic sleeve (spacer)
placed between O-rings ) )
with indentation toward capillary Q-Ring with large hole

Plunger Collet
~2
Aluminium barrel / — \ 3
Sealing O-ring with small hole Capillary

Fig. 6: Detailed configuration of the micro-injector components used for in vivo application of test
solutions directly in the larval gut

Tube-feeding was performed on groups of randomly selected larvae, caught by a dip net
from the rearing tanks early in the morning and kept in a 5 | bucket in the micro-injection
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room, which was temperature controlled and adjusted equal to the rearing temperature
(10°C) of the larvae treated. Larvae were removed individually from the bucket by a pipette
with wide opening and anaesthetised in a Petri dish with 30 pug/ml MS-222 (Tricaine
methanesulfonate, SIGMA-ALDRICH). Each larva was then gently placed in a droplet of
seawater on the reverse side of a Petri dish under the microscope. Once the test solution
was loaded and the larva positioned, the capillary was easily moved anterior of the larval
mouth by the respective manipulator knobs of the micro-injector. The tip of the capillary
was inserted through the mouth, past the oesophagus and into the foregut lumen. After
application of 9.2 nl of the test solution with a single injection and a speed of 23 nl/sec, the
capillary tip was slowly withdrawn. Fig. 7 documents the injection process on a halibut
larva, but with a higher volume, in order to demonstrate the gut extension due to the micro-
injected droplet.

Fig. 7: Micro-tube feeding of a halibut larva. For demonstration purpose the micro-injection volume used
here was higher than the actual one applied in the experiments (> 9.2 nl); (photos provided by Prof. I.
Rennestad, University of Bergen, Norway)

For each treatment and incubation period (specified below, § 2.3.2) at least 6 larvae were
micro-injected. After injection, each larva was rinsed with clean seawater and transferred
to an incubation well within a 6-well multidish (Cat. No. 150229, NUNC™ Brand Products,
NALGE NUNC INTERNATIONAL), containing 5-6 ml of temperature-adjusted seawater.
Opercular movements during rinsing effectively removed any contamination in the mouth
and the branchial chambers (Rennestad et al., 2000a). The larvae remained in the
incubation well until sampling (Fig. 8). Each larva was then gently lifted by the tail with a
forceps, rapidly transferred to an Eppendorf tube with one droplet of seawater and flash
frozen at -80°C, in order to interrupt any enzymatic activity. The frozen samples were
transported on dry ice to the IFM-GEOMAR in Kiel, Germany and stored at -70°C until
performance of biochemical analysis.
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1. Physiological saline

9.2 nl

1| 2. CCK-8s I

3. PHA

Incubation Incubation wells

e
=

Sampling after: 2,4, 6 and 8 h

+ 5 ml
seawater

Fig. 8: Micro-injection groups and sampling times: each of the three test solutions was micro-injected to
24 larvae, 6 for each of the four incubation periods. Each test and sampling group was incubated in a
separate 6-well multidish

2.2.1 Processing of the micro-injection capillaries

For the relatively big larvae of halibut, polycarbonate capillaries (T5026, SIGMA-ALDRICH)
with an outer diameter of 0.19 mm were used (Fig. 9a). For larvae with a small mouth
opening like herring and cod, the right tip size of the capillaries (outer diameter: 0.12-0.15
mm) (Fig. 9b) had to be formed by hand. For this purpose, the middle of a 67 mm glass
capillary (Cat. No. 113.95-50, DRUMMOND SCIENTIFIC COMPANY) was constantly rotated
with both hands over a Bunsen burner and pulled apart immediately when softened
enough, in a way that allowed forming a 4-5 cm long tip (Fig. 10a). A small end of the new
tip was broken and disposed, in order to ensure an unblocked opening. Finally, each hand-
formed capillary tip had to be polished carefully to a conical shape, in order to round off the
glass edges (Fig. 10b), which otherwise could damage the larval gut epithelium. A fine
grade file leaf (grade 30 um) attached to a drilling machine was the ideal solution for this
step. The capillary tip was held quite upright over the rotating file leaf for about 5-10
minutes and checked under a microscope for remaining sharp edges.
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Fig. 9: Tips of the capillaries used for the micro-injections: a) plastic capillary tip with 0.19 mm diameter
used for halibut larvae and b) hand polished glass capillary tip with 0.12-0.15 mm diameter used for
herring and cod larvae (photos provided by Prof. I. Rennestad, University of Bergen, Norway)

Fig. 10: Forming a glass capillary by hand: a) tapering to a tip with defined diameter after heating and b)
unpolished tip

2.2.2 Tube feeding treatments and sampling groups (halibut and herring)

Micro-tube feeding was performed on halibut larvae at 40, 44 and 48 dah and on herring
larvae at 5, 6, 11, 16, 20, 25 and 29 dah. Initial tube feeding tests with Atlantic cod larvae
(10-12 dah reared at 10°C and 23 dah reared at 6°C) had to be abandoned because of
very high post-treatment mortalities (50.8 and 76.4% respectively).

The micro-tube feeding series consisted of four groups of at least six larvae that were
incubated for 2, 4, 6 and 8 h after being tube-fed a single injection (9.2 nl) of CCK-8s
(cholecystokinin octapeptide sulphated, H-2080, MW = 1143.3, BACHEM), PHA-p
(phytohemagglutinin, L-8754, SIGMA-ALDRICH) or physiological saline as a control.
Physiological saline containing 0.9% NaCl (106404, M = 58.44, MERCK) and 1mM
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CaCly,*2H,0 (SEC31307, M = 147.02, RIEDEL-DE HAEN) was also the carrier solution in
which CCK-8s and PHA-p were dissolved. The incubation periods chosen were based on
literature data (Rennestad et al., 2000b and 2001; Koven et al., 2002), indicating that
protein absorption from the gut to the body lumen takes up to 9 h (gut-clearance time).
Only the 48 dah old halibut larvae were sampled at 0.5 and 1 hour after treatment.

Untreated larvae were sampled as an additional control at the same times as treated
individuals, and also at non-treatment days once between 12:00 and 13:30 h.

The following starvation experiments were only performed with herring larvae kept in 5 |
aerated buckets:

- Untreated larvae were deprived of food at 7, 15 and 24 dah for sampling over the
following four days between 12:00 and 13:30 h.

- At the age of 8, 13 and 20 dah herring larvae were micro-injected with the three
test solutions and kept under starvation conditions for sampling over the following 4
days in 24 h intervals.

- In order to test the mortalities due to handling after repeated micro-injections larvae
aged 15 dah, which had been first injected and deprived of food two days before,
were treated with a second injecti