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SUMMARY

The effects of live foods and microencapsulated diets on growth, survival, body
composition and digestive physiology of fish (mirror carp, Cyprinus carpio) and
penaeid shrimp (Penacus japonicus) larvae were examined.

Raising the lipid content of a microencapsulated enrichment diet from 18.3% to
33.6% improved accumulation of highly unsaturated fatty acids (HUFA) and total

lipid in rotifers. Lipids in rotifers were assimilated by carp larvae, as demonstrated
by improved growth and accumulation of HUFA in larvae reared on rotifers pre-fed

the "high-lipid” diet. Poor diet digestibility coupled with low ingestion rates and low
digestive enzyme activity in larvae were identified as contributing to the failure of a

microencapsulated diet to support good growth and survival when fed directly to
first-feeding carp. Preliminary testing indicates that digestibility of microencapsulated
diets for fish larvae can be improved by inclusion of pancreatin.

Experiments with Penacus japonicus indicate that dietary requirements for
protein, energy and HUFA by penaeid larvae are lower than previously thought.

Foods of low protein content (Chaetoceros gracilis) or low digestibility
(microencapsulated diet) elicited high trypsin activity in mysis larvae, compared to
those fed Artemia. Larvae receiving both C, gracilis and Artemia exhibited an

Intermediate level of trypsin activity - which may explain the superior growth and
protein retention in postlarvae reared on the mixed regime. A microencapsulated diet

did not support growth and carbon and nitrogen retention equivalent to that in larvae

fed live food, despite the strong trypsin response in mysis larvae. When used together

with a low density of C, gracilis the microencapsulated diet produced postlarvae of
the same size and tissue composition as those reared using live food. It is suggested

that the algal co-feed may enhance growth through stimulation of trypsin secretion,

supply of extra digestible nutrients or provision of unidentified specific growth
enhancing factor(s).
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GENERAL INTRODUCTION
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The development of commercial culture of crustaceans, fish and bivalves has been
largely dependant on the rearing of larvae using live natural feeds. Commercial
hatchery rearing of penaeid larvae has followed pioneering methods (€.g. Hudinaga
1942) which require phytoplankton to feed early larval stages with the addition of
zooplankton, usually Artemia nauplii, for the later larval stages (Liao 1992, Shigueno
1992, Smith et al. 1992). Rearing of larvae of most marine fish species 1s dependant
on supplying a diet of rotifers for small-mouthed early larvae followed by Artemia
nauplii for later stages (Watanabe et al. 1983a). Rotifers, in turn, need to be cultured
using phytoplankton (Ito 1960) or bakers’ yeast (Hirata and Mori, 1967). Hatchery

rearing of bivalve larvae and spat is dependant on a supply of algal feeds of small cell
size (Webb and Chu, 1983).

Both algal and rotifer culture are susceptible to collapse, necessitating labour-
intensive management and overproduction to ensure adequate supplies. While this is
less of a problem in the case of Artemia nauplii, which are available as dry cysts and
can be readily hatched, there can also be great variation in the nutritional quality of
all live feeds, particularly in their fatty acid content (Sick, 1976, Watanabe ¢t al.
1978, 1980, 1983a,b, Léger et al. 1986). The nutritional quality of rotifers for fish
larval culture is dependant on the quality of the alga on which they are reared (Scott
and Baynes, 1978, Scott and Middleton 1979), and if cultured with yeast will not be
nutritionally suitable for marine larvae without pre-feeding with a source of long-
chain polyunsaturated fatty acids (PUFA) (Watanabe ¢t al. 1933a).

Thus the main incentive in the development of artificial diets for the culture of

larval stages of aquatic species is the potential for reduction of costs and
improvement of reliability in the hatchery production phase of commercial

aquaculture. A second area of interest exists in the possible applications of defined
diets in the investigation of nutrition and feeding ecology of zooplankton in the

natural environment (Jones ¢t al. 1972). The real cost of algal production to support
commercial hatcheries s difficult to estimate, as culture conditions vary from country

to country. Lee and Wickins (1992) estimate that live feed production represents
40% of post-larval seed production cost and 25% of capital investment in penaeid
hatcheries. Langdon ¢t al. (1985) give values of U.S.$18-200 kg"l (dry weight) for
live algal production but, if failure occurs at a critical stage, costs in lost production
can be much higher. For prawn hatcheries which employ both algal and Artemia
culture, considerable savings are already possible by partially replacing these with
artificial feeds. If, as seems likely (Ottogalli 1991, 1993), total replacement of algae
and Artemia becomes routine for penaeid larval culture, rearing costs will be greatly
reduced. Although partial replacement of live feeds is possible for early larvae of
many fish species, total replacement from first feeding remains a long-term objective.



However it has been demonstrated for Dicentrarchus Jabrax that savings of up to
80% in Artemia usage, and consequent substantial reduction in juvenile production

cost, may be achieved through use of suitable diets for early weaning at 15-20 days
post-hatch, as opposed to current practice of weaning after 40-45 days (Person Le
Ruyet ¢t al. 1993). Similarly, Ehrlich et al. (1989) estimate that early weaning of

Micropterus dolomieui larvae from Artemia to formulated diets could reduce juvenile
production costs by 45%.

Design of artificial larval feeds

The processes used to produce artificial larval diets were reviewed by Langdon et al.
(1985) and at that time included microbound particles, encapsulation using
coacervation and interfacial polymerisation, and lipid wall capsules. More recently
spray-drying and freeze-drying techniques have been developed. Whichever process
is used, the diets produced must meet the criteria : Acceptability; particles must be of
the correct size for ingestion, available in the water at a similar density to live feed
and ingested at a similar rate. Stability; formulated diets must remain stable with
minimal leach loss and breakdown until ingested. Digestibility; diets must be as
digestible as live prey and readily assimilated. Nutritional content; similar to that of
natural prey organisms. Storage; suitable for long term (12 month) storage.

In making microbound particles, gels such as carboxymethyl cellulose,
Caragecnan, agar, calcium alginate or gelatin are used to bind dietary components

(Teshima ¢t al. 1982, Kanazawa ¢t al. 1982a, Levine et al. 1983, Langdon et al.
1985). The diet can be oven- or freeze-dried and crumbled to the required size range.

This type of diet is relatively simple and inexpensive to produce, but can exhibit poor

stability in water causing bacterial growth and poor water quallty (Adron ¢t al. 1974,
Jones ¢t al. 1979a, Goldblatt et al. 1980.)

Coacervation uses reactions at either a solid:aqueous or aqueous:lipid interface
to form a microcapsule wall. The method of Green and Schleicher (1957) has been
used to make gelatin-acacia microcapsules (Langdon and Waldock 1981).

Coacervation has also been used to produce microencapsulated diets with ethyl-
cellulose (Langdon and Waldock 1981) and zein-alcohol combinations. However, the

use of an aqueous phase can result in loss of water-miscible components, and the
process is most effective in encapsulation of lipid-based diets (Langdon 1980,
Landgon and Waldock, 1981, Chu et al. 1982).

Lipid walled microcapsules are formed by emulsion of an aqueous phase within
a lipid phase, followed by secondary emulsion within a futher aqueous phase to form
lipid particles containing the original aqueous emulsion (Langon 1983, Langdon and
Siegfried 1984). Such diets offer the advantage of high retention of water soluble



components, such as vitamins, but have not been developed for large-scale use. |
Microencapsulation by interfacial polymerisation ' of dietary protein was
developed from a method described by Chang et al. (1966) in which protein and 6,10,
nylon were cross-linked to form the capsule wall. Modification of this method can
produce nylon-protein walled capsules suitable for rearing filter-feeding stages of
marine crustacea (Jones ¢t al. 1974, Jones ¢t al. 1976). Coagulation of the inner liquid
phase by heat treatment produces semi-solid microcapsules which are suitable for
ingestion by raptorially feeding decapod larvae (Moller et al., 1979). However,
nylon-protein capsules are thin-walled and do not withstand drying (Jones ¢t al. 1987)
making them unsuitable for large-scale application. Development of a method of
cross-linking dietary protein, without use of nylon, to produce protein-walled
capsules capable of withstanding drying led to the first successful commercial-scale
hatchery use of microencapsulated diets in rearing penaeid larvae (Jones ¢t al. 1987,
British patents; 79437454, 2103568). In recent years, this method of production of

penaeid larval diets has been superceded by the use of spray-drying to produce
encapsulated feeds.

Use of artificial diets in penaeid larval culture

The development of artificial feeds for penaeid larvae (Table 1) has led to the
availability and extensive use of a range of products in commercial hatcheries. Both
microparticulate and microencapsulated diets are used throughout Asia and in Ecuador
(Forbes 1992, Hirono and Leslie 1992, Liao et al. 1992, Shigueno 1992). Generally,
artifictal diets are used as a partial replacement for live feeds, though total
replacement using encapsulated feeds has been demonstrated both at the laboratory
and hatchery level (Jones, et al., 1987) and is now routinely practised in some

commercial hatchery systems (Ottagalli 1991, 1993). Several authors have
demonstrated successful partial replacement of live feeds with microparticulate feeds
(Table 1), and Japanese and Taiwanese penaeid larval culture systems rely on a wide
range of different compounded diets.  However, it has been demonstrated (Liao
1988, Amjad et al. 1992) that the lack of water stability in most microparticulate
diets leads to rapid leaching, bacterial build-up and water pollution.

Experience with several species wusing both microparticulate and
microencapsulated diets has shown that while survival equivalent to live feeds may be

achieved, growth is usually slower when using artificial diets (Kanazawa et al. 1982,

Jones ¢t al. 1987, Galgani and Aquacop 1988, Kurmaly et al. 1989a). Growth
equivalent to that of larvae reared on live feeds can be achieved using either a low

density algal supplement with micro-encapsulated artificial diets (Amjad ¢t al. 1992,
Kamarudin 1992) or the complete replacement of algae through the protozoeal stages



followed by an addition of Artemia nauplii during the mysis period (Ottagalli, 1993).
Amjad et al. (1992) found that the addition of only 10 algal cells. pl"l to the culture
water containing microcapsules during protozoeal stages was sufficient to produce
growth similar to live fed controls. Algal homogenates and extracts taken from
frozen algae added at an equivalent concentration (10 cells pl"l) also produced this
erowth improvement.

Kurmaly et al. (1989b) report similar assimilation efficiencies by P.monodon
larvae fed on live algal feeds or encapsulated diets. The suggestion that the large
anterior midgut diverticulae found in P.monodon protozoea are an adaptation to
produce sufficient enzymes for the digestion of phytoplankton (Jones and Kurmaly,
1987) has now been confirmed for this species (Abubakr and Jones, 1992), and
P, setiferus (Lovett and Felder 1989, 1990a,b), and may explain the ability of - penaeid
larvae to effective assimilate of artificial diets (Kurmaly et al. 1989b).

Use of artificial diets in culture of other crustacean larvae

In contrast to experience with penaeids, there is as yet no successful replacement for
live feeds in caridean prawn or homarid lobster larval culture (Table 1).
Macrobrachium rosenbergii hatchery culture still relies primarily upon Artemia
nauplii. Partial replacement of live feeds with modifications of the egg custard diet
developed by Ling (1969) is now routine, but first feeding larvae must be fed Artemia

nauplii. Deru (1990) demonstrated that it is possible to totally replace Artemia
with an encapsulated diet, but only from larval stage VI onwards.

Larval stages of Macrobrachium and Homarus display encounter feeding and
may accept inert particles, although ingestion usually only occurs if particles are

nutritious.  However, Kurmaly et al. (1990) have shown that lobster larvae use
dietary conditioning behaviour to reject artificial diets unless attractants are regularly

alternated. In their study, a wide range of microparticulate and encapsulated diets

have been used in an attempt to replace live or natural (frozen mysids) diets for
lobster (Homarus gammarus) larvae. Despite the range of dietary materials presented,

larvae did not moult beyond stage III on artificial diets. High assimilation efficiencies
for Homarus larvae were observed only when they were fed live diets, and Kurmaly

et al. (1990) concluded that low enzyme secretion levels together with a long gut
retention time precludes total replacement of live diets at present.

Use of artifical diets in culture of fish larvae

As can be seen in Table 2, few fish species have been successfully reared from first
feeding exclusively on artificial diets, and in most cases success at the experimental

level has yet to be reproduced on a commercial scale. While Table 2 shows that most
fish larvae accept inert particles, there is considerable literature on their feeding



behaviour which suggests that at least some species (e.g. Clupea harengus) display
visual prey selection triggered by prey movement (Rosenthal and Hempel, 1970;
Fox, 1990). In addition, taste and texture of particles once taken into the mouth may
elicit rejection (Jones ¢t al., 1984).

As larval fish are carnivorous at first feeding, it might be expected that they will
display difficulties in digesting artificial feeds similar to those seen in carnivorous
crustacean larvae. The degree of success with which diets may be used appears to
depend, to a large extent, on the mode of development of gut function for each
species.

In genéral, freshwater larvae are fairly advanced at hatching and can adapt to
dry feeds relatively easily. This is true particularly for the salmonids (12-25mm at
hatching) which possess a functional stomach at first feeding and do not require live
prey at this stage. Larvae of fish which remain stomachless throughout life, such as
cyprinids, are reported to show a rapid development of trypsin-like protease activity
during early life (Kawai and Ikeda 1973), and can adapt relatively easily to artificial
diets (Table 2). Amongst the freshwater fish, the most promising results have been
achieved with coregonid larvae which in many experimental studies have been reared
exclusively on dry diets (reviewed by Champigneuille 1988). It is now possible to
mass rear Coregonus Javaretus larvae from first feeding on a yeast based dry diet,
with good growth and survival (Champigneuille 1988). Other freshwater species
which have been reared on artificial diet include Cyprinus carpio (Charlon and

Bergot 1884; Charlon ¢t al. 1986) Plecoglossus altivelus (Kanazawa et al. 1985) and
Micropterus dolomieui (Ehrlich et al. 1989).

Most marine larvae hatch with small yolk reserves and feed at an early stage (2-

3mm length), when they have no functional stomach and possibly poor development

of pancreatic enzyme secretion (Beccaria et al. 1991, Bouthic and Gabaudan 1992).
Success with total replacement of conventional live feeds for such larvae has been

extremely limited due to their inability to digest artificial feeds (Kanazawa et al. ,
1982b, Appelbaum, 1985, Walford et al. 1991). The suggestion that the enzymes of
prey contribute a large proportion of the proteolytic activity measured in fish larvae
(Dabrowski and Glogowski, 1977a) has been supported by Lauf and Hofer (1984)
who found lower enzyme levels in larvae fed zooplankton processed to denature
contained enzymes. Further support is supplied by Munilla-Moran et al. (1990) who
estimate that prey zooplankton make a very significant contribution to the digestive
activity in first feeding turbot larvae. - These authors also demonstrate that pre-
feeding prey organisms (Artemia and copepods) elevates enzyme activity levels within

the prey, thus enhancing the exogenous contribution made by the prey to fish larval
digestion,




In contrast, Hjelmeland et al. (1988) afgue that an exogenous prey enzyme
requirement for larval fish is not proven, and cite as evidence experiments in which
herring larvae secreted trypsin in response to feeding with inert polystyrene beads
(Hjelmeland, 1988). These authors and others (Pedersen et al. 1987, Munilla-
Moran and Stark 1989, Rosch and Segner, 1990, Day et al. 1993) provide evidence
for de novo enzyme production by fish larvae in response to both live and artificial
diets.

Several attempts have been made to supply enzymes in artificial diets to fish

larvae In an attempt to improve digestion (Dabrowski and Glogowski 1977b,
Dabrowska et al. 1979, Kolkovski et al. 1993). The former authors, working with
carp larvae, demonstrated elevated levels of gut enzyme activity, but saw no
improvement in growth.  The latter authors report at improvement in growth of
Sparus aurata larvae fed microdiets containing pancreatin while Kolkovski et al.
(1993) found that a similar enzyme inclusion improved protein assimilation by early
Sparus aurata larvae. Walford et al. (1991) have suggested that co-feeding live food
with microcapsules, so that prey enzymes may assist in their breakdown, can enhance
digestion of the artificial diet by Lates calcarifer larvae.

Despite the apparent problems, complete weaning onto artificial diets can be

achieved earlier than is currently practised for Dicentrarchus labrax (Person Le Ruyet
¢t al. 1993) and potentially for Solea solea (Appelbaum 1985; Gatesoupe 1983).
Also, some early larvae can be successfully fed artificial diets as a partial replacement
for, or supplement to, live feeds. In some cases, co-feeding live and artificial diets

can produce growth and survival in early larvae superior to that achieved with either
live feeds or artificial diets alone. This has been found for Micropterus dolomieui
(Ehrlich ¢t al. 1989), Chanos chanos (Marte and Duray 1991), Lates calcarifer
(Walford and Lam 1991) and Sciaenops ocellatus (Holt 1991). This form of early
weaning may allow a reduced dependence on live feeds, and up to 90% substitution

with artificial diets has been achieved for Pagrus major and Paralichthys olivaceus
with 10 day old larvae (Kanazawa et al. 1989). Sparus aurata larvae have been reared

successfully from first feeding with 50% live feed substitution (Vergara Martin ¢t al.

1990), and up to 80% substitution with microdiets is possible without impairing
growth (Kolkovski et al. 1993).

Use of artificial diets in culture of bivalve larvae.

Experimental studies on the application of artificial diets to bivalve rearing are listed

in Table 3. Although _ . Crassostrea virginica larvae have been reared
through metamorphosis using microencapsulated diets, survival was poor (Chu et al.

1987) and development of effective commercial encapsulated feeds for bivalve larvae



is likely to be restricted by the technical difficulty and cost of production of the small
size of particle required. Spray-dried algal products present the best alternative for
replacement of live algae in bivalve rearing, although larvae smaller than 150 pm
may be unable to ingest spray dried Tetraselmis (Laing et al. 1990). Freeze dried
algae have been used to rear Mercenaria mercenaria larvae to metamorphosis (Hidu

and Ukeles, 1962), and growth of Tapes philippinarum larvae reared on spray-dried
Tetraselmis can be equivalent to that achieved with live Tetraselmis (Laing and

Verdugo, 1991). However, in the same study, better growth was achieved using a
mixed live algal diet. Growth similar to that on live Tetraselmis has also been
achieved for spat of five oyster and clam species when they were fed this alga in a
spray dried form (Laing and Verdugo 1991). However, growth was less than that

achieved on live Chaetoceros or on live algal mixtures unless a 20% supplement of
live Chaetoceros was supplied.

Spat and juvenile oysters and clams accept a wider range of particle sizes than

do larvae, thus live replacement feeds with artificial diets have proved more
successful. Microbound particles and microcapsules (Langdon and Siegfried, 1984;
Laing, 1987) have been shown to support up to 70% of the growth obtained on live
algal diets, and when used as partial replacements (50:50), may compensate for
nutritional deficiencies present in algal cultures.

Artificial diets have proved effective in the conditioning of broodstock for

spawning. Lane (1989) demonstrated that QOstrea edulis fed a 50:50 (w/w) diet of
Isochrysis together with microcapsules high in HUFA produced significantly more
larvae than algal-fed controls.

Nutritional composition of artificial diets

Only when a water stable formulated artificial diet is accepted, ingested, digested and
assimilated at rates comparable to live feeds will it be possible to investigate specific
nutritional requirements of larvae. Currently most larval diets are formulated from
fish or shellfish meals, cod roe or other natural products and have a broad
composition similar to that of live plankton feeds (Table 4).

Recent reviews of the nutrition of bivalves (Webb and Chu, 1983), crustaceans

(Kanazawa 1984, 1990), and fish (Cowey et al. 1985, Steffens 1989) provide only
limited information on larval nutritional requirements. There is an apparent general

requirement for HUFA in marine larvae, reflecting the high levels of n-3 HUFA
entering the pelagic food web from phytoplankton.

Marine fish have a highly limited ability to elongate and desaturate fatty acids
of the n-3 series to produce 20.5n-3 and 22.6n-3 HUFA (Owen ¢t al. 1975, Cowey

et al. 1976a,b). Studies of live feed organisms have shown that it is largely Cyq n-3



HUFA content which determines their suitability for marine larval fish culture
(Fukosho 1977, Scott and Middleton 1979, Kitajima et al. 1979, Watanabe ¢t al.
1978, 1979, 1982, &19833). Apart from a requirement for n-3 HUFA, particularly
20.5n-3 and 22.6n-3, little else is known of the dietary requirements of marine fish
larvae due to the lack of acceptable and digestible defined feeds. However, a possible
need for free amino acids, which are present in high concentrations in zooplankton
and are readily absorbed by the simple larval gut, has been suggested (Fyhn 1989).

In the case of penaeid larvae, which readily accept and ingest diets, some
conclusions as to the nutritional requirements can be drawn. Table 5 summarises

available literature on nutrient requirements for penaeid larvae obtained by feeding
known levels of nutrients in diets. These values are levels of dietary components
which have allowed successful larval culture and do not necessarily reflect optimal

requirement levels. InclusiogF Jigvgles‘s&f protein in successful larval diets for P.
monodon range from 30%-56%, dzmonstrating some correlation with live diets where

the same species is reared through protozoeal stages on Skeletonema, Tetraselmis and
Rhinomonas which range from 33%-52% protein (Table 1). However, although most
authors suggest a minimal protein requirement for P, japonicus larvae of 45% (Table
5) 1t 1s common practise to use Chaetoceros gracilis, a species of low protein content
as the main algal species for culture of this and other species in many parts of the
world (Forbes 1992, Liao 1992, Smith et al. 1992). To date few published studies

have been made on the relative digestibility of protein sources used in feeds for larval
penaeids, as is becoming routine in the formulation of ongrowing feeds (Akiyama,
1992, Lan and Pan, 1993).

Lipid nutrition of penaeid larvae has received more attention, and a dietary
requirement for 20.5n-3 and 22.6n-3 HUFA has been demonstrated using partially
defined microencapsulated diets (Jones et al. 1979b). Most algal total lipid levels are
in the region of 4%-8% and levels from 4% to 23% have been successful in artificial
diets, suggesting that 5%-6% for protozoeal stages and perhaps 6%-12% for mysis
stages are adequate. Inclusion of HUFA at the 1%-2% level is indicated, and dietary
requirements for cholesterol (0.5%-1%) and phospholipid - (3%) have been
demonstrated (Table 5).

Kanazawa (1990) has demonstrated a protein sparing effect of carbohydrate in
diets for P, japonicus larvae, though there is still speculation as to the availability of
algal carbohydrates for digestion by prawn larvae (Lovett and Felder 1989).
Kanazawa (1986) has listed the essential vitamins for P, japonicus larvae as a result of
feeding trials, and has given recommended inclusion levels for these (Kanazawa

1990). As he points out these can only be regarded as ’safe’ levels rather than

optimal, as leaching and bacterial contamination prevent more precise measurement
to date.



Enrichment of live feeds using artificial diets

Although fish larvae do not generally adapt readily to feeding on artificial diets,
primarily due to acceptability and digestibility problems, artificial diets may be fed
indirectly to larvae reared on live zooplankton. As described earlier, larvae of many
commercially cultured fish species have been found to have dietary requirements for
highly unsaturated fatty acids (HUFA), and live zooplankton feeds may provide less
than adequate nutrition unless these are pre-fed algae or artificial diets rich in HUFA.
Enrichment of live feeds may also have a beneficial effect on growth and survival of
crustacean larvae (Léger et al. 1987, Tackaert et al. 1989). Early experimental
approaches used emulsions of HUFA-rich oils or enriched yeasts to raise fatty acid
levels in rotifers and Artemia nauplii (Table 6) Enrichment of live feeds represents
one of the few areas of success in application of artificial diets to larval fish culture,

and has led to the development of a range of commercial products used in many

hatcheries. Table 6 includes some experimental studies using currently available
commercial brands of enrichment diet.

Aims of the present studies

This thesis includes investigations into aspects of the influences of live and artificial
foods on growth, survival, body composition and digestive physiology of fish and
penaeid shrimp larvae. It is intended that this approach may yield insights into the
nutritional requirements of larvae and aid identification of potential areas of
improvement to artificial diets. Most of the studies presented here have made use of

a well established, commercially available, spray-dried form of encapsulated larval
diet - which has been applied in both fish and crustacean culture (as reviewed in this

chapter).

Chapter 2 investigates the effects of two microencapsulated diets, of difterent
lipid content, on the lipid composition of rotifers, and evaluates the uptake of
elevated lipid levels by fish larvae.

Chapter 3 investigates growth, survival, feeding rates and digestive enzyme
activity in mirror carp (Cyprinus carpio) larvae fed live food or a microencapsulated

diet. The use of microencapsulated pancreatin to enhance digestion of food particles
by fish larvae is demonstrated.

Chapter 4 compares the effects of carnivorous and herbivorous feeding on
growth, survival digestive enzyme activity and biochemical composition of Penaeus
japonicus larvae.

Chapter 5 examines the influence of live food and microencapsulated diets on

growth, survival, digestive enzyme activity and body composition of Penaeus
japonicus larvae,



Table 1. Review of studies on replacement of live feeds 1n larval crustacean
culture.

Feed replacement Result Author
PENAEID SHRIMP
P.monodon
Microcapsules + algae 9-47% survival Jones et al. (1987)
no Artemia to PL7 (20t tank)
Microcapsules only 3-29% survival Jones et al. (1987)
to PL7 (1.2t tank)
Microbound diet 85% survival to M, Galgani and Aquacop
(1988)
Microbound survival and growth Liao et al. (1988)
+algae + Artemija less than live-fed
controls
Microcapsules only 51-64% survival Kurmaly et al. (198%a)

less than live-fed
controls (21 flasks)

Microcapsules only 80% survival, growth Amjad et al. (1992)
lower than live-fed
controls (21 flasks)

Microcapsu1ei 74% survival, growth Amjad et al. (1992)
+10 cell u1™* algae same as live-fed

control (21 flasks)

stylirostris

Microcapsules + algae 65% survival to Jones et al. (1987)
no Artemia PL5-7 (25t tank)
Microcapsules growth and survival Ottogali (1991)
+ Artemia comparable with live
feeds
(commercial scale)
P.Jjaponicus
Microbound diet 90% survival, growth Kanazawa et al. (1982a)
less than live-fed
controls
Microbound diet 90% survival, growth Kanazawa (1985a)

same as live-fed
(laboratory-scale)



Table 1. (continued)
Fe¢ed replacement

P. Jjaponicus

Microbound diet

vanname i

Microcapsules+algae 1
+ Artemia 3-5 ml~

Microcapsules+algae
no Artemia

Microbound

Spray dried algae
+Artemia

Microcapsules

+Artemia
P. indicus

Microbound diet

CARIDEAN SHRIMP

Result Author

75% survival (15t

Kanazawa (1990)
tank)

20% survival to Jones et al. (1987)
PL5-7 (2t tank)
80% survival to Jones et al. (1987)
PL5-7 (25t tank)
42% survival to Ml

growth less than
with algae

Galgani and Aquacop
(1988)

84% survival on 66%

Biedenbach et al. (1990)
replacement of algae

Commercial-scale
‘production

Ottogalli (1993)

62% survival to My
growth less than
with algae

Galgani and Aquacop
(1988)

Macrobrachjum rosenberaqsi i

Freeze dried
catfish (from
stage VI)

Egg custard, fish,
shrimp+ Artemia

Microcapsules
from stage VI

LOBSTER

omaru diiffdru

Microcapsules,
microbound

11% survival to PL  Sick and Beaty (1975)

/7% survival to

Ang and Cheah (1986)
postlarva

84% survival similar Deru (1990)
to control, growth

1 day slower

no survival to

Kurmaly et al. (1990)
postlarva



Table 2. Review of studies in complete replacement of live feeds for first-

feeding fish larvae.

Feed replacement Result
FRESH WATER

Cyprinus carpio

Microbound 90% survival, growth

(yeast based) comparable with live
feeds

Microbound 87% survival, growth

(yeast based) comparable with live
feeds

Microbound 90% survival, growth

29-40% of live-fed.

Coreqgonus lavaretus

Microbound 90% survival, good
(yeast based) growth, mass rearing
Micropterus dolmieui

Cgmmercia] dry 26-45% survival,
diet growth better than
Artemia control

Morone saxatilis

Microparticulate no survival at 20d

Plecoglossus altivelis

Microcapsules poor survival

zein coated and growth

microbound

Microbound Good growth and
survival

MARINE

Pleuronectes platessa

Microbound survival 50% of

live-fed control

Author

Charlon and Bergot (1984)

Charlon et al. (1986)

Slaminska and Pryzybyl (1986)

Champigneuille (1988)
(and see review therein)

Ehrlich et al. (1989)

Tuncer et aj. (1990)

Kanazawa et a]. (1982b)

Kanazawa et al. (1985)

Adron et al. (1974)



Table 2. (continued)

Feed replacement Result Author

Solea solea

Zein-coated lower survival, Gatesoupe et al. (1977b)
growth than live-fed
controls
Microparticulate/ lower survival and Appelbaum (1985)
microencapsulated growth than live-fed
* controls

Dicentrarchus Jabrax

Zein- coated lower survival, Gatesoupe et al. (1977h)
.o growth than live-fed
controls
Pagrus major
Microcapsules Poor survival Kanazawa et al. (1982b)
zein-coated and growth
microbound

Gadus morhua

Microcapsule Poor survival Garatun-TJjeldstg et al.
and growth (1989)
Sparus aurata
Microbound + Survival and growth Kolkovski et al. (1993)
exogenous better than without
enzymes enzymes, but still
poor.

Lates calcarifer

Microcapsules no survival after 10d Walford and Lam (1991)
Clupea harenqus
Microcapsules poor survival Fox (1990)

and growth



Table 3. Review of studies on replacement of live feeds for bivalve molluscs.

Feed replacement Result
LARVAE

Crassostrea virginica -

Gelatin-acacia low survival to

capsules and lipid metamorphosis
walled capsules |

Mercenaria mercenaria

Freeze-dried Survival to
microalgae metamorphosis
Tapes philippinarum
Spray dried Growth same as with
microalgae same single live

| alga, but not mixed

species.

SPAT/JUVENILES

Crassostrea virginica

Mjcrobound and Variable growth,
microcapsules best 73% of control

Author

Chu et al.
(1987)

Hidu and Ukeles
(1962)

Laing et al.
(1990)

Langdon and
Seigfried
(1984)

L. virginica, C. gigas, Ostrea edulis,J. semidecussata,

h_a
M. mercenaria

Microcapsules Growth 54-64%
compared to live
algae. ~

Microcapsules Growth same as

+ 15-40% algae live algae control.

Laing (1987)

Laing (1987)

€. gigas, O. eduljs, T. phillipinarum,M. mercenaria

Spray dried Growth same as
Tetraselmis live Jetraselmis,

lower than live

Chaetoceros or mixed

algae,

Laing and
Verdugo
(1991)



Table 4. Proximate analyses and HUFA (n-3) levels of some live foods
commonly used in larval culture.

Species ‘ Protein Carbohydrate Lipid HUFAR-3"
(percentages of dry weight)

Algae

Rhinomonas reticulata 52 33.7 4.3 19.2 1

Tetraselmis chuii 49 2.7 4.3 3.4 1

Chaetoceros spp. 7-23  15-19  4.1-8.7 5.1 253

Skeletonema spp. 33 22.6 8.1 25.8 1

Nematodes

Panagrellus spp. 48-62 - 2.7-15  9-20 43

Rotifers

Brachionus plicatilis 32-60 16.5 14-17 3.1 %:67

Artemia

Artemia nauplii = 51-55 14.7-18 16-19  4-15 2»%6

Encapsulated feeds

Frippak CAR/CD 52 13-14 12 2

* HUFA as percentage of total fatty acids

1 Kurmaly et al. (1989a), 2 present study 3 Tobias-Quinitio and

Villegas (1982), 4 Leger and Sorgeloos (1992), 2 Rouse et al. (1992),
6 Watanabe et al. (1983a), ! Ferreiro et al, (1991).



Table 5. Nutrient requirements and dietary levels for penaeid larvae estimated
from review of published feed trials.

Nutrient/ Comment Author

Level

PROTEIN

P. Japonicus

45-55% Given 15-25% carbohydrate Kanazawa (1990)

40% Better than 50% Besbes (1987)

P. monodon

48-52% Best growth on live diets Kurmaly et al. (1989a)

51-56% Best growth on encapsulated Kurmaly et al. (1989a)
diets

30% Microbound diet Khannapa (1979)

23% PZy-My on Tobias-Quinitio and
Chaetoceros calcitrans Villegas (1982)

CARBOHYDRATE

P. Japonicus

15-25% Given 45-55% protein Kanazawa (1990)

P. monodon

24-337% Best growth on live diets Kurmaly et al. (1989a)

7.5%-18% Best growth on Kurmaly et al]. (198%a)

encapsulated diets

LIPID

P. Japonicus

Dietary requirement for HUFA Jones et al. (1979b)

1% HUFA suggested level Guillaume (1990)

3% Phospholipid requirement Kanazawa (1990)

1% cholesterol requirement Teshima et al. (1983)

P. monodon (live feeds)
4.3% total lipid, 3.4% HUFA (Z;_3)



Table 5. (continued).
16% total 1ipid, 12.4% HUFA (M;-PLy) Kurmaly et al. (1989a)
P. monodon (encapsulated diets)

23.5% total lipid, 26.1% HUFA (PZy_3)

18% total lipid, 12.4% HUFA (M;-Mj3) Kurmaly et al. (1989a)

VITAMINS

P. Jjaponicus

Carotene, thiamine, riboflavin,pyroxidin, Kanazawa (1986)
nicotinic acid, folic acid, biotin,

cyanocobalamin, choline, inisitol,

ascorbic acid, vitamin D,

vitamin E



Table 6. Review of experimental studies of enrichment of live zooplankton
feeds with artificial feeds/media. (Brand names are italicised).

Rotifers (Brachionus plicatilis)

AUTHOR(S)
Imada et al.(1979)

Watanabe et al. (1983b)

Walford and Lam (1987)
Opstad et -al. (1989)
Budd (1989)

Rodriguez Rainuzzo

et al. (1989)

Kissel and Koven
(1990)

KJgrsvik et al. (1991)

Komis et al. (1991)

Pousao-Ferriera and
Soares (1991)

Fernandez-Reirez et al.

(1993)

METHOD/COMMENT

Used bakers’ yeast previously cultured
in fish oil medium (omega yeast). Increased
n-3 HUFA in rotifers to 25% after 6h feeding.

HUFA methyl esters + yeast fed directly

Frippak CAR. HUFA content of rotifers
dependant of HUFA in dietary lipid.

Emulsified fish meal and cod roe. Reared |
Gadus morhua Tlarvae to metamorphosis.

FrippakGCAR. Effective elevation of HUFA
0.59/10” rotifers gave optimal results.

Fish 0il or squid/fish meal emulsion. HUFA
HUFA in rotifers dependant on HUFA in feed.

Enhancing HUFA content of capelin oil by low

temp. distillation gave better results than
crude oil.

Selco. Highest lipid levels in rotiférs

supported best growth in Scophthalmus maximus
larvae, but may hinder protein digestion.

Culture Selco. Used to maintain rotifer
cultures,

up to 40x higher than after secondary
enrichment with Selco.

Frippak Booster supported better growth in
Sparus aurata larvae than Protein Selco or

fish 0il1 emulsion. 0i1 emulsion hindered
swim-baldder inflation.

Sg?co, Dry Selco, Super Selco improved total
lipid content (to 17.5-19.8% of dry weight),
Protein Selco and Dry Selco increases dry

weight and energy content.

yields similar to yeast+algae. HUFA



Table 6 (continued)
Artemia

AUTHOR(S)

Watanabe et al. (1978)

Watanabe et al. (1980)

Gatesoupe and Luquet
(1981)

Sakomoto et al. (1982)

Jones et al. (1984)

Léger et al. (1987)

Léger et al. (1986)

Dendrinos and Thorpe

Walford and Lam (1987)

METHOD/COMMENT

HUFA-enriched yeast and HUFA-yeast
mixture. |

Omega yeast-enriched nauplii improved growth
of Paqrus major larvae.

Cod-liver o0il, soluble fish protein dry diet

improved survival of Dicentrarchus ]abrax
larvae

Nylon-protein microcapsules, HUFA
accumulated by nauplii.

Simple cod and pollock o0il extracts improved

growth and survival of Pomatoschistus minutus
postlarvae.

Cod-liver o0il coated rice bran enhanced HUFA
in poor quality nauplii, supporting good
growth in Mysidopsis bahia larvae.

SEC self emulsifying enrichment diet improved

growth and survival of P. stylirostris larvae
fed poor quality nauplii.

HUFA enriched yeast (Candida utilis improved

HUFA content of nauplii and growth of Solea
solea larvae reared on them.

Frippak CAR improved HUFA content.

Grove and Fletcher (1988) Frippak CAR improved growth in carp larvae.

Karavellas (1989)

Tackaert et al.
(1989)

Dhert et al. (1991)

Frippak booster. Improved HUFA and energy

content of nauplii, growth of Solea solea
larvae.

Enriched naupli improved survival of PL

P. monodon, P. Jjaponicus, P. vannamej.

Selco improved survival to metamorphosis

and stress resistance in Lates calcarifer
larvae.



Table 6 (continued)

Artemia

AUTHOR(S) METHOD/COMMENT

Bisbal and Bengston HUFA emulsions, high 20.5n-3 and low 22.6n-3

(1991) gave best growth of Paralichthys dentatus
larvae.

Dhont et al. (1990) Super Selco used to ongrow Artemia juveniles

gave faster and higher HUFA accumulation than
scondary enrichment of nauplii.

Howell and Tzoumas (1991) Frippak Booster. Improved poor quality nauplii

to support same growth in Solea solea larvae

as good nauplii, reduced occurence of abnormal
pigmentaton.



Chapter 2
SECONDARY LIPID ENRICHMENT OF ROTIFERS USING SPRAY-DRIED
MICROENCAPSULATED DIETS.

Parts of this chapter have contributed to;

Jones, D.A., Le Vay L., Budd, M.D., and Theodoru J. (1991). Modification of
rotifers cultured as food for fish larvae using microencapsulated diets. Oral
presentation to the Fermentation and Bioprocessing Group, 119th Meeting of Society

for General Microbiology, University of Edinburgh, 9th-12th April 1991.



INTRODUCTION

Lipids are the dominant component of energy reserves in pre-feeding fish larvae,
(Ehrlich 1974, Love 1980, Kanazawa 1985b), with triacylglycerols probably the
main source of energy (Hakason 1989, Tandler et al. 1989). There 1s also evidence
that phospholipids (Kimata 1983), protein (Fyhn et al. 1987) and  free amino acids
(Fyhn 1989) contribute to the energy requirements of prefeeding larvae. Once feeding
begins, dietary protein becomes a more important energy source than lipid (Kaushik
and Dabrowski 1983). Supply of adequate dietary lipid has been demonstrated to
improve growth in juveniles and adults of a range of fish species through ’sparing’ of
dietary protein for tissue growth rather than wuse as an energy source (Lee and
Putnam 1973, Sin 1973, Adron ¢t al. 1976, Reinitz et al. 1978). As well as acting as
an energy source, there is also a direct requirement for lipids in growth and
development of fish, and it is in this role that the fatty acid composition of lipids is
particularly 1important. Starvation studies of larvae of various marine fish species
have demonstrated conservation of 20.5n-3 and 22.6n-3 fatty acids, as opposed to n-6
series, ‘'n-9 series or shorter chain n-3 fatty acids, indicating a predominantly
important function for highly unsaturated fatty acids (Tocher et al. 1985, Fraser et
al. 1988, Koven ¢t al. 1989, Tandler et al. 1989). Cellular membranes in fish contain
25% - 80% lipid, predominantly in the form of phospholipids (Henderson and Tocher
1987).

Dietary fatty acids can be incorporated into phospholipids and the degree of
unsaturation of such fatty acids may determine membrane fluidity and functional

efficiency of membrane-bound enzymes , and adaptation to external environmental
parameters, particularly low temperature and high salinity, may be accompanied by
accumulation of polyunsaturated fatty acids in phospholipids in membranes (Bell et al.
1986). Highly unsaturated fatty acids of the n-3 series (n-3 HUFA), particularly
22.6n-3, have been identified as important components of neural and retinal tissue in
teleost fish (Sastry 1985, Tocher and Harvie 1988, Bell and Tocher 1989, Mourente
et al. 1991, Mourente and Tocher 1992), as is the case in mammals (Neuringer et al.
1988) for which dietary deficiency of n-3 HUFA can result in visual impairment
(Lamptey and Walker 1976, Neuringer ¢t al. 1984). Although no specific role for
20.5n-3 has been determined in fish, radiolabelling studies suggest that this fatty acid
is mainly incorporated into the swim bladder, intestine and gall bladder and
secondarily into liver and gill tissue (Kanazawa et al. 1982c).

In common with other vertebrates, fish are able to synthesise the 14C, 16C
and 138C saturated fatty acids de novo. Although vertebrates can desaturate these fatty
acids to form n-9 series unsaturated fatty acids, they have a dietary requirement for
18.2n-6 and 18.3n-3. In some marine fish species such as Scophthalmus maximus an
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inability to elongate and desaturate dietary 18.2n-6 and 18.3n-3 has been identified
(Owen et al. 1975). For such species there is a dietary requirement for long chain n-
3 HUFA, particularly 20.5n-3 and 22.6n-3, and a lack of these fatty acids can result
in supressed growth and deformity (Yone and Fujii 1975, Cowey ¢t al. 1976a). In

contrast, some freshwater fish species, such as  Oncorhynchus mykiss, Coregonus
lavaretus and Cyprinus carpio are able to synthesise 20.5n-3 and 22.6n-3 from dietary

18.3n-3 (Watanabe et al. 1974, Owen et al. 1975, Farkas et al. 1977, Csengeri ¢t al.
1977, Watanabe et al. 1989). However the rate of synthesis is slow and addition of
long-chain HUFA to diets has been found to promote growth more effectively than
addition of 18.3n-3 (Takeuchi and Watanabe 1976, 1977, Watanabe ¢t al. 1989).

Since the development of technology for culture of the rotifer Brachionus
plicatilis as food for first feeding fish larvae (Ito 1960), bakers yeast, Saccharomyces

cerevisiae, has become the standard food for mass rotifer cultures (Hirata and Mor
1967). Brachionus plicatilis has only a limited ability to synthesise n-3 HUFA
(Lubzens ¢t al. 1985) and hence HUFA content of rotifers used in fish culture has

been found to be largely dependant on the food on which they are grown (Scott and
Middleton 1979). Marine fish larvae reared using rotifers which lack 20.5n-3 and

22.6n-3 have been found to exhibit poor growth and high mortality (Owen ¢t al.
1975, Howell 1979, Scott and Middleton 1979, Watabane et al. 1983a). As bakers
yeast usually contains little or no 20.5n-3 and 22.6n-3, rotifers grown exclusively

using this food are unsuitable for feeding to marine fish larvae (Watanabe gt al.
1983a). The n-3 HUFA content of yeast-reared rotifers may be improved by

secondary feeding with a suitable algal species, or a HUFA-rich emulsion or
microparticulate diet (see Table 6, Chapter 1). Previous studies have shown that
nylon-protein and protein cross-linked microencapsulated diets can be used in lipid

enrichment of rotifers. (Sakomoto et al. 1982, Walford and Lam 1987). More
recently, Budd (1989) has demonstrated that a spray-dried microencapsulated diet can

also be effective in improving the fatty acid composition of rotifers.
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This aims of the present study are;

. TP
1. To evaluate the effects of two spray-dried microencapsulated diet, ditfering in
total lipid content, on the fatty acid composition and total lipid content of the rotifer
Brachionus plicatilis.

2. To determine optimal enrichment duration and feeding levels for the enrichment
diets.

3. To examine the effect of enrichment on rotifer population density.

4. To demonstrate the effective transfer of lipid from enriched rotifers to fish larvae,
using mirror carp, Cyprinus carpio, larvae as a model.

- METHODS

Algal culture

Rhinomonas reticulata was grown in semi-continuous batch culture in square-sided

polythene carboys (251 capacity). These containers are convenient for culturing large
amounts of algae, and can be steam cleaned and reused. Up to six cultures were
maintained simultaneously, illuminated by four 80 W warm-white flourescent lights at

ambient laboratory temperatures (19 - 23 ©C). All algal cultures were in Conway
medium made up with 0.2 pm filtered, U.V. irradiated seawater, salinity 32 /oo

(Laing 1991). Strong aeration was supplied, unfiltered, from the main laboratory
compressed air system though polythene tubing. Cultures were initiated with 3.5 1 of

Conway medium innoculated with 1.5 1 of Rhinomanas reticulata culture from the
algal culture collection, School of Ocean Sciences. 51 of Conway medium was added

daily until culture volume reached 201. Cultures were then allowed to grow until cell
densities reached 1000 cell. ul'l. Thereafter 5 1 of each culture was harvested daily,
and replaced with fresh Conway medium. Using this method stable cultures were
maintained for up to 4 weeks. After harvesting, algal cells were concentrated by

centifugation at 3000 r.p.m. for 10 min (MSE Coolspin), resuspended in a small

volume of filtered seawater and counted (Coulter counter, model ZB) prior to feeding
to rotifer cultures.

Culture of rotifers

Stock cultures of Brachionus plicatilis (GS 74 strain), maintained at School of Ocean
Sciences, were used to innoculate batch cultures of rotifers. Rotifers were cultured

in 0.2um-filtered, U.V. irradiated seawater at salinities of 235 - 32 ©/oo and ambient
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laboratory temperature (19 - 23 °C). Newly initiated rotifer cultures were fed daily

with Rhinomonas reticulata, produced in semi-continuous batch culture and
concentrated by centrifugation, as described above. For the -first enrichment
experiment only, a feeding regime of 200 - 400 cells ul" -1 day” I was maintained until
immediately prior to the experiment. For subsequent experiments, cultures were
started usmg a feectllng regime of 200 cell ul” -1 day"1 of R, reticulata supplemented
with 0.5¢ Lmllmroufers -1 day"1 Using this regime sustainable rotifer densities of
400 - 800 mI"! were achieved in 25 | cultures in polythene carboys of the same type
use for algal cultures. Two days prior to use in experiments rotifers from these
cultures were harvested by siphoning onto an 80um sieve, transferred to clean

seawater at a density of 400m1"1 and fed only bakers yeast at 0.5g million -1 day ". -1

Effect of dietary lipid content and feeding <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>