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Abstract

This paper reviews the current knowledge on shrimp broodstock nutrition with special
reference to developments during the last decade. Biochemical studies and diet studies a
discussed with the aim of identifying the nutrients that are important to sustain optimal shrimp
maturation, reproduction and offspring quality. Additionally, an overview is given of the efforts to
reveal the nature of maturation-stimulating factors in fresh food, and of the use and performanc
of commercial and experimental artificial diet®.2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The limited and inconsistent availability of wild shrimp postlarvae together with an
urgent need of establishing selective breeding programs, increased the interest in capti
reproduction of penaeids worldwide. The technology for captive reproduction is avail-
able for several species, and reviews were published by Primévera) 1985, Bray an
Lawrence( 1992 , Oglé 1992 and Browtly 1992, 1998 . The availability of an optimal
diet is identified as a crucial factor for the sexual maturation and reproduction of shrimp.
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The weight of the ovaries of maturing shrimp can increase four- to niné€fold Jeckel et
al., 1989; Mourente and Rodriguez, 1991; Ravid et al., 1999; Wouters et al.,)1999b ir
approximately 1 week and in that time sufficient nutrients need to be accumulated intc
the egg yolk to sustain the normal development of the embryos and pre-feeding larvae.
has been reported that an unbalanced or incomplete diet causes poor reproducti
performance or may even stop animals from reprodu€ing Bray and Lawrence), 1992
Food does also represent the highest operation cost in most broodstock manageme
facilities (Kawahigashi, 1998 . Despite the importance of broodstock nutrition, publica-
tions on this topic are limited. In part this may be explained by the demanding characte
of reproduction trials, e.g. the need for big replicate tanks under controlled conditions,
the high operating expense, the labour and the time required to mature animals and |
obtain the number of spawns required for a reliable statistical analysis. Ha¢rison 1990
1997 reviewed work published from the 1970s till the early 1990s with respect to
nutrient metabolism during maturation and nutrient requirements for crustacean repro
duction. Since then, nutrition research focused on lipid and vitamin requirements, the
identification of maturation-stimulating compounds and the development of artificial
diets. The present review discusses recent research and trends that may improve ©
knowledge on shrimp broodstock nutrition and contribute to the development of
artificial broodstock diets.

2. Nutrient requirements
2.1. Lipids

Shrimp do not have an absolute dietary lipid requirenfent D’Abramo, 1989 . Rather,
the provision of sufficient lipid is based upon the satisfaction of requirements for
specific nutrients such as highly unsaturated fatty a€ids HUFA , phospholipids and
sterols, and for energy. Crustaceans have long been recognized as having limited abili
to synthesize HUFA de nov6 Chang and O’Connor, 1983; Mourente,)1996 , and nc
ability to synthesize sterols de noYo Kanazawa et al., 1988 .

2.2. Total lipids

There is only one published work on dietary total lipid requirements of shrimp
broodstock by Bray et ak 199Db . These authors conducted a reproduction trial with
Litopenaeus stylirostris fed three different total lipid levels: 7.8%, 11.1% and 13.9%.
Nauplii production and zoea length were higher in the dietary treatment providing 11.1%
total lipids. It should be noted that a feeding regime of 40% squid and 60% dry diet was
used, and that the 11.1% lipid level was obtained with an artificial diet that had 10.1%
total lipids. In other words, at the time of formulating artificial diets, one has to keep in
mind with which other diets it will be combined and in what proportions. A recent study
demonstrated that total dietary lipid levels above 9% retarded ovarian maturation of
vannamei spawnerd Wouters et al., CENAIM-ESPOL Foundation, unpublished data .
Table 1 gives the proximate analyses of several experimental and commercial artificia



Table 1
Proximate analysi¢ % of fresh food dietary treatments, experimental artificial broodstock diets and commercial broodstock diets for pemaeid shrim

Proximate Fresh fodd Atrtificial diets
analysis Experimentdl Commercial
A B C D E F G H | J K L M N (0] P

Protein 58 73 42 49 52 65 55 56 52 >50 50 >53 52 54 50 > 40
Lipid 11 8 6 8 10 6 11 11 10 >10 17 >9 14 8 10 >9
Fibre/starch ns ns ns 32 ns ns ns ns ns 8 <2 16 3 <4 <4
Ash ns 8 ns 12 ns ns 17 13 ns ns 9 <19 10 20 <10 <15
Moist ns 80 ns ns ns ns 78 35 6 ns 20 <10 7 8 <20 <12

ns= not specified.

A = squid, bloodworm, shrimp andvrtemia in a 4:2:2:1 ratio Bray et al. 1990a,b ;-Bsquid and mussel in a 1.3:1 raio Marsden et al., 2997 .

®In studies where several diets were tested, the best performing one was selected. More information is given in Fal@é&mBerlain 1988 ; B- Galgani et
al. (1989a,b ; E= Bray et al.( 1990a,b ; = Nascimento et al 1991 ; & Marsden et al( 1997 ; B Cahu et al( 1996 ; + Wouters et al( 2000a .

“Brands( alphabetic listing :<J Breed S( INVE Aquaculture, Baasrode, Belgium recommended to be fed at 60% of the total feeding regitGejden Spawn
(Tesgofarm Aqua, The Netherlands , recommended to be fed at 106%igashimaru( Higashimaru, Japan ; ¥MadMac-MS premix( Aquafauna Biomarine,
USA); N = Nippai (Nippai, Japan ; & Rangen( Rangen, USA ;P Zeigler ( Zeigler Bros., USA , recommended to be fed at 1% of the biomass daily.

T2—T (1002) 20z imndenby /e 1 SBINOMW
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diets. The concentration of total lipid in artificial broodstock diets averages 10%. This is
approximately 3% higher than in grow-out diets for shrilhp Bray et al., 1990a . Some
broodstock diets contain lipid levels of 14% or higher. However, very high dietary lipid
levels may affect the ingestion rate in a negative way, given the fact that shrimp ge
satiated when their energy requirements are (met Aranyakananda and Lawrengde, 199
This may finally result in nutrient deficienci€s D’Abramo, 1997 .

There are several publications on the changes in lipid composition of broodstock
tissues, eggs and nauplii during ovarian maturation in terms of total lipids, lipid classes
and fatty acid profiles. Studying these biochemical parameters allows better understanc
ing of lipid metabolism and dietary lipid requirements in maturing and reproducing
shrimp. Such studies have been reported Farfantepenaeus duorarum (Gehring,
1974, Fenneropenaeus indicus (Galois, 1984 ,L. setiferus (Middleditch et al., 1980;
Castille and Lawrence, 1989Marsupenaeus japonicus (Teshima and Kanazawa, 1983;
Teshima et al.,, 1989 Melicertus kerathurus (Mourente and Rodriguez, 1991 and
Penaeus monodon (Millamena and Pascual, 1990 . Earlier work on lipid metabolism
provides evidence for the transfer of lipids from the hepatopancreas to the ovary via th
haemolympH Teshima et al., 1988g,b as demonstrateM fgaponicus during ovarian
maturation. In all Penaeid species, an increase of total lipid concentration in the ovarie:
takes place, and in most species a concomitant decrease of the total lipid level in th
hepatopancreas can be observed. It is therefore thought that the hepatopancreas is at
origin of the lipids accumulated in the ovaries. However, an increasing amount of
evidence indicates that a major part of the accumulated ovarian lipids originate from the
diet. In several studies, the concomitant inverse relationship between ovarian and hepat
lipid levels was not observed Clarke, 1982; Castille and Lawrence, 1989; Wouters e
al., 19990 , and Mourente 1996 demonstrated that the rate of de novo lipid synthesi
was too low to contribute significantly to the increase in ovarian lipids.

2.3. Fatty acids

In general, the predominant fatty acids in mature ovaries in most Penaeid shrimg
species are 16:00, 16t 7, 18:00, 18:h—9, 20:4n— 6, 20:5n — 3 and 22:6 — 3.
The ovarian lipids contain higher proportions of- 3 HUFA, particularly 20:5 — 3
and 22:61 — 3, than those of the hepatopancreas, for which it is believed that they play a
crucial role in shrimp reproduction. The importance of- 3 HUFA has also been
deduced from their presence in natural food organisms that are successful maturatic
diets, e.g. squid and bloodwortn Middleditch et al., 1980; Lytle et al., 1990 . Addition-
ally, several studies have evaluated the effect of dietary 3 HUFA levels on
broodstock performance. Alava et &l. 1993a obtained retarded ovarian development i
M. japonicus fed a HUFA-free diet. Xu et al. 1994 varied the fatty acid composition of
a basal broodstock diet by using different lipid sources anchovy oil, linseed oil, corn oil
and pork lard , and fed these dietsFochinensis females. The diet containing anchovy
oil resulted in the highest egg — 3 HUFA levels, and was the only diet giving a good
reproductive output. Positive correlations were found between egg 20%levels and
fecundity and between egg 2216- 3 levels and hatching percentage. Therefore, Xu et
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al. postulate that 20r5— 3 plays a specific role in the ovarian development process,
whereas 22:6 — 3 may play some other role in early embryogenesis. A similar study
was performed by Cahu et &. 1995 with domesticakedndicus using basal diets
containing sunflower oil, cod liver oil, and fish roe oil. The— 3 HUFA levels in the
eggs were affected by dietary levels, i.e. in the range of 1.44-2.49% diatar@
HUFA, the eggs maintained a— 3 HUFA level of 3.61-3.82%, but shrimp fed a diet
containing 0.56%n — 3 HUFA spawned eggs with lowen—3 HUFA (2.00% .
Hatching percentage was related to dietaryy 3 HUFA. In an earlier study, Cahu et al.
(1999 obtained a drop in the spawning ratelofvannamei when the broodstock diet
was deprived of HUFA and phospholipids. Wouters et @. 19%99a reportLfor
vannamei fed with enrichedArtemia biomass, that after replacing th&rtemia enrich-
ment product by coconut oil free of HUFA and cholesterol, a decrease in egg
fertilization, repeat performance and egg production per female was observed, yet th
maturation frequency was not affected.

Both the fatty acid profiles of wild shrimp tissués Middleditch et al., 1980 and fresh
food (Lytle et al.,, 199D have been proposed as comparative tools to evaluate th
potential success of broodstock diets. Tables 2 and 3 present some examples taken frc
publications that reported total lipid fatty acid composition as percentage of total fatty
acids. From these tables it can be concluded that considerable differences exist in fat
acid composition between shrimp tissues and fresh food, especially concerning HUF/
concentrations. Important differences do also exist among fresh food items. It is as suc
not easy to decide which fatty acid profile would provide the best comparative tool.
Still, the data presented in Table 3 seem to indicate that artificial diets have relatively
low concentrations of arachidonic adid 20:4 6). 20:4n — 6 is a HUFA thought to be
a precursor in the synthesis of prostaglandins, which may play a role in reprodGction a

Table 2
Fatty acid compositiof % of total fatty acids of mature ovaries and nauplii of different penaeid species. A
selection of pre-dominant fatty acids is presented

Fatty acid L. setiferus M. japonicus L. vannamei

Mature ovaries Mature ovaries Mature ovaries Nauplii

(%) (%) (%) (%
16:00 21.2 23.0 19.2 19.8
16:1 105 20.0 11.2 9.8
18:00 8.8 5.3 6.7 6.9
18:1 15.2 21.1 16.7 16.2
20:4n—6 4.1 3.6 4.8 4.3
20:5n -3 (EPA 9.9 5.9 10.4 13.8
22:6n—3 (DHA) 7.0 7.1 7.7 8.4
n—3 HUFA N/A N/A 25.5 25.0
n-3/n-6 N/A N/A 2.0 3.1
DHA /EPA 0.7 1.2 0.7 0.6
Source Middleditch et al. Teshima and Wouters et al.

(1980 Kanazaw& 1983 ( 199pb
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Table 3
Fatty acid compositior{ % of total fatty aclks of fresh food items and artificial diets used for shrimp
broodstock. A selection of pre-dominant fatty acids is presented

Fatty acid Fresh food Artificial diet
Bloodworm Clam Mussel Experimental Commercial
(%) (%) (% (% (%

16:00 7.5 25.0 13.6 20.7 19.4 29.2

16:1 3.6 5.7 6.1 7.2 3.5 4.6

18:00 6.5 6.8 3.0 43 3.3 4.9

18:1 7.1 154 4.2 16.5 15.6 15.6

20:4n—6 4.1 2.4 2.7 0.8 1.1 0.3

20:5n—3 29.3 18.1 15.3 8.4 10.0 4.0

(EPA)

22:6n—3 12.9 6.8 17.5 6.7 19.8 13.2

(DHA)

n—3 HUFA 52.0 249 33.9 15.1 31.2 17.8

n-3/n—-6 8.2 1.7 7.9 1.6 3.1 1.5

DHA /EPA 0.4 0.38 1.14 0.8 2.0 3.3

Source Lytle et al. Xu et al. Cahu et al. Xu et al. Cahu et al. MadMac
(1990 (1992 ( 1995 ( 1994 (1995

4The best performing artificial diets from these studies are presented.
PAquafauna Biomarine.

it does in mammals, certain fish and insects; Sargent et al.,)1989 . Furthermore, artificia
diets appear to contain relatively low ERA 20:5 3) concentrations as compared to
fresh food( Table B , resulting in low — 3 HUFA concentrations and high DHAEPA
ratios. There is no consensus on the comparative importance-08 and n — 6 fatty
acids. Actually, very distinctn — 3/n — 6 ratios are reported for fresh food, shrimp
tissues and artificial diets. Lytle et al. 1990 suggest there exists a delicate balanc
betweenn — 3 and n — 6 fatty acids, and believe that maturation diets should contain
high n—3/n— 6 ratios. They sustain that, apart from high 20:53 and 22:6 — 3
levels, moderate levels of arachidonic a€id 20:46) should be included into the diet.
The n— 3 andn — 6 levels reported in the studies of Ravid et(al. 1999 and Wouters et
al. (1999b give extra support to this theory. Both studies determined-& to n — 6

ratio of approximately 2 to 1 in the mature ovarieskfsemisulcatus and L. vannamei
spawners, respectively, while in nauplii af vannamei this ratio increased to 3 to 1.

2.4. Lipid classes

The earlier mentioned biochemical studies on wild shrimp species demonstrated the
phospholipids, triacylglyceride6 TAG and cholesterol are the main lipid classes in
mature ovaries. During sexual maturation, a remarkable increase of TAG in the ovarie:
is observed in wild spawners. Ravid et al. 1999 report an increase in ovarian TAG
from 1.09% to 39.65% inP. semisulcatus. Wouters et al( 1999b report TAG levels
increasing from 8.30% to 33.81% ih. vannamei ovaries, followed by a decrease to
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20.6% in spent ovaries and a resultant level of 33.5% in nauplii. TAG appear to be
selectively incorporated into the eggs and constitute the principal energy source in egg
and nauplii to support embryogenesis, hatching and naupliar development. The impotr
tance of TAG for shrimp reproduction and egg quality is also mentioned in studies by
Palacios et al( 1998, 199Pa . These authors studied the relationship between reprodu
tive exhaustion and the biochemical composition of eggs, nauplii and postlarvae frorm
domesticatedL. vannamei broodstock. They relate the reproductive exhaustion to the

diminishing transfer of several biochemical components to the offspring, including TAG
and cholesterol. They found positive correlations between these levels and the salinit
stress tolerance of the resulting postlarvae.

Phospholipids are predominant in shrimp ovaries, mainly phosphatidylcholine and
phosphatidylethanolamile Gehring, 1974; Teshima and Kanazawa, 1983; Mourente ar
Rodriguez, 1991; Ravid et al., 1999; Wouters et al., 1999b . Shrimp broodstock seem t
have a dietary requirement for phospholipids. Bray et(al. 1990b improved nauplii
production, hatching and spermatogenesid.irstylirostris broodstock by supplement-
ing the diet with 1.5% soybean lecithin. Alava et &l. 1903a showed that ovarian
maturation inM. japonicus was retarded when their diet did not contain phospholipids.
The dietary phospholipid levels affected phospholipid concentratioth.imannamei
eggs in a study performed by Cahu et @l. 1994 , who sustain that a broodstock die
should contain more than 2% phospholipids in order to assure that 50% of the total eg
lipids is represented by phospholipids, and for maintaining high spawn frequency anc
fecundity.

Cholesterol is also an important lipid class in mature shrimp ovéries Middleditch et
al., 1980; Teshima and Kanazawa, 1983; Mourente and Rodriguez, 1991; Ravid et al
1999; Wouters et al., 199%b . Cholesterol must be provided through the diet for growth
of shrimp juveniles D’Abramo, 1989 , and is assumed to be an essential dietary lipid
for shrimp maturation and reproductién Kanazawa et al., 1988 . The success of sever:
fresh food items is attributed to their cholesterol content e.g. squid,)clam . Cholestero
is indeed known to fulfill several endocrinological functions, and its mobilization during
maturation was reviewed by Harrisgn 1990 . There are no reports on nutrition—repro-
duction studies with cholesterol.

2.5. Protein

It is assumed that protein requirements are higher during maturation and reproductio
of animals as compared to the non-reproductive stages, given the intense biosynthes
that takes place during these proces$es Harrison,)1990 . Artificial diets currently
contain around 50% proteit Table) 1. This is 10-20% higher than a decade agc
(Harrison, 1990 , but still lower than the protein content of diets that are based on frest
food. However, the optimal dietary protein levels vary with shrimp species and protein
source. It is probably more important to address amino acids requirements, as 10 amir
acids have been reported to be essential for crustaceans. Deshimaru 1982 recommel
dietary amino acid profiles similar to those found in fresh food commonly used in
maturation diets. Up to date there are no reports on optimal protein levels, protein:en
ergy ratios or amino acid profiles for shrimp broodstock diets.
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Harrison ( 1990 mentions the importance of the synthesis of egg yolk proteins,
hormone peptides and enzymes during maturation and reproduction, but little informa:
tion is available on this or on protein levels in shrimp broodstock tissues and eggs. Ar
increase of protein content in the ovariesffindicus (Read and Caulton, 1980Far.
aztecus and L. setiferus (Castille and Lawrence, 1989 during maturation has been
documented. IrL. setiferus, protein levels of testes were higher in mature males than in
developing males. Palacios et @l. 1999b, 2000 observed a different hepatic and ovaric
protein content between females with excellent repeat performance and females wit
moderate repeat performance of wild and domesticdtedannamei . The protein
contents of the hepatopancreas and the ovaries of the best performing animals we
significantly higher. Females that did not spawn had the lowest protein levels in their
tissues.

Lubzens et al.( 1995 and Ravid et 4l. 1999 focused on the structure of the
haemolymph lipoproteiné e.g. vitellogehin , ovarian lipoprotéins e.g. vijellin and their
role in lipid metabolism. Being insoluble in water, lipids would be transported in the
haemolymph as lipoproteir(s after binding to vitellogenin .

2.6. Carbohydrates

Carbohydrates are not essential for shrimp broodstock. However, they can be a usef
inexpensive source of energy with protein-sparing and lipid-sparing effects. Complex
sugars and polysaccharides are used more effectively than simple 6ugars Deshimaru a
Yone, 1978 . Starch is most commonly used. Carbohydrates are also excellent binders
diet formulation. Castille and Lawren€e 1989 demonstrated an increase in carbohydrat
levels of the ovaries ofFar. aztecus and L. setiferus. No variation of hepatic levels
were observed. Palacios et &l. 1998, 1999a related egg glucose levels with larve
quality and broodstock condition.

2.7. Carotenoids

Carotenoids are a group of pigments that cannot be biosynthesized by animals. The
are taken up from the diet, and can be transformed afterwards from one carotenoid forr
into another. In juvenile shrimp, they are important for pigmentation. According to
recent research, they do also play vital roles in shrimp larvae and broodstock, amon
which the role of natural anti-oxidafit Dall et al., 1995; Merchie et al., 2998 .

During early maturation, free and esterified carotenoids accumulate in the hepatopar
creas; during secondary vitellogenesis they are mobilized from there via the haemolymp
to the ovarie€ Vincent et al., 1988; Harrison, 1990 . This accumulation of carotenoids in
the ovaries during maturation results in their darkening, on which“gtaging of
females into different maturation classes is based. According to Jeckel(et al) 1989 , th
form of the carotenoids that accumulate depends largely on the diet. Dall(et al) 1995
conducted biochemical studies on will esculentus, determining astaxanthin and its
esters as principal carotenoids. Free astaxanthin was predominant in maturing ovarie
(up to 80% of the total carotenoids , increasing from 2 to 34 ppm. In the digestive gland,
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free astaxanthin and esters increased from 20 to 120 ppm. In the integument, caroteno
levels remained relatively constafit 90 ppm throughout the maturation cycle. A
comparison with carotenoids of the natural diet Bf esculentus indicates that after
ingestion dietary carotenoids are converted to astaxanthin. Dall et al. do also emphasiz
that carotenoids play a crucial role as vitamin A precursors.

Wyban et al.( 1997 studied the effect of dietary carotenoid on reproductive exhaus:
tion of L. vannamei. At the start of their experiment, broodstock was exhibiting
exhaustion symptoms such as color loss in the ovaries and decreased larval survive
Then, paprikal a low-cost carotenoid sodrce was added to the maturation diet, whicl
resulted in an increased larval survival. This effect on larval quality can probably be
attributed to the anti-oxidant properties of carotenoids. Free radicals, initiated by various
factors including active oxygen, attack lipids and proteins in biomembranes, leading to ¢
deterioration of egg qualitf Bromage and Roberts, 2995 . Carotenoids, particularly
astaxanthin, are strong scavengers of free radicals and protect eggs from oxidativ
deterioration. They also prevent peroxidation of poly-unsaturated fatty Gcids PUFA in
the diet. Finally, broodstock carotenoids do also play an important role in providing the
necessary reserves in embryos and pre-feeding larvae for the development of chromat
phores and eyes Dall et al., 1995 .

2.8. Vitamins

Fat-soluble vitamins A( or3-caroteng , D, and E were found to be essential to
support shrimp growtlf He et al., 1992 . Dietary levels of thiamin, riboflavin, niacin,
vitamin By, vitamin B,,, choline, inositol and ascorbic acid have also been recom-
mended for maximal growth in several shrimp spe¢ies D’Abramo and Conklin,)1992 .
Nevertheless, the vitamin requirements for shrimp broodstock are yet to be defined, fo
which artificial broodstock diets are generally supplemented with a complete vitamin
mixture (Table 4 .

The vitamins that have been addressed up to date are A, C and E. Vitamin E has bee
shown to improve the percentage of normal sperm and the rate of ovarian maturation i
L. setiferus (Chamberlain, 1988 , after diet supplementation with 500 mg*kg toco-
pheryl acetate. In a trial wittF. indicus spawners Cahu et a. 1991 demonstrated an
increase in hatching percentage when increasing dietencopherol levels from 40 to
350 mg kg ®. They noticed a diminishing hatching percentage with spawning rank in
the low-vitamin E treatment, which was correlated to a decreasetotopherol levels
in the egg from 400ug g~ dry matter( DM to levels below 20Q.g g-! DM. A
subsequent study confirmed these findiigs Cahu et al.,)1995 .ofteeopherol egg
levels reported by Cahu et al. are very similar to those found in Wildanname by
Wouters et al( 1999b , i.e. 325-393) g°! DM a-tocopherol in mature ovaries and
nauplii. Immature ovarie$ stage 0 and spent ovaried..ofannamei were found to
contain 68 and 124.g g~* DM a-tocopherol, respectively. Ascorbic adid vitamin C
levels in F. indicus eggs were also affected by the dietary vitamin levels, and high hatch
rate of F. indicus eggs was related to high ascorbic acid levels in the éggs Cahu et al.,
1995 .
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Table 4
Vitamin concentrations in experimental artificial shrimp broodstock diets as reported by several authors
Vitamins Source

Alava et al. Bray et al. Cahu et al. Galgani et al. Marsden et al. Mendoza et al. Xu et al.

(1993h (1990a,b (1995 ( 198pb ( 1997 (1997 ( 1994

M. japonicus L. stylirostris F. indicus F. indicus P. monodon L. vannamei F. chinensis
Ascorbic acid ¢ 492 2500 2500 3000 28692 1200 10000 !
Biotin 6.3 20 25 0.9 6.4 11.3 60 g
Ca pantothenate 948 300 125 150 948 125 240 =4
Calciferof (D3 19 20 0.06 0.11 19 0.11 ﬁ
Choline 9480 1500 3000 - 9480 843 5000 [
Cyanocobalaminé B22 0.1 20 0.15 0.225 0.1 0.02 2
Folic acid 13 100 125 7.5 13 9.7 60 \>
Inositol 6320 3600 2500 4200 6320 450 600 g
Menadiond| K3 63 46 25 174 63 5 60 2
Niacine 623 520 250 - 623 225 600 g
p-Amino benzoic acid 158 600 - - 158 - - o
Pyridoxine HCI 190 60 25 30 190 9 60 <
Riboflavin (B2 126 160 62.5 60 126 56 120 ’g
Thiamine 63 100 25 21 63 10 60 8
Vitamin AY 18 36 15.6 6.8 40 2.8 —
Vitamin E® 482 440 300 120 500 500 2160 Jg

In order to facilitate comparison, all concentrations are calculated as mgdigt on a dry weight basis. For conversion of International Units, reference was made to
Gerras( 197¥ and Sigma Chemicals Catalogue 1996 .

Diet A.

quuivaIent to the reported 31600 mg KgNa ascorbate.

“One milligram equals 48 10° I.U. vitamin D3.

90ne mg equals 3:310° 1.U. vitamin A(acetate or 1.6 £0 1.U. vitamin A paimitate.

°One mg equals 1 I.U. vitamin E acethte .
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Ovarian maturation is affected by dietary vitamin levels as well. It was demonstrated
by Alava et al.( 1993p that ovarian maturation was retarded when diets were deficien
in any one of the vitamins E, A and C. Wouters et(@l. 1999a demonstrated a positive
effect of Artemia biomass enrichment with an-tocopherol acetajéascorbyl palmi-
tate/astaxanthin mixture on the spawn frequencyLirvannamei broodstock. However,
when this vitamin-astaxanthin booster was devoid of high HUFA and cholesterol levels,
ovarian maturation and spermatophore regeneration were affected negatively. Thi
negative effect was probably due to over-saturation with the lipo-soluble components
vitamin E ang/or astaxanthin. In the presence of HUFA and cholesterol, vitamin E and
astaxanthin appear to be partly used to prevent diet peroxidation.

2.9. Minerals

According to Harrison( 1990, mineral deficiencies or imbalances could affect
crustacean reproduction negatively. Physiological stresses could trigger oocyte resor|
tion or reduce reproductive fitness of the broodstock. Additionally, mineral malnutrition
could cause altered composition and quality of the eggs. There are, however, n
publications on mineral requirements of shrimp broodstock, probably because of the
following complications. Firstly, for minerals it is necessary to distinguish true dietary
requirements and apparent physiological requirement, since the minerals can be al
sorbed from the water. Secondly, the input through animal meals in artificial diets is
high, and performing purified diets that would allow controlled mineral levels do not
exist. Nevertheless, in most studies with artificial diets mineral mixes were formulated,
especially to fortify with calcium, phosphorus, magnesium, sodium, iron, manganese
and seleniung Chamberlain, 1988; Alava et al., 1993a,b; Marsden et al., 1997; Mendoz
et al., 1997; Xu et al.,, 1994 . The ash levels reported on the technical cards o
commercial diets indicate the use of substantial mineral supplements as well see Tab
1.

Méndez et al( 1997 verified the mineral composition of wild vannamei brood-
stock before and after a hatchery cycle. Animals sampled at the end of the hatcher
cycle were assumed to be exhausted. Exhausted broodstock exhibited lower levels
calcium and magnesium in the muscle and lower magnesium levels in the hepatopar
creas. Moulting and possible transfer to the eggs accompanied by low bio-availability
from water and diet could explain this depletion. Copper also decreased in the
hepatopancreas, but in the muscle tissue it increased. Possibly, its decrease in tl
hepatopancreas reflects the transport to the ovaries.

3. Unknown maturation stimulating compounds in fresh food

Shrimp maturation and reproduction are greatly influenced by environmental factors
(Bray and Lawrence, 1992; Ogle, 1992 . In natural conditions, these factors determin
the existence of breeding seasons. Breeding seasons are characterized by the prese
and availability of specific food organisms, adequate photoperiod and water temperature
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In the wild, adult shrimp eat a wide variety of microinvertebrdtes gastropods, bivalves,
crustaceans and polychaetes and plant material Rothlisberg) 1998 . The changes in t
abundance and distribution of these food organisms, or their nutritional quality, explain
in part the observed changing pattern of reproductive performance at different times o
the year( Crocos and Coman, 1997 . In captivity, one tries to mimic breeding seasor
conditions, in an attempt to trigger the hormonal machinery that controls maturation.
Fresh or fresh-frozen marine organisms are used for acceptable maturation and reprodt
tion outputs. Often, these marine organisms are found to give the best results when the
are in a reproductive stage. Squid and bivalyes mussel, clam, byster are generally tt
main food items, fed at high daily ratios. Crustaceans like shrimp, crab and krill are alsc
fed to shrimp spawners, but due to the risk of disease transmission, they are used le
frequently nowadays. Bloodwormé marine polychaetelycera dibranchiata and
Americonuphis reseii) and Artemia biomass( ongrownArtemia) are used for diet
supplementation. Bloodworm is the most expensive ingredient used in hatcheries of th
Western atmosphere, and maturation operators feel it to be indispensable for stimulatic
of ovarian maturatiof Kawahigashi, 1998 .

Artemia biomass( usually boosted with specific nutrionts has been reported to
stimulate ovarian maturation, increase spawn frequency and improve larval quality
(Browdy et al., 1989; Naessens et al., 1997; Wouters et al., 2999¢emia biomass
can also be included into artificial broodstock diets as a freeze-dried meal to increas
diet ingestion and stimulate ovarian maturation Wouters et al., 2000a .

As mentioned earlier, Middleditch et dl. 1980 and Lytle et(al. 2990 attributed the
success of bloodworm to its HUFA composition. On the contrary, Luis and Ponte) 1993
provide evidence that the bloodworm effect Mel. kerathurus is not related to its
HUFA level, and also Naessens et Gl. 1997 replaced bloodworm successfully with
Artemia biomass, which has a distinct fatty acid profile. In the study conducted by Cahu
et al. (1993 , a controlled dietary treatment of fresh mussel gave the highest fecundit
and hatch rate results, outcompeting artificial diets that had similai3 HUFA levels
than mussel. While it is clear that HUFA play a crucial role in shrimp reproduction, it
should be remembered that lipid quality is not determined by its fatty acid composition
only. Care should be taken not to overlook the contribution of nutrients other then
HUFA. For example, the high nutritional value of squid is also attributed to its amino
acid composition—which is similar to that of shrimjp Shigueno, 1984; Bray et al.,
1990a,p —and because it contains high sterol levels.

The observation that nutrient composition cannot always explain the success o
natural food organisms made many researchers believe that reproductive hormones
these organisms contribute to the shrimp endocrinological cycle. This could be true ir
organisms that share the same hormones as Penaeid shrimp. The role of hormona
active substances has been suggested Agiemia biomass in reproductive stage
(Naessens et al., 1997 and bloodwofm Laufer et al., 1998 . Laufer found that
bloodworms contained methyl farnesoate, which is an ecdysone hormone that increase
fecundity and hatch rate in cultureld. vannamei shrimp ( Laufer et al., 1997 an@.
monodon (Hall et al., 1999 , and enhanced ovarian development in other crustacean:
(Laufer et al., 1998 . Conclusive studies regarding the hormonal contribution of diet are
non-existent to date, but a study by Mendoza ef al. 1997 provides supportive evidenc
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to the notion that the so-callétquid factotr might be a hormonally active substance.
To identify the effective components in squid that were able to trigger secondary
vitellogenesis, squid meal was separated into different extracts by these authors. Eac
extract was incorporated into an artificial diet and fedLtovannamei females to verify

their effect on ovarian maturation and haemolymph vitellogenin concentrations. The
results show that squid, apart from being a rich cholesterol source, contains sexue
steroids that trigger shrimp vitellogenesis. Similar findings are reported for the effect of
mollusc extracts orM. japonicus vitellogenesiq Kanazawa, 1989, cited in Mendoza et
al., 1997 .

4. Artificial diets

According to a survey conducted among commercial hatcheries in the Westerr
hemispherd Kawahigashi, 1998 , the development of artificial broodstock diets capabls
of replacing the fresh food is a priority. A lot of advantages can be expected from dry
artificial diets over fresh food, e.g. reliable supply, reproducible and controlled quality,
easy to use, improved stability under storage, reduced tank fouling, reduced risk o
disease introduction and easy delivery of chemotherapeutics, immunostimulantsy and
hormones( Harrison 1990, 1997 . Nevertheless, almost every attempt to completel
replace fresh food with artificial diets, results in a decrease in ovarian maturation, a
reduced number of spawns and an inferior egg quality. In most situations, a combinatiol
of fresh food and artificial diets gives better results than a feeding regime that consist o
fresh food only( Bray et al., 1990a,b; Galgani et al., 1989a,b; Nascimento et al), 1991

In commercial maturation facilities, the use of artificial maturation diets is common,
but only in low proportions. The results of a recent survey on the use of artificial diets in
the Western hemispheré Wouters et al.,, 2000b are presented in Table 5. Mos
hatcheries work with_. vannamel shrimp. The survey reveals that 80% of the hatcheries
with maturation facilities include artificial broodstock diets in the feeding regime on a
routine basis. It was estimated that on average only 16% of the total feeding regime i
constituted by an artificial broodstock diet. Only in a minofity 16% of the hatcheries
do artificial diets represent more than 25% of the total feeding regime. The commercia
diets that are used are Breed (S INVE Aquaculture , Higashintaru Higashimaru ,

Table 5
Feeding rateq daily % of shrimp biomass and ratio of artificial broodstock diets used in commercial
hatcheriefn=19) of the Western hemisphete Wouters et al., 2000b

Parameter Wet weight basis Dry weight basis
Mean Range Mean Range
Total feeding raté %day) 18.8 5.0-31.0 5.0 2.3-8.2
Artificial diet feeding rate % day) 1.0 0-4.0 0.9 0-3.5
Ratio artificial/total (%) na na 16.0 0-53.0

na= not applicable.



14 R. Wouters et al. / Aquaculture 202 (2001) 1-21

MadMac-MS ( Aquafauna Biomarine , Nipp&i Japan , Rangen Rangen and Zeigler
(Zeigler Bros) . One hatchery has its own diet made by a feed manufacturer. The mos
popular diet is a dry premix, preferred by many panelists because it allows mixing with
essential nutrients, minced fresh food gied chemicals. It was also observed that many
of the maturation operators that reported the use of artificial diets did not reduce the
fresh food feeding rate. In such a case, artificial diets do only represent a diet
supplement. To readily increase the ratio of artificial broodstock diets, the fresh food
feeding rate should be reduced taking into account that the dry matter content of dn
artificial diets is approximately fivefold that of fresh food ingredients. One respondent
from South Africa uses 47% atrtificial diets in the feeding regime of wild and domesti-
cated F. indicus. One hatchery in Australia fed domesticat®d monodon and F.
merguiensis with 70% home-made artificial diet. In Asia, captive shrimp reproduction
depends much more on wild gravid females than in other regions. Therefore, most Asial
maturation systems are designed for spawning gravid females only, and maturation die
are based exclusively upon the use of local fresh food items Chris Dinneweth, INVE
Technologies, personal communicafion .

The observed low fresh food replacement levels on commercial scale have much t
do with the fact that commercial broodstock diets are not performing as well as fresh
diets. Hence, diet formulation depends on a limited knowledge of the nutrient require-
ments of adult shrimp during maturation and reproduction. To reduce the risk that the
nutrient requirements of reproducing shrimp might not be met by the diet, the following
formulation practices are generally adapted:

1. High levels of essential nutrients are formulated, including vitarGins see Thable 4 ,
astaxanthinn — 3 HUFA, cholesterol and lecithin.

2. Practical ingredients of premium quality are used: animal meals and oils of marine
origin (squid, shrimp, krill, cold-water fish , fish solubles, yeast, and algae.

However, over-fortification or an improper nutrient balance may affect the reproduc-
tive performance in a negative way. Finally, the use of premium ingredients for diets
that already serve a limited market, makes them rather expensive.

In research trials, the fresh food replacement levels are often higher than thos
applied in commercial facilities, which has had its consequences for spawner survival
spawn frequency, fecundity, egg fertilization rate, hatch rate/andarval quality
(Table 6 . Many authors have successfully used dry artificial broodstock diets at 50% of
the total feeding regime, even when bloodworm aAdemia biomass were replaced
partially(Coutteau et al., 1998 or completély Wouters et al., 2D00a in commercial-scale
trials. When artificial diets are fed at a higher rate, results can be either negative, neutre
or positive. Fig. 1 summarizes the effect of increasing fresh food replacement levels
with an experimental artificial diet orh.. vannamei ovarian development and survival
(Wouters et al., CENAIM-ESPOL Foundation, unpublished Hata . Xu et al. )1994 fed
100% semi-purified diets té-. chinensis without affecting reproductive performance as
compared to a clam control diet. However, it has been shown that treatments based on
single fresh food are not optimél Chamberlain, 1988; Bray et al., 1990a,b , for which



Table 6

Effect of fresh food replacement with artificial broodstock diets as reported in several publications with different penaeid species

Atrtificial Effects of fresh food replacement Observations Species Source
diet* (%)
50 higher survival rate, more consistent and all three studies tested diets developed by the L. stylirostris, Verstraete et al. 1995 ,
prolonged spawning and fecundity INVE Group; in one test 70% bloodworm and L. vannamei Coutteau et al 1998 ,
32% Artemia were replaced Denece et &l. 1999
50 higher spawning frequency, higher one of three test revealed significant differences; L. vannamei Wouters et al( 2000a
fertilization rate and higher fecundity 100% bloodworm and 108ftemia were replaced
50-100 higher spawn frequency authors recommend a 50% substitution level L. schmitti Nascimento et all 1991
60 lower zoea length or lower fecundity commercial and experimental diets L. stylirostris Bray et al.( 1990a,b
88-100 higher spawn frequency the best performing diets contained minced L. stylirostris, Galgani et al( 1989a)b
shrimp or squid L. vannamei,
F. indicus
100 no differences were detected fresh food treatment contained only clam F. chinensis Xu et al.(1994
100 lower fecundity and lower hatch rate fresh food treatment contained only mussel F. indicus Cahu et al( 1996
100 higher spawn frequency and higher a moist diet containing minced mussel and calf livermonodon Marsden et al( 1997

larval survival

T2—T (1002) 20z imndenby /e 1 SBINOMW

In most studies, other reproductive parameters were monitored besides those presented in this table, but they were not affected significaastty fopdn f

replacement.

#The percentage of the fresh food that was replaced with artificial diet, presented in an ascending order.

ST
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Fig. 1. The effect of increasing fresh food replacement levels with an experimental artificial diét on
vannamei ovarian developmer{t Gonadosomatic index, &$bvarian wet weightwhole body wet weightx
10099 and survival %( Wouters et al., CENAIM-ESPOL Foundation, unpublished data .

the clam diet might not be considered an adequate control for comparison with artificial
diets. If so, the only studies that obtained promising results with 100% fresh food
replacement are those reported by Galgani et al. 1989a,b and Marsder( et a). 1997
Interestingly, both authors report the inclusion of minced fresh food into the artificial

diet. Marsden et al. 1997 further mention that a soft moist pellet had to be prepared t
ensure sufficient diet ingestion. Though their findings contribute significantly to our

efforts in developing performing shrimp broodstock diets, moist diets generally have a
shorter shelf-life and a lower water stability then dry diets, which is why they are not

commercially available.

5. Conclusion

Recent broodstock nutrition studies have contributed further to a better knowledge o
the requirements of lipids, vitamins and carotenoids for the maturation process ir
Penaeid shrimp. Biochemical studies have detected high levels of TAG, phospholipid:
and cholesterol in the ovaries of mature shrimp, eggs and nauplii. Furthermer8,
HUFA were shown to be the predominant fatty acids in the tissues of shrimp broodstoc}
and its offspring, and their importance was confirmed through diet studies. While the
fatty acid profile of natural food organisms is classically used to predict their suitability
for shrimp broodstock nutrition, some studies demonstrated that other nutrients an
hormonally active dietary substances do also play a crucial role in the stimulation of
ovarian maturation. Biochemical and experimental work provided increasing evidence o
the important role of natural anti-oxidants for optimal shrimp maturation, reproduction
and larval quality, namely carotenoids and vitamins E and C.

Still, our knowledge on the specific nutrient requirements of shrimp broodstock
remains limited. Only purified or semi-purified artificial diets could provide the neces-
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sary tools to investigate the effect of certain nutrients on ovarian maturation, reproduc
tion and offspring quality. This would be particularly useful for studying the require-
ments for dietary protein, amino acid profiles, energy:protein ratios and minerals, all of
these being topics that remained unaddressed up to date. Even in the case of lipid
carotenoids and vitamins, questions remain as far as the quantitative requirement
nutrient interactions and nutrient metabolism are concerned. Biochemical studies ca
give further insight in metabolic pathways and provide useful tools to estimate nutrient
requirements, to asses suitability of fresh food items for broodstock nutrition, and to
determine egg quality and larval quality. Male reproducer nutrient requirements for
optimal spermatophore development and high sperm quality should receive specic
attention, as most publications focused on females only.

The development of performing dry diets that allow the complete replacement of
fresh food is a research priority as well. Once our knowledge of the nutritional
requirements and endocrinology of shrimp broodstock has improved, it will be possible
to formulate artificial diets in such a way that a high, consistent and prolonged
reproductive performance will be ensured without the need of eye-stalk ablation. The
challenge will be to do it in a cost-effective manner at commercial scale.
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