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Stellingen 
Belonging to the thesis 

"Controlled reproduction of penaeid shrimp: a contribution to its improvement" 

Jorge Alfaro Montoya 

Wageningen, 18 April 2001 

1. Injections, with 17-alpha-methyltestosterone improve quality of shrimp 

spermatophores. 

This thesis. 

2. Serotonin injections induce ovarian maturation in shrimp, be it at a lower rate than 

unilateral eyestalk ablation. 

This thesis. 

3. Late stages of shrimp embryos have a better tolerance to cooling than early stages 

of bovine embryos. 

This thesis and Wilmut et al. (1975), The effect on cow embryos of cooling to 20, 0 

and-196 °C. J. Reprod. Fertil. 45, 409-411. 

4. The pituitary gland in fish and the brain/ thoracic ganglia in shrimp have similar 

functions in the endocrine control of reproduction. 

5. Genetic selection of shrimp for stress tolerance will improve the quality of gametes 

and therefore, larvae production. 

6. Scientific advances in shrimp mariculture are contributing to the recovery of over-

exploited wild populations. 

7. Humanity is increasingly accumulating scientific knowledge. So, there is scope for 

understanding God's creation. 

8. To reach the moon, one must have breakfast first. 



For my daughter, Valeria 
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General introduction 

Scope of the thesis 
Marine shrimp aquaculture has become a major industry since the pioneering 

works in larvae culture and pond culture by M. Fujinaga (Shigueno, 1975), eyestalk 

ablation in a penaeid shrimp (Caillouet, 1972), and closing the life cycle in captivity of 

some shrimp species (Aquacop, 1979). 

Global production of farmed shrimp has grown at 8% annually since 1989. In 

1998, the production reached 1,113,887 mt, representing around 32% of world shrimp and 

prawn catches, based on FAO fishery statistics (www.fao.org) and FAO (2000). The 

industry has expanded mostly in Southeast Asia and Latin America, where different 

penaeid species are cultured. The most important species in Latin America is Penaeus 

(Litopenaens) vannamei, followed by P. (Litopenaens) stylirostris and P. {Litopenaeus) 

schmitii. In Asia/3, monodon, P. chinensis, P. (Marsupenaeus) japonicus, P.penicillatus, 

P. merguiensis, and P. indicus are cultured (Weider and Rosenberry, 1992). 

In Asia, shrimp culture started back in 1962 in Japan. By 1991 Southeast Asia 

contributed 80.6% of the global shrimp production; the leading producers were China, 

Indonesia and India. In 1997, the total production of captured and cultured shrimps / 

prawns from Asia was estimated at 2.95 million mt. Cultured shrimp represented around 

18% of this total yield, based on FAO fishery statistics. Current leading producers are 

Thailand, India and Indonesia (Weidner and Rosenberry, 1992; Anonymous, 1999). 

Thailand has been the world leading producer since 1992, with an estimated production of 

243,800 mt in 1998 (FAO, 2000). 

In Latin America, shrimp farming started around 1962 in Ecuador. During the 

1980 decade, other Latin American countries initiated shrimp farming activities, 

reaching or surpassing in few years their own shrimp catches (Colombia, Honduras; 

Weidner and Rosenberry, 1992). In 1991 the contribution to the global production was 

19.4%, and the leading producers were Ecuador, Colombia, and Mexico (Weidner and 

Rosenberry, 1992). In 1997 fisheries and aquaculture in Latin America generated 

around 0.63 million mt, with shrimp farming representing 34% of this production (FAO 

fishery statistics; Anonymous, 1999). By 1998 the contribution of Latin American 

countries to the global shrimp production had increased to 29%, with Ecuador as the 

major producer and the second largest in the world with 144,000 mt (Anonymous, 

1999; FAO, 2000). 

In recent years, commercial shrimp operations have experienced dramatic losses 

due to disease outbreaks, caused by viruses, bacteria, fungi, and parasites (Brock and 

LeaMaster, 1992; Lightner, 1992; Wang et al., 1998; Itami et al., 1998; Morales-

Covarrubias and Chavez-Sanchez, 1999). Viral diseases especially have had a major 

impact on shrimp production worldwide. In 1988-89 Taiwan experienced serious 

http://www.fao.org
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economic losses due to Monodon-type baculoviruses and its production decreased to 

extremely low yields (4,812 mt of P. monodon in 1998; FAO, 2000). A few years later 

Baculovirus penaei appeared in America and the infectious hypodermal and 

hematopoietic necrosis virus (IHHNV) dispersed in Southeast Asia and America 

(Lightner, 1992). In 1992 a new virus appeared in the Taura region from Ecuador, the 

Taura syndrome virus (TSV), which caused severe economic losses throughout 

America (Hasson et al., 1999). In the same year the white spot syndrome virus 

(WSSV), which has a wide host range and infects various decapods at varying 

infectivity rates (Wang et al., 1998), affected Southeast Asia. As a result production in 

Southeast Asia decreased to 71% of the world shrimp production (Anonymous, 1999). 

WSSV has been recently (1999) identified in Ecuador and Central America, and low 

productions are expected. However, American countries may learn from the Asian 

experience (Jory, 2000). 

Shrimp farming is based on wild and cultured postlarvae, depending on regional 

characteristics for postlarvae availability. Reproduction of marine shrimp is now 

performed in controlled environments, where wild or cultured animals mature and release 

their gametes. This technological approach allows a predictable production of nauplius 

larvae. In the past only wild animals were utilized, but nowadays pond-grown and 

selected animals are becoming more important as spawners because, as survivors from 

viral diseases, they might present genetic resistance to the specific virus. 

The traditional dependency on wild stocks for nauplii production will thus change 

towards a more controlled production of genetically improved animals, selected for 

important aquaculture traits like growth rate and disease resistance (Hedgecock and 

Malecha, 1991). However, the genetic improvement of shrimp requires the application of 

breeding programs, which relay on excellent gamete quality, controlled fertilization, and, 

if possible, cryogenic storage. For this a proper understanding of basic shrimp 

reproductive biology, and the development of in vitro fertilization techniques and 

cryogenic protocols for gametes, embryos, and larvae are needed. 

Female maturation is achieved by unilateral eyestalk ablation. This technique is 

applied to each female at intermolt, selecting one of the eyestalks. Few days after the 

procedure, ovaries will start to grow and first spawnings will occur within a week, with 

an increasing rate in the subsequent days. Each female generates various spawns, but 

eventually the spawning activity decreases, until around 2 to 3 months after ablation, 

when they are replaced by new females. Eyestalk ablation affects all aspects of shrimp 

physiology (Quackenbush, 1986) and over time it has a deleterious effect on spawn 

quality and quantity, as well as on survival (Emmerson, 1980; Primavera, 1985; 

Tsukimura and Kamemoto, 1991; Benzie, 1998). This dependency on eyestalk ablation 
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is a major bottleneck for the advance of controlled reproduction, and major research 

activities are dedicated to develop hormonal treatments for controlled maturation. 

Traditionally, penaeid shrimp males have received less attention than females, 

assuming that they will always give high quality sperm. While this may be so for males 

caught from the wild, it is not the case for pond-reared animals nor for males from the 

wild after a few months in captivity. Male shrimp also show reproductive problems 

(Brown et al., 1979; Chamberlain and Gervais, 1984), they are often affected by 

infections of the reproductive tissue, including ampoules, vas deferens, and testis; the 

condition renders males infertile. Chamberlain and Lawrence (1981) stated that the 

reproductive capabilities of the males may be a limiting factor in captivity, indicating 

that a better understanding of spermatophore production and analysis of sperm quality 

is important in shrimp mariculture (Leung-Trujillo and Lawrence, 1987). 

In vitro fertilization is essential for selective breeding programs as it allows 

controlled mating designs, but it has not been developed yet. Some data have been 

published on this subject, giving contradictory results on fertilization rates and 

indicating that our understanding of the fertilization mechanism in open and closed 

thelycum shrimp is still fragmentary. Clark et al. (1973) reported 10% fertilization for 

P aztecus, Alfaro et al. (1993) got no fertilization for P. occidentalis, Misamore and 

Browdy (1997) obtained 2.48% for P. setiferus and 3.88% for P. vannamei. A 50% 

hatching rate was reported for P. monodon (Lin and Ting 1984 cited in Primavera, 

1985). 

Nauplii are shipped in plastic bags with chilled (20 °C) and oxygenated 

seawater at 15,000 to 25,000 nauplii 1"' (Kungvankij et al., 1986). International trading 

as well as breeding programs would be positively influenced by cryopreservation of 

penaeid shrimp seedstock (Anchordoguy et al., 1988; Benzie, 1998), but these 

techniques have not yet been developed (Benzie, 1998; Subramoniam and Arun, 1999). 

The aim of the present thesis was to address some of the problems in shrimp 

reproduction as discussed before. Various penaeid species were selected for conducting 

the research (Table 1). This selection of species was based on several criteria such as 

commercial interest, ready availability, and ability to spawn in captivity. First, the 

reproduction of Penaeus occidentalis in Gulf of Nicoya, Costa Rica, and an in vitro 

fertilization protocol using good quality gametes from wild broodstock, were evaluated. 

The quality of spermatophores, addressing both pathological and culture effects, was 

studied in 3 penaeid species. To improve spermatophore quality the effect of an 

androgen and a progestagen was evaluated. Serotonin treatment was evaluated in 

females as an alternative to eyestalk ablation for ovarian maturation and spawning. 
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Table 1. Characteristics of the penaeid species selected for the studies of this thesis. 

Penaeid species Characteristics 

Penaeus occidentalis 

Penaeus vannamei 

Penaeus stylirostris 

Penaeus setiferus 

Trachypenaeus byrdi 

Thelycum 

Open 

Open 

Open 

Open 

Closed 

Habitat 

Gulf ofNicoya 

Gulf of Panama/ Farms 

Farms 

Gulf of Mexico 

Gulf ofNicoya 

Reason for selection 

Model/ Fisheries 

Aquaculture 

Aquaculture 

Model 

Model 

Finally, embryo tolerance to cooling, cryoprotectants, and hypersaline exposure was 

assessed as a first step towards defining cryogenic protocols. 

In the next section of this chapter, the sexual characteristics of shrimp are 

presented. The section on "reproductive endocrinology" describes the present 

understanding of the hormonal pathways involved in reproduction of decapod 

crustaceans. The section on "controlled reproduction of shrimp" defines the specific 

aspects and environmental variables required for controlled reproduction of shrimp. 

Finally, the last section gives an overview and an integration of the studies performed 

for this thesis. 

Reproductive biology of penaeid shrimp 
Primary and secondary sexual characteristics. 

Penaeid shrimp are broadcast decapod-spawners (Dendrobranchiata). The 

general structure of the female reproductive system consists of a pair of multi-lobed 

ovaries (Fig. 1), located in the dorsal region over the stomach, the hepatopancreas, and 

the intestine. The oviducts are simple and open to the exterior at the coxae of the third 

pair of walking legs (King, 1948). Oocyte maturation is divided in two phases, primary 

vitellogenesis and secondary vitellogenesis (Adiyodi and Subramoniam, 1983; 

Charniaux-Cotton, 1985). Primary oocytes store glycoproteins produced by themselves, 

then follicle cells proliferate around each oocyte and secondary vitellogenesis is 

activated, accumulating vitelline produced in hepatopancreas, hemocytes and ovaries 

(Yano and Chinzei, 1987; Quackenbush and Keely, 1988; Quackenbush, 1989). 

Marine shrimp females of the family Penaeidae show two distinctive 

modifications of the sternal plates located between third, fourth and fifth walking legs 

(Perez-Farfante, 1975; Browdy, 1992). This region is known as the thelycum, and it 

may present ornamentations for spermatophore attachment on the day of spawning 

(open thelycum shrimp like P. vannamei, P. stylirostris, P. setiferus, and P. 

occidentalis), or a seminal receptacle for sperm storage (closed thelycum shrimp like P. 
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Ovary 

B Anterior lobe 

Lateral lobe 

Heart Abdominal artery 

Abdominal lobe 

Figure 1. Female reproductive system of penaeid shrimp. A: Anatomical location 

of the reproductive system. B: Isolated reproductive system (modified from 

Shigueno, 1975). 
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aztecus, P. monodon, and P. japonicus). 

Males are recognized by the presence of a modification of exopodites of the first 

pair of swimming legs (pleopods). The modification consists of a membranous 

development named petasma, which seems to participate in spermatophore transfer and 

attachment. The male reproductive system presents a pair of dorsal multi-lobed testis 

(Fig. 2). The spermiducts or vas deferens are very complex, showing the following 

sections (starting from the testis): blind pouch next to the testis, ascending medial vas 

deferens, descending medial vas deferens, distal duct, and terminal ampoule, which 

opens at the coxae of the fifth pair of walking legs (pereiopods, Talbot et al., 1989). 

Two distinctive channels are observed inside the medial vas deferens. 

Spermatogenesis in the penaeid shrimp, Sicyonia ingentis, was extensively 

studied at the ultrastructural level by Shigekawa and Clark (1986). In the testis, sperm 

cells are immature, and they complete maturation in the vas deferens (open thelycum 

species) or in the seminal receptacles (closed thelycum species). Sperm cells do not 

have flagella, instead they have a non-motile "spike" (Clark et al., 1984; Shigekawa 

and Clark, 1986). A particularly interesting subject is spike elongation, proved to be a 

gradual process in P. stylirostris that takes place in the descending medial vas deferens 

(Fig. 3). T. byrdi males present spikeless sperm even in tissue sections from the distal 

vas deferens and ampoules (Fig. 3; Alfaro, 1994), but light microscopical observations 

of sperm from spermatophores reveal fully elongated spikes (Alfaro, unpublished data). 

Therefore, as it was pointed out by Shigekawa and Clark (1986) for S. ingentis, T. byrdi 

sperm experiences rapid elongation that inevitably must take place within the 

spermatophores. Recent light microscopical observations in T. byrdi show that sperm 

morphology in spermatophores removed from males and in spermatophores removed 

from female seminal receptacles is similar. In both cases, sperm are packed in many 

160 um-capsules (spermatophores), the spike is deflected 80° from the body axis, the 

sperm body length is 7 - 9 urn, and the spike length 4 urn. These particular 

characteristics have also been observed in Xiphopenaeus riveti, which has very large 

sperm: a body length of 13 urn with a spike length of 6.5 \xm (Alfaro, unpublished 

data). In S. ingentis, sperm are capacitated by the female's thelycum, where further 

development within the sperm cells takes place (Clark et al., 1984; Shigekawa and 

Clark, 1986). 

Spermatophore primary and secondary layers are synthesized in the ascending 

and descending vas deferens, respectively (Ro et al., 1990). The main body and sperm 

sac of the spermatophore originate in one of the two channels of the vas deferens 

(Bauer and Cash, 1991). The terminal ampoule is histologically complex, showing 

separated chambers where additional spermatophore sub-units (dorsal plate, wings, 

glutinous mass, adhesive) are formed in open thelycum species (Talbot et al., 1989). 
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Testes 

Vas deferens 

Hepatopancreas 

B 

Blind pouch ^ 

Terminal 
ampoule 

Lobed testes 

Descending medial 
vas deferens 

^ . Ascending medial 
vas deferens 

Distal duct 

Figure 2. Male reproductive system of penaeid shrimp. A: Anatomical location of the 

reproductive system (modified from Shigueno, 1975). B: Isolated reproductive system 

(modified from King, 1948). 
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427 nm 

" 4gm 

Figure 3. A) Trachypenaeus byrdi spermatid from the distal vas deferens. The nucleus 

presents fibrillar chromatin (CF) and membrane lamellar bodies (CLM). Between the 

anterior granule (GA), from the acrosome, and the granular core (CG), from the 

subacrosome, a new subacrosomal region develops, the saucer plate (P). B) Penaeus 

stylirostris spermatids from the descending medial vas deferens. Spikes with different 

degrees of elongation (From Alfaro, 1994). 
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Penaeids with closed thelycum have lost the adhesive and glutinous materials, and the 

dorsal plate functions as a stopper to plug the opening of the thelycum (Chow et al., 

1990; Bauer and Cash, 1991). 

Reproductive endocrinology 
There are 6 endocrine centers believed to be directly involved in reproduction of 

decapod crustaceans. The first one is the ganglionic medulla terminalis - X organ -

sinus gland complex from the optic ganglia. Other centers are the brain, the thoracic 

ganglia, the androgenic gland (males), the mandibular organ, and the ovaries (Fig.4). 

No endocrine activity has been identified in the testis. 

Crustaceans with pedunculated eyes have a group of neurosecretory cells in the 

eyestalks, the X organ. These cells send the majority of their axons to a neurohemal 

organ, the sinus gland (Quackenbush, 1986). The medulla terminalis - X organ 

synthesizes polypeptides, that are packed in neurosecretory vesicles and transported 

intra-axonally to the sinus gland, where they are stored and released as small peptides 

(Andrew, 1983). The whole complex is involved in the regulation of physiological 

processes like calcium and sugar metabolism, heart rate, reproduction, molting, 

osmoregulation, thermal seasonal acclimation, retinal pigments migration, and color 

change (Quackenbush, 1986). 

The mechanism proposed for the control of gonadal maturation is an 

antagonistic model (Fig.4), which involves the synthesis of a gonad inhibiting hormone 

(GIH) from the X organ. This peptide was recently isolated and sequenced from a 

lobster and a crayfish (Huberman, 2000). The hormone inhibits or competes with a 

hypothetical gonad stimulating hormone (GSH), produced in the brain and thoracic 

ganglia. The GSH activates secondary vitellogenesis in females, and spermatogenesis, 

hypertrophy of vas deferens and androgenic gland hypersecretion in males (Adiyodi 

and Subramoniam, 1983). GSH is an abstract entity, but its release is stimulated by 5-

hydroxytryptamine and the red pigment-concentrating hormone; dopamine and 

methionine enkephalin inhibit GSH release, and stimulate GIH release (Fingerman, 

1997). 

The androgenic gland is the endocrine organ, which determines primary and 

secondary male sexual characteristics (Charniaux-Cotton, 1960; Fingerman, 1987; 

Charniaux-Cotton and Payen, 1988). Two androgenic gland hormones, AGH 1 and 

AGH 2, were isolated from an isopod by Hasegawa et al. (1987). Other androgenic 

gland extracts like farnesylacetone and steroids have been identified in decapods, and 

they may play complementary roles to AGH (Sagi, 1988). 

10 
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OOCYTE MATURATION SPERMATOPHORE SYNTHESIS 

Figure 4. Proposed pathways in endocrine control of reproduction in decapod 

crustaceans. Continuous lines indicate a stimulatory effect; dotted lines indicate an 

inhibitory effect; question marks indicate unconfirmed pathways. 5-HT: serotonin, 

RPCH: red pigment-concentrating hormone, DA: dopamine, ME: methionine 

enkephalin, GSH: gonad stimulating hormone, GIH: gonad inhibiting hormone, MO-

IH: mandibular organ inhibiting hormone, MF: methyl farnesoate, AGH: androgenic 

gland hormone. The model is based on the antagonistic effect of GSH and GIH over the 

gonads. GSH induces oocyte maturation, presumably through steroid hormones. The 

mandibular organ also stimulates oocyte maturation. 
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It has been proposed that ovarian development and oocyte maturation in 

crustaceans may be mediated by steroid hormones, as in fish and amphibia, where 

estrogens stimulate vitellogenesis and progestagens induce oocyte maturation (Fairs et 

al., 1990). In the lobster, Homarus americanus, these hormones are believed to be 

produced in the follicle cells (Talbot, 1981). 

The mandibular organ located near the esophagus, produces steroids and 

terpenoids, that stimulate ovarian development (Tsukimura and Kamemoto, 1991). The 

terpenoid, methyl farnesoate (MF), was identified by Laufer et al. (1987). Its synthesis 

is increased by unilateral eyestalk ablation, and the compound is considered a 

reproductive hormone as it induces ovarian maturation in the spider crab, Libinia 

emarginata (Que-Tae et al., 1999). A mandibular organ inhibiting hormone from the X 

organ has been partially identified (Huberman, 2000, for review). 

The first invertebrate neuropeptides biochemically characterized were the red 

pigment-concentrating hormone and the distal retinal pigment light adapting hormone 

of crustaceans (Josefsson, 1983). Other crustacean hormones recently characterized are 

the molting hormone (20-OH-ecdisone; Chang, 1985), the molt-inhibiting hormone 

(neuropeptide), and the hyperglycemic hormone (neuropeptide) (Benzie, 1998; 

Huberman, 2000, for review). 

Controlled reproduction of shrimp 
In Latin America wild or pond-grown P. vannamei and P. stylirostris are matured 

in captivity. Resistant shrimp are selected from the cultured population based on growth 

performance, kept in earthen ponds at a low density (1 m"2), and fed a combination of 

artificial feeds and fresh marine food products. However, at present avoidance of fishery 

products is recommended as a preventive measure against WSSV in America (Jory and 

Dixon, 1999). Animals from ponds are grown to 45 g for females and 40 g for males, and 

then transferred to a maturation facility. 

Males are stocked with females at a 1:1 ratio in large tanks (> 3.7 m in 

diameter), under low light intensity, high water exchange (> 100% daily), and avoiding 

any kind of stress. To mature females in controlled environments, it is necessary to feed 

marine animals like fish, oysters, worms, clams, and squids. These products will give 

females an adequate level of essential nutrients: amino acids, cholesterol, and 

polyunsaturated fatty acids (PUFAs). Oocyte maturation and survival of initial larval 

stages are associated with the accumulation within oocytes of sterols (synthesized from 

dietary cholesterol), phospholipids, triacylglycerols, and diacylglycerols (synthesized 

from dietary PUFAs; Ravid et al., 1999). Embryo quality is affected by stored nutrients 

so that acceptable hatching rates and nauplii quality are obtained when broodstock is 

fed products from the marine food chain. Worms are particularly rich in PUFAs, 

12 
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including 20:5w3 and 22:6w3, which are considered as crucial nutrients for crustacean 

maturation (Harrison, 1990). 

Seawater used for maturation must imitate the natural habitat, which is normally 

oceanic for penaeid reproduction. However, some species may reproduce in estuarine 

waters such as P. occidentalis (Alfaro et al., 1993). Generally, salinity is maintained 

between 28 and 36 ppt, temperature in the range of 27 to 29 °C, pH from 8.0 to 8.2, 

dissolved oxygen over 5 ppm, NH4-N below 0.1 mg 1"', and NO2-N below 0.05 mg l"1 

(Bray and Lawrence, 1992). To maintain a high quality environment, water is 

exchanged at rates of over 100% daily, in flow-through systems. 

Reproduction of marine shrimp can be accomplished using a broad variety of 

light sources and intensities. In general terms, it is adequate to use natural or artificial 

cool white light at low intensity (< 5 ixErnV1), with gradual increase and decrease of 

light level, providing 14 to 16 hours of light per day (Chamberlain, 1988; Bray and 

Lawrence, 1992). Mating under laboratory conditions requires adequate space (tanks > 

3.7 m in diameter) as well as reduced turbulence and noise to facilitate courtship and 

success of spermatophore transfer, and handling should be minimized (Browdy, 1998). 

When females have completed oocyte maturation, they will be receptive to 

males to coordinate the mating behavior and spermatophore transfer, particularly at 

dusk. Insemination may occur under natural mating or using artificial insemination. A 

few hours after spermatophore transfer, spawning takes place and sperm-egg 

interaction initiates at the moment of water contact. Eggs show a cortical reaction, 

characterized by the release of cortical rods containing jelly precursors and sperm 

activators; at the same time, sperm undergoes acrosomal reaction, leading to a 

secondary binding to the ovum's oolema (Clark et al., 1984). Eventually, germinal 

vesicle breakdown occurs and pro-nuclei are fused. A hatching envelope is formed by 

the release of two different types of cortical vesicles: dense vesicles and ring vesicles 

(Pillai and Clark, 1988). Embryonal development in penaeids leads to the formation of 

a hollow blastula, which evolves into the larval stage named nauplius. The nauplius 

emerges approximately 14 hours (28 °C) after spawning. 

Commercial facilities for nauplii production are integrated with maturation 

facilities. Impregnated and ripe females are individually transferred to spawning tanks 

(100 - 200 1), where eggs develop their embryonal stages on the bottom of the tank. 

High quality water (1 \ua filtration and U.V. disinfection) must be used (McVey and 

Fox, 1983) and egg density should not exceed 3000 eggs l"1 to get acceptable hatching 

rates (Primavera, 1985). 

Eggs with hatching envelope or nauplii are rinsed with clean seawater for 5 min, 

concentrated in a bucket, disinfected with formalin (eggs: 100 ppm/ 1 min; nauplii: 400 

13 
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ppm/ 30 sec) and iodine (0.1 ppm/ 1 min), and washed with clean seawater for 5 min 

(Browdy, 1992). 

Outline of this thesis 
The aim of this thesis was to provide new information for a better understanding 

of penaeid reproductive biology, and to investigate some of the problems associated 

with controlled reproduction of shrimp. The steps followed in this thesis are 

schematized in Fig. 5. 

First we explored the natural events involved in P. occidentalis reproduction in 

a tropical estuary, the Gulf of Nicoya, Costa Rica, where this species is the 

predominant penaeid. This study also investigated a protocol for in vitro fertilization, 

using high quality gametes, as an alternative to natural fertilization (Chapter 2). The 

next step was to investigate spermatophore quality in penaeids. In captivity, male 

shrimp develop reproductive problems. The pathology of a disease of the reproductive 

system, which was not understood earlier, was studied in a susceptible species, P. 

setiferus (Chapter 3). Spermatophore production in pond-grown males was studied in 

P. stylirostris (Chapter 4). Additionally, quality and natural deterioration of 

spermatophores was further investigated in pond-grown P. vannamei (Chapter 5). 
Next, the research was focused on finding a hormonal treatment for the improvement of 

male sexual condition (Chapter 6). Based on the current knowledge about crustacean 

endocrinology, 17 alpha-methyltestosterone and 17 alpha-hydroxyprogesterone were 

evaluated. Ovarian maturation and spawning are currently induced through unilateral 

eyestalk ablation. The effect of serotonin treatment on female maturation was 

investigated in wild P. vannamei, as a less invasive alternative (Chapter 7). A final 

step in this research process was to get a knowledge base for future embryo and nauplii 

cryopreservation. In doing so, Chapter 8 explores embryo and nauplii sensitivity to 

cooling, cryoprotectants and hypersaline exposure, using a wild species easy to spawn 

in captivity, T. byrdi. In Chapter 9 the overall results are analyzed, and an integral 

interpretation of these results is discussed. 

14 
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Reproductive biology of wild penaeid shrimp 

-2 Natural reproduction P. occidentalis 
In vitro fertilization 

Factors affecting male reproductive quality in captivity 

-3 Male Reproductive Blackening Disease 

-4 Spermatophore quality in pond-grown males 

-5 Spermatophore quality in pond-grown males 

P. setiferus 

P. stylirostris 

P. vannamei 

Improving gamete quality by hormone treatment 

-6 Effect of 17 alpha-methyl testosterone and 17 alpha-hydroxyprogesterone in 
males P. vannamei 

-7 Effect of serotonin in females P. vannamei 

Preliminary investigation in embryo and nauplii cryopreservation 

-8 Cooling, cryoprotectant, and hypersaline sensitivity 
Trachypenaeus byrdi 
P.stylirostris 

Figure 5. Schematic representation of the research steps followed in this thesis. 

Numbers indicate specific chapters addressing the subject. 
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Natural reproduction of shrimp 

Abstract 
Reproduction of the shrimp Penaeus occidentalis was studied between June 26 and July 

27, 1992 near Curazao beach, Chira Island, Gulf of Nicoya, Costa Rica. This is the first 

documentation of reproduction of a penaeid shrimp in Gulf of Nicoya. Spawning behavior 

was divided in five stages based on these observations; a sperm-egg interaction was 

evaluated using the in vitro spawning technique. Spawned eggs presented a cortical 

reaction during the first 30 min after release, and the sperm experienced primary binding 

to the egg vitelline envelope, but an acrosome reaction was not activated. There appear to 

be differences in fertilization mechanisms between open and closed thelycum penaeid 

shrimp. Wild P. occidentalis males presented heavy spermatophores compared to other 

open thelycum shrimps. Sperm count (49.52 million per compound spermatophore), and 

sperm abnormalities (22.0 %), were similar to those of wild P. setiferus from the Gulf of 

Mexico. 

Key-words: Shrimp, Penaeus, reproduction, spawning, maturation 

Introduction 
The Gulf of Nicoya is a tropical estuary and has been divided in two sections of 

different characteristics, the upper gulf and the lower gulf (DeVries et al., 1983). The 

upper gulf is shallow (< 20 m) with muddy sediments and is bounded mostly by 

mangrove swamps; the transition between both areas is localized near San Lucas island 

and Puntarenas peninsula. Some physical-chemical aspects (Peterson, 1969; Valdes et 

al., 1987), crustacean biology (DeVries et al., 1983; Epifanio and Dittel, 1984) and 

shrimp fisheries (Carranza, 1985; Vitola, 1985; Palacios et al., 1992) have also been 

evaluated in the Gulf of Nicoya. 

Decapod crustaceans belonging to Penaeidae family are organized in four 

subfamilies: Aristaeinae, Solenocerinae, Sicyoninae, and Penaeinae. The first two 

include deep water species and the last two subfamilies include coastal shrimp (Imai, 

1980). 

Boschi (1979) describes the reproductive cycle of the genus Penaeus that 

consists of two phases. In the first phase, pre-adults migrate from estuarine waters to a 

reproduction zone in deeper and higher salinity waters. Once the spawning occurs, 

postlarvae migrate to estuarine waters. This pattern is followed by various species: P. 

duorarum, P. brasiliensis, P. aztecus, P. schmitti, P. stylirostris, P. vannamei, P. 

setiferus and P. occidentalis (Garcia and LeReste, 1981). 

The quality of wild spermatophores during natural mating has been partially 

documented. This type of analysis has been reported for males under culture conditions 

(controlled reproduction) and wild P. setiferus broodstock (Leung-Trujillo and 
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Lawrence, 1985; Leung-Trujillo and Lawrence, 1987; Chamberlain, 1988; Alfaro, 

1990). 

Observations about spawning behavior, cortical reaction and sperm-egg 

interaction have been partially evaluated in penaeid shrimp (Pillai et al., 1988; Clark et al., 

1984). Most of our knowledge about fertilization mechanisms in marine shrimp comes 

from Sicyonia ingentis (Sicyoninae) and P. aztecus (Clark et al., 1980; Clark et al., 1981; 

Lynn and Clark, 1987; Pillai and Clark, 1987; Pillai and Clark, 1988; Griffin et al., 1988). 

Following contact with seawater, penaeid eggs experience a cortical reaction, 

characterized by a massive release of cortical crypts or rods. Then cortical vesicles are 

released, which give origin to the hatching envelope. During sperm-egg interaction sperm 

bind to eggs, and molecules released by the eggs activate the sperm; sperm undergo an 

acrosomal reaction, characterized by spike depolymerization, and the release of the 

acrosomal vesicle content. These events are a prerequisite for fertilization. 

The spawning behavior has been described for closed thelycum shrimp: P. 

japonicus (Hudinaga, 1942), P. monodon (Motoh, 1981) and S. ingentis (Pillai et al., 

1988). However, in open thelycum shrimp (P. vannamei, P. stylirostris, P. 

occidentalis), the spawning behavior has not been studied in detail. 

This work presents results about maturation and mating in the white shrimp, P. 

occidentalis, from Curazao beach, Chira Island, and observations on their spawning 

behavior, cortical reaction, and sperm-egg interaction. 

Material and methods 
Captures 

On June 26, 1992, a zone with maturation and mating activity for the species P. 

occidentalis was found. The reproduction zone is localized near Curazao beach, on the 

northeast side of Chira Island (Fig. 1), at a depth of 2-6 m. 

Six fishing trips were assigned to the reproduction zone. Once a week, a 

monofilament fishing net ( mesh size = 7.60 cm) of 212 m long and 2.43 m wide, was 

cast during a period of 20 min. This procedure was repeated three times. Captures were 

performed during afternoon hours and the degree of maturation and mating was 

registered until the end of the closed fishing season (July 31). In addition to field 

observations, samples were preserved on ice for laboratory analysis. 

Maturation and mating 

Female maturation was evaluated using an arbitrary scale based on our 

observations about the degree of development and the coloration of ovaries: 

1. Undefined: ovary outline is not distinguishable. 
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2. Maturing: anterior, lateral, and abdominal ovarian lobules are clearly visible 

and their coloration is opaque. 

3. Almost mature: lobules are highly developed with a yellow to light red 

coloration. 

4. Mature: lobules are turgid with a dark red coloration. 

Natural mating was evaluated based on the presence of complete 

spermatophores, spermatophore residues, or sperm mass, attached to female thelycum. 

Controlled spawning and spermatophore analysis 

During the fishing trips mature females with and without attached 

spermatophores, and males with spermatophores were selected. These animals were 

transported in isolated containers (7 animals/ container) with chilled (23.5 °C) and 

oxygenated seawater to the Experimental Maturation Laboratory at Criadero de 

Camarones de Chomes S.A, where experiments on spawning and semen analysis were 

performed. 

In the laboratory, the presence of spermatophores or residues on the thelycum 

was again evaluated and animals were gradually acclimated to the culture water 

(temperature = 27 °C, salinity = 35 ppt). Impregnated females were isolated in plastic 

tanks (40 L) with seawater treated by filtration (silica sand and 1 ^m cartridge) and 

sedimentation. EDTA was added as a chelator at a rate of 10 mg l"1 (Chamberlain and 

Lawrence, 1983) and aeration was provided. By taking 3,0 ml samples (4 replicates), 

the number of spawned eggs was estimated. Also most of the impregnated females 

completely removed their sperm mass and spermatophore residues, during the 3 h 

transportation time. Eight impregnated females and seven mature but not impregnated 

females were selected for spawning. They were transferred to spawning containers and 

kept under constant observation until their spawning. 

The events associated with the sperm-egg interaction were studied through in 

vitro spawnings using the following two techniques: a) plastic cones, and b) beakers. At 

the moment of spawning females were captured and held over a 300 ml plastic cone or 

100 ml beaker. These containers were previously inoculated with a sperm suspension, 

obtained by homogenization of two sources: a) sperm mass removed from its 

spermatophore or medial vas deferens, and b) complete spermatophores. Sperm density 

in spawning units was estimated by hemacytometer counting (Alfaro, 1990; Alfaro, 

1992). To ensure adequate sperm and eggs mixing, plastic cones were provided with an 

aeration line, and suspensions in beakers were mixed with a goiter. Additionally, ova in 

beakers were gently swirled, following the protocol for in vitro spawning of S. ingentis 

(Griffin et al., 1988). 
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Figure 1. Location of the study area (station 1) in the northeast coast of Chira island, 

Gulf of Nicoya, Costa Rica. 
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Sperm analysis involved total sperm count per compound spermatophore (two 

sub-units), compound spermatophore weight, and percentage of sperm with missing 

spikes or malformed bodies, following the techniques previously described (Alfaro, 

1990;Alfaro, 1992). 

Results 
The July 7 capture could not be analyzed quantitatively (Figs. 2 and 3). These 

figures show the frequency of females and males (Fig. 2), ovarian maturation, and rate 

of mature and impregnated females (Fig. 3) in the reproduction zone. 

Capture analysis indicates that during four weeks of consecutive sampling, there 

were adult males and females in the area. Females were found in stages 1, 2, 3 and 4 of 

ovarian maturation. It was found that over 40.7 % of mature females captured each 

week were impregnated. On July 22, one female and 3 males were captured, and on 

July 27 maturing females appeared again. 

Under laboratory conditions, P. occidentalis females showed the following 

spawning pattern: 

A) Resting. Females show minimum or no activity, resting on the bottom of the 

tank. This phase lasted 5-6 hours. 

B) Ascension and descension. Females swim to the surface and rapidly return 

to the bottom. This behavior is repeated, lasting 1 h. 

C) Swimming. Females are suspended in the water column, swimming slowly 

around the tank; pleopods are vigorously agitated and the abdomen is 

curved. This phase may be short or be repeated some times. 

D) Egg releasing. Females release their eggs while showing behavior (C). Eggs 

descend and are dispersed by the water current generated by pleopods. The 

ovary content is evacuated partially or completely; a complete spawn takes a 

few minutes. 

E) Spawned. Females rest on the bottom, showing minimum activity. Ovaries 

have lost their dimension, outline, and color. In partial spawns, females 

present abdominal ovarian lobes. 

Spawning experiments showed that all impregnated and 5 non-impregnated 

females spawned at dawn the day after their capture. Only 2 impregnated females had 

abnormal spawns, characterized by the release of oocytes that form masses that stick to 

the bottom of the tank. Females (mean weight = 63.4 ± 8.7 g) released 26600 to 186600 

eggs per spawn. 

A particular aspect of this species was that the majority of impregnated females 

completely removed their sperm mass during transport, possibly as a stress result. For 
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Figure 2. Number of shrimp and average total weight (g) of Penaeus occidentalis 

collected during the study in Chira Island (northwest coast), Gulf of Nicoya. Values in 

parenthesis represent standard deviation of weight. 
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Figure 3. Maturation stages (1, 2, 3 and 4) and rate of impregnated Penaeus 

occidentalis captured in the north-east coast of Chira Island, Gulf of Nicoya. 
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example, at the moment of capture one female was removing the sperm mass with her 

claws. Probably, females that arrived to the laboratory with sperm masses, removed 

them during the night because spawns were infertile. Fertilization in penaeids is 

external and it occurs at the moment of spawning. 

The technique of in vitro spawning allowed the evaluation of the cortical 

reaction of eggs and sperm condition. Table 1 summarizes the cortical reaction events 

observed in fresh samples. The release of cortical crypts is a massive process that forms 

a jelly coat of 660 ixm in diameter, around the eggs (220 |im). Egg diameter is reduced 

Table 1. Cortical reaction events for Penaeus occidentalis eggs during in vitro 

spawnings3 

Time (min) Eventb 

0 Spawning. Egg diameter = 280 ixm. 

8 Eggs surrounded by cortical rods. 

15 Rod dissipation and hatching envelope formation. 

30 Hatching envelope completely developed. 

a Temperature = 27 °C, salinity = 35 ppt. 
b The sequence of events occurred in similar way with and without sperm. 

during the cortical reaction and this ends with the formation of a hatching envelope; 

these events do not need the presence of sperm. In vitro spawning was practiced by two 

techniques. Table 2 shows the conditions and observations obtained in the spawnings; 

no acrosomal reaction of sperm was observed under either technique. Table 3 presents 

the quality parameters of spermatophores from wild males during a natural period of 

maturation and mating. 

Discussion 
This work documents a massive reproductive activity of the species P. 

occidentalis near Curazao beach, Chira island. The evidence indicates that in the region 

P. occidentalis develop ovaries and mate with the imminent release of eggs in the same 

area. This process was observed between June 26 and July 15, 1992 (closed season for 

shrimp fishery); samples from July 22 indicate an absence of adults in the area, and the 

following week (July 27), the activity appears again. 

Carranza (1985) established that the upper Gulf of Nicoya is not a reproduction 

region for white shrimps. However, this study demonstrates that the reproductive cycle 

of P. occidentalis takes place in estuarine and shallow waters. The absence of gravid 

females in Carranza's study may be the result of selected sampling stations. 
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Chapter 2 

Table 2. Observations on Penaeus occidentalis sperm in interaction with eggs, during 

in vitro spawnings. 

Spawning 

technique 

Cone 

Beaker 

No. of 

spawn 

1 

2 

3 

4 

Sperm density 

(cel./ml)a 

150000b 

305000b 

185000c 

185000c 

( 

0 

N.C. 

N.C. 

N.C. 

N.C. 

sperm morphology 

15 

N.C. 

N.C. 

N.C. 

N.C. 

30min 

N.C. 

N.C. 

N.C. 

N.C. 
a Sperm suspensions were prepared 1 or 2 hours before spawning. 
b Sperm removed from spermatophores and medial vas deferens. 
c Sperm from spermatophores. 

N.C. = no change in morphology 

Table 3. Spermatophore quality in wild Penaeus occidentalis. 

Animal 

1 

2 

3 

4 

Average 

Total weight 

49.4 

40.6 

46.8 

46.0 

45.7 

Spermatophore 

weight (g) 

0.27 

0.24 

0.35 

0.33 

0.30 

Sperm count 

(millions) 

44.80 

45.80 

60.75 

46.75 

49.52 

Abnormality 

(%) 

29.8 

22.0 

16.9 

19.3 

22.0 

It is interesting to indicate that during the study, captures were almost 

exclusively of P. occidentalis. This seems to indicate that during reproduction activity, 

penaeid species disperse from each other, as it has been reported for P. setiferus and P. 

aztecus (Chamberlain and Lawrence, 1983). 

In the southeast coast of Chira island (Lagartero and Lagartito beaches), two P. 

occidentalis females in stage 4 of maturation with spermatophore residues, and one P. 

stylirostris female in stage 4, but not impregnated, were found. This particular finding 

could be an indication that activities like the one monitored near Curazao beach, are 

occurring in other areas of Gulf of Nicoya, where P. occidentalis and P. stylirostris 
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