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Abstract

Shrimp farming constitutes an important source of revenue and employment in many develop-
ing countries. However, infectious diseases have affected the profitability of the shrimp industry.
For this reason, disease prevention is a priority and shrimp immunology has become a prime area
of research. In such a perspective, studies into the value of cellular and humoral parameters as
indicators of shrimp condition are being carried out, with the intention of developing criteria for
sanitary surveys, immunomodulation studies and selection programs for shrimp with high resis-
tance to pathogens. Several quantitative, fast and easy procedures are being adapted to evaluate
the expression of the immune response of shrimp. In regard to cellular parameters, the hemogram

Ž .and two cellular mechanisms, the radical oxygen intermediates ROIs generated during post-
Ž .phagocytic events and phenoloxidase PO activity have been considered as potential markers.

Concerning humoral parameters, the antibacterial activity of plasma and the concentration of
plasma proteins can be considered as criteria of health status. Information is presented about the
immunological tools used to evaluate these health markers and the results concerning the clinical
significance of response modifications. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Shrimp farming has had an impressive growth in many developing countries, where
this activity has attained a great economic and social importance. For example, in
Ecuador, shrimp is the third most important export product and constitutes a significant
source of revenue and employment. However, the shrimp industry has always been

Žaffected by infectious diseases, mainly of bacterial and viral etiology Lightner et al.,
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.1983; Kroll et al., 1991; Mohney et al., 1994; Hasson et al., 1995; Flegel, 1997 , causing
great loss of production. The sustainability of the shrimp industry depends largely on
disease control and the health status of shrimp. From this point of view, the immune

Ž .system is a tool to assess shrimp health Bachere et al., 1995a and others workers have`
suggested furthermore the value of immune parameters as biomarkers in ecotoxicology.

For evaluation of cellular and humoral parameters of the immune response of
cultured shrimp, the development of simplified procedures has played a vital role for the
development of immunoassays. Several authors have been working on the quantification
of different cellular and humoral parameters of the immune response of cultivated

Žshrimp species. Among the available tools, we can find hemogram counts Le Moullac
. Ž . Žet al., 1997 , reactive oxygen intermediates ROIs measurement Song and Hsieh, 1994;

. Ž .Bachere et al., 1995b; Munoz et al., this issue , phenoloxidase PO activity quantifica-` ˜
Ž .tion Hernandez-Lopez et al., 1996; Le Moullac et al., 1997 , antibacterial activity´ ´

Ž .measurement Sung et al., 1996 , determination of plasma protein concentration, and
Žspecific antibodies against several humoral proteins Rodrıguez et al., 1995; Vargas-Al-´

.bores et al., 1996 .
In this review, information is presented regarding immune tools frequently used to

evaluate the immune response of penaeid shrimp, their application to identify health
markers, and the knowledge acquired on their clinical significance.

2. Hemogram counts

Haemocytes play a central role in crustacean immune defense. Firstly, they remove
foreign particles in the hemocoel by phagocytosis, encapsulation and nodular aggrega-

Ž .tion Soderhall and Cerenius, 1992 . Secondly, haemocytes take part in wound healing¨ ¨
by cellular clumping and initiation of coagulation processes through the release of

Žfactors required for plasma gelation Johansson and Soderhall, 1989; Omori et al., 1989;¨ ¨
. Ž .Vargas-Albores et al., 1998 , and carriage and release of the prophenoloxidase proPO

Ž .system Johansson and Soderhall, 1989; Hernandez-Lopez et al., 1996 . They are also¨ ¨ ´ ´
involved in the synthesis and discharge in the haemolymph of important molecules, such

Ž . Ž .as a -macroglobulin a M Rodrıguez et al., 1995; Armstrong et al., 1990 , agglu-´2 2
Ž . Žtinins Rodrıguez et al., 1995 , and antibacterial peptides Destoumieux et al., 1997;´

.Schnapp et al., 1996; Lester et al., 1997 . The hemogram consists of the total haemocyte
Ž . Ž .count THC and the differential haemocyte count DHC . For the DHC, most re-

searchers agree with the identification of three cell types in penaeid shrimp: large
Ž . Ž .granule haemocytes LGH , small granule haemocytes SGH and agranular haemocytes

Ž . Žor hyaline cells HC Tsing et al., 1989; Martin and Graves, 1985; Rodrıguez et al.,´
.1995; Van de Braak et al., 1996 .

For crustaceans, some information exists on the importance of THC in pathogen
Ž .resistance. Persson et al. 1987 reported in Pacifastacus leniusculus a relationship

between haemocyte number and its resistance to the parasitic fungus Aphanomyces
astaci. They demonstrated that a decrease in the haemocyte number of crayfish
harbouring A. astaci as a latent infection resulted in an acute infection with incomplete
melanization of fungus hyphae, leading to the death of the crayfish. Le Moullac et al.
Ž .1998 observed that Penaeus stylirostris with a low THC due to a hypoxia situation,
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became more sensitive to infections with highly virulent Vibrio alginolyticus. In this
study, the DHC was also altered, with a significant decrease in HC and SGH. The
physiological importance of the number and composition of haemocytes is suggested by

Ž .the modifications observed during the moult cycle. In P. japonicus Tsing et al., 1989
Ž .and P. stylirostris Le Moullac et al., 1997 , the highest haemocyte number was found

during the postmoult stage, while the lowest was associated with the intermoult stage.
Ž .Similar variations were seen in Sicyonia ingentis Hose et al., 1992 in which the most

important release of haemocytes from hematopoietic tissue occurs during postmoult
stage. As far as DHC is concerned, the highest number of LGH in P. stylirostris and S.

Ž .ingentis, occurs in intermoult Le Moullac et al., 1997; Hose et al.,1992 . The HC
Žpeaked during the ecdysial period in S. ingentis and P. japonicus Hose et al., 1992;

. ŽSequeira et al., 1995 . The presence of high numbers of HC in the ecdysial period when
.the cuticule is weak seems important, because they initiate the coagulation and also

Ž .could be involved in cuticle formation Hose et al., 1992 . The high LGH concentration
in P. stylirostris haemolymph during intermoult could be related to high PO activity and

Ž .vibriosis resistance Le Moullac et al., 1997 .
THC can be easily determined using a hemocytometer, whereas determination of

DHC requires a more complex haemocyte identification. DHC can be determined by the
use of morphological criteria such as size and shape of cells and the difference of

Žhaemocyte refractivity using a phase contrast microscope Tsing et al., 1989; Martin and
.Graves, 1985; Le Moullac et al., 1997 . Although this technique is rapid, it should be

mentioned that when using this technique it is easy to obtain large variations in results
possibly due to interpretation errors.

Different haemocyte types can be determined using cytochemical studies of enzyme
Ž .activity detection or specific stains. In S. ingentis, Hose et al. 1987 reported that acid

phosphatase activity was more abundant in SGH, while HC are distinctively stained by
Ž .Sudan black. In P. japonicus, Sequeira et al. 1995 performed cytochemical stains over

haemocyte subpopulations separated by flow cytometry, and reported positive peroxi-
dase activity only in LGH. The results obtained from cytochemical stains for penaeid
shrimp indicate that these specific stainings can differentiate between the types of
haemocytes and provide additional information on their functions. An alternative method

Ž .for cell identification is the use of monoclonal antibodies mAbs in order to find
antigenic markers of different cell types. Using mAbs against different subpopulations of
haemocytes separated by isopycnic centrifugation on a Percoll gradient, Rodrıguez et al.´
Ž .1995 found in P. japonicus that HC share epitopes with SGH, and that an antigen was
specifically expressed for LGH. Monoclonal antibodies could be considered as powerful
tools for the development of haemocyte lineages and haemocyte proliferation studies, as
well as for the isolation and study of plasma components.

( )3. Measurement of reactive oxygen intermediates ROIs

Phagocytosis is the most common reaction of cellular defense. During phagocytosis,
particles or microorganisms are internalized into the cell which later forms a digestive
vacuole called the phagosome. The elimination of phagocyted particles involves the
release of degradative enzymes into the phagosome and the generation of ROIs. This last
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process is known as the respiratory burst. The first ROI generated during this process is
Ž y.the superoxide anion O . Subsequent reactions will produce other ROIs, such as2

Ž . Ž y. Ž1 .hydrogen peroxide H O , hydroxyl radicals OH and singlet oxygen O . Hydro-2 2 2
Ž y.gen peroxide can be converted to hypochlorous acid HOCl via the myeloperoxidase

Ž . ŽMPO –H O –Cl system, forming a potent antibacterial system for review see Bayne,2 2
.1990; Anderson, 1996 .

In penaeid shrimp most studies concerning phagocytosis have been performed
through observations of clearance processes of injected bacteria or particulate materials
Ž .Fontaine and Lightner, 1974; Tsing, 1987; Martin et al., 1993 but this procedure is
inappropriate to quantify phagocytosis. In invertebrates, most of the studies regarding

ŽROIs generation have been performed on molluscs Dikeboom et al., 1985; Bachere et`
.al., 1991; Pipe, 1992; Noel et al., 1993; Anderson, 1994 and some quantitative¨

Ž .procedures have been applied for shrimp research, as the nitro blue tetrazolium NBT
reduction technique for the measurement of intracellular Oy and the reduction of2

ferricitochrome C for extracellular Oy. The determination of H O is performed by2 2 2
Ž .horseradish peroxidase HRP -dependent oxidation of phenol red, while chemilumines-

Ž .cence CL is used for the measurement of light emission from ROIs.
The first evidence that crustacean haemocytes produce ROIs was given by Bell and

Ž . ySmith 1993 in the shore crab Carcinus maenas. They showed O generation from2
Ž .hyaline cells using phorbol myristate acetate PMA as elicitor. In P. monodon, Song

Ž .and Hsieh 1994 described for the first time the oxidative metabolism in penaeid
y Ž .shrimp. They measured O using the NBT reduction technique, and H O by HRP -2 2 2

dependent oxidation of phenol red and detected an MPO-like enzyme activity. Bachere`
Ž .et al. 1995b demonstrated the existence of respiratory burst in P. japonicus induced by

PMA and Zymosan, measuring the CL using a scintillation counter. In P. Õannamei,
Ž . yMunoz et al. this issue worked on a simplified procedure to measure intracellular O˜ 2

by the NBT reduction assay in microtiter plates. The measurement of the activity in
Ž .unstimulated haemocytes base activity allows the detection of previous excitation

states of the haemocytes, that could indicate the existence of an inflammatory process.
The assay was found to be specific, obtaining a decrease in Oy by SOD and an2

Ž .inhibition by N-ethyl-maleimide NEM .
Despite the limited number of studies focusing on respiratory burst in penaeid

shrimp, the actual results are very interesting in view of their value as biomarker of
Ž .environmental disturbances see Le Moullac and Haffner, this issue . Furthermore, the

importance of respiratory burst as a microbicidal mechanism in penaeid shrimp is
strongly suggested by the fact that pathogenic bacteria of shrimp have developed ways
of circumventing this mechanism. In P. Õannamei, Oy generation is not produced when2

virulent Vibrio Õulnificus is used as elicitor, as opposed to strong stimulation generated
Žby V. alginolyticus and other bacteria, such as Escherichia coli Munoz et al., this˜

.issue .

( ) ( )4. Measurement of prophenoloxidase proPO and phenoloxidase PO

The PO is responsible for the melanization process in arthropods. The PO enzyme
results from the activation of the proPO enzyme. The proPO activating system has been
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very well studied in crustaceans, specially in crayfish, for which some reviews have
Ž .been written Soderhall and Cerenius, 1998; Soderhall et al., 1996 . Melanin and its¨ ¨ ¨ ¨

Žreactive intermediates have shown to be fungistatic Soderhall and Ajaxon, 1982;¨ ¨
.Persson et al., 1987 .

In penaeid shrimp, the first work on melanin formation was descriptive, focusing on
histochemical observations of its presence in inflammation sites with hemocytic activity
Ž .Lightner and Redman, 1977 . Cytochemical stainings of shrimp haemocytes showed

Žthat the proPO system was confined to LGH and SGH Hose et al., 1987; Tsing et al.,
.1989; Sequeira et al., 1995 . The process of activation of the proPO system has been

Žstudied in several penaeid shrimp Hernandez-Lopez et al., 1996; Vargas-Albores et al.,´ ´
.1997; Perazzolo and Barraco, 1997; Sung et al., 1998 . The release of the proPO system

is amplified by peroxinectin, a 76-kDa protein identified in haemocytes. This protein has
Ž .cell adhesion, degranulation, opsonic and peroxidase activity Johansson et al., 1995 .

Ž .The proPO has been cloned and sequenced in crayfish Aspan et al., 1995 and P.
Ž .monodon Sritunyalucksana et al., 1999 .

The PO activity is measured spectrophotometrically by recording the formation of
Ž . Ž .dopachrome from L-dihydrophenylalanine L-DOPA at 490 nm Leonard et al., 1985 .

PO can be obtained in different ways. The proPO system is released from haemocytes
by incubating them with laminarin or zymosan as elicitor in presence of Ca2q

Ž .Vargas-Albores et al, 1993a; Le Moullac et al., 1997 . PO can be also obtained from
cellular lysates containing inactivated proPO system; trypsin is used to activate the

Ž .proPO to PO Smith and Soderhall, 1991 . The procedure of PO activity assay has been¨ ¨
Žsimplified, the reaction carried out completely in microtiter plates Hernandez-Lopez et´ ´

.al., 1996 . The expression of proPO gene can be investigated in haemocytes isolated
from shrimp. The amount of the proPO transcripts is evaluated in haemocytes by

Ž .Northern blot analysis Lind, personal communication .
Using these different approaches, the function of the proPO system can be better

understood in relation to the health status of shrimp. Some studies have shown that
proPO could be used as health and environmental markers because changes are

Žcorrelated with infectious state and environmental variations Le Moullac and Haffner,
. Žthis issue which has recently been confirmed also at the gene expression level Lind,

.personal communication .

5. Antibacterial activity quantification

Antibacterial peptides and proteins have been well studied in arthropods, mainly in
Ž .insects and chelicerata for reviews see Hetru et al., 1994; Iwanaga et al., 1998 , where

the families of antimicrobial molecules have been isolated and characterized. In crus-
tacean, some studies have shown the ability of crustacean haemolymph to inhibit

Ž .bacterial growth Adams, 1991; Chisholm and Smith, 1992; Noga et al., 1994, 1996 .
Several antibacterial proteins, active in vitro against Gram-positive and Gram-negative

Ž .bacteria, were found in C. maenas Schnapp et al., 1996; Smith, 1997 . Lester et al.
Ž .1997 found a small peptide named callinectin, which was reported to be responsible
for the majority of antibacterial activity observed in the haemolymph of blue crab
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Ž .Callinectes sapidus. Regarding studies in penaeid shrimp, Destoumieux et al. 1997
fully characterized three members of a new family of antimicrobial peptides. These
peptides, named penaeidins, are the first antimicrobial molecules found in penaeid
shrimp.

In the literature there are reports showing that antibacterial activity in crustaceans can
Ž .be considered as an environmental marker Le Moullac and Haffner, this issue .

Therefore, many researchers have developed quantitative antibacterial assays based on
Žinhibition of bacterial growth on agar plate zone inhibition assay and colony-forming

Ž . . Žunits CFU inhibition assay or in liquid medium on microtiter plates turbidometric
.assay , to detect the antibacterial ability in crustacean haemolymph. Using the CFU

inhibition technique, antibacterial activity has been found in granular haemocytes of the
Žshore crab C. maenas and in other crustacean species Chisholm and Smith, 1992,

. Ž .1995 . Noga et al. 1994 reported a potent antibacterial activity in the serum of Cal.
sapidus, using the zone inhibition assay and turbidimetric test. Using the CFU inhibition
assay, bactericidal activity against Gram negative bacteria have been described in the

Ž .haemolymph of P. monodon Adams, 1991 . In P. Õannamei, strong antibacterial
activity of plasma against different marine bacteria has been observed, using a turbidi-

Ž . Žmetric assay Rodrıguez et al., in preparation . Both techniques using agar plates or´
.liquid medium allow the detection of antibacterial activity in crustacean haemolymph.

However, from a practical point of view, the second method has the advantage of
allowing the analysis of a large number of samples at once.

6. Measurement of plasma protein concentration

Crustaceans have an open circulatory system in which the haemolymph carries out
several physiological functions. One of these function is the transport of molecules such

Ž .as the respiratory protein hemocyanin which is the most abundant molecule of the
Ž . Ž .haemolymph 60% to 95 % of total protein Djangmah, 1970 followed by the clotting

protein and other humoral components. The measurement of plasma protein concentra-
Ž .tion is based on classic methods, such as the Lowry method Lowry et al., 1951 .

Evidence has been given regarding the physiological importance of the plasma
protein concentration and its susceptibility to environmental or physiological changes in

Ž .the animal. Chisholm and Smith 1994 found a relation between the protein concentra-
tion and water temperature, showing low plasma protein concentrations when tempera-
tures are at their lowest and highest in the year. The concentration of total proteins are

Ž .also related to the moult cycle of the shrimp. In P. japonicus, Chen and Cheng 1993
Žhave reported lower levels of protein concentration during postmoult stage 41.37 mg

y1 . Ž y1 . Ž .ml as opposed to higher levels 74.90 mg ml found in early premoult D0 . In
apparently P. Õannamei healthy juveniles reared under laboratory conditions the plasma

y1 Ž .protein concentration is around 120 mg ml unpublished data , but this concentration
changes under different environmental conditions. For example, the concentration of

Ž .plasma proteins is related to the level of protein in the diet unpublished data .
Ž .Furthermore, Engel et al. 1993 reported a negative effect of low levels of dissolved

oxygen on hemocyanin concentration in serum of the blue crab Cal. sapidus.
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On other hand several immune molecules have been identified and purified in
Ž .crustaceans such as the LPS-binding protein Vargas-Albores et al., 1993b , b-glucan-bi-

Ž .Ž . Ž .Žnding protein BGBP Vargas-Albores et al., 1996, clotting protein CP Hall et al,
.1995; Montano-Perez et al., 1998 . In crayfish, some of these proteins are characterized

Ž . Ž .at gene level; BGBP Cerenius et al., 1994 and CP Hall et al., 1999 are very similar to
their homologues in shrimp. Specific antibodies would allow the use of the ELISA
technique to clinically estimate the presence of these proteins in the shrimp plasma.
Monoclonal antibodies are available against the clotting factor, a M and agglutinin of2

Ž .P. japonicus Rodrıguez et al., 1995 as well as polyclonal antibodies against penaeid´
Ž .BGBP Yepiz-Plascencia et al., 1998 .

7. Applications and future research

With currently available knowledge, it is not possible at the moment to define which
immune mechanism is the most important for resistance to diseases. For the application
of immune criteria in health control and genetic selection programs, it is important to
identify disease resistance markers. In such ways, it is important to have experimental

Ž .infection model Saulnier et al., this issue allowing correlation of immune parameters
with disease resistance.

To undertake health monitoring on farms, it is necessary to monitor aquacultural
performances to know the relationships between environmental conditions and normal or
abnormal values of immune responses of shrimp. The use of resistance criteria opens
many research possibilities: survivors of experimental infections and shrimp with high
level of expression of resistance markers could be used in the selection of broodstock. In
addition, it is important to start studies on the heritability of the immune parameters. The
application of fundamental knowledge in immunology and other research areas, such as
epidemiology and genetics, could contribute to the improvement of management prac-
tices in farms and to the domestication of shrimp adapted to rearing conditions.

Acknowledgements

We are grateful to Dr. Evelyne Bachere, IFREMERrCNRSrUniversite Montpellier2,` ´
for her collaboration in shrimp health control work and for discussions. We thank Julie
Nieto, Inge Visers and Enrique Blacio for her assistance with the preparation of this
manuscript in English.

References

Adams, A., 1991. Response of penaeid shrimp to exposure to Vibrio species. Fish Shellfish Immunol. 1,
59–70.

Anderson, R.S., 1994. Haemocyte-derived reactive oxygen intermediate production in four bivalve mollusks.
Dev. Comp. Immunol. 18, 89–96.



( )J. Rodrıguez, G. Le MoullacrAquaculture 191 2000 109–119´116

Anderson, R.S., 1996. Production of reactive oxygen intermediates haemocytes. Immunological significance.
Ž .In: Soderhall, K., Sadaaki, I., Vasta, G. Eds. , New Directions in Invertebrate Immunology. SOS¨ ¨

Publications, Fair Haven, pp. 109–129.
Armstrong, P.B., Quigley, J.P., Rickles, F.R., 1990. The Limulus blood cell secretes a2-macroglobulin when

activated. Biol. Bull. 178, 137–143.
Aspan, A., Huang, T.-S., Cerenius, L., Soderhall, K., 1995. cDNA cloning of prophenoloxidase from the¨ ¨

freshwater crayfish Pacifastacus leniusculus and its activation. Proc. Natl. Acad. Sci. U. S. A. 92,
939–943.

Bachere, E., Hervio, D., Mialhe, E., 1991. Luminol-dependent chemiluminescence by haemocytes of two`
marine bivalves, Ostrea edulis and Crassostrea gigas. Dis. Aquat. Org. 11, 173–180.

Bachere, E., Miahle, E., Noel, T., Boulo, V., Morvan, A., Rodriguez, J., 1995a. Knowledge and research` ¨
prospects in marine mollusc and crustacean immunology. Aquaculture 132, 17–32.

Bachere, E., Mialhe, E., Rodrıguez, J., 1995b. Identification of defence parameters in the haemolymph of` ´
Ž .crustacean with particular reference to the shrimp Penaeus japonicus Bate , prospects and application.

Fish Shellfish Inmunol. 5, 597–612.
Bayne, C.J., 1990. Phagocytosis and non-self recognition in invertebrates. Phagocytosis appears to be an

ancient line of defense. Bioscience 40, 723–731.
Bell, K.L., Smith, V.J., 1993. In vitro superoxide production by hyaline cells of the shore crab Carcinus

Ž .maenas L . Dev. Comp. Immunol. 17, 211–219.
Cerenius, L., Liang, Z., Duvic, B., Keyser, P., Hellman, P., Palva, E.T., Iwanaga, S., Soderhall, K., 1994.¨ ¨

Structure and biological activity of a 1,3-b-D-glucan-binding protein in crustacean blood. J. Biol. Chem.
269, 29462–29467.

Chen, J.C., Cheng, S.Y., 1993. Studies on hemocyanin and haemolymph proteins levels of Penaeus japonicus
Ž .based on sex, size and moulting cycle. Comp. Biochem. Physiol., Part B: Biochem. Mol. Biol. 106 2 ,

293–296.
Chisholm, J.R.S., Smith, V., 1992. Antibacterial activity in the haemocytes of the shore crab, Carcinus

maenas. J. Mar. Biol. Assoc. U. K. 72, 529–542.
Chisholm, J.R.S., Smith, V., 1994. Variation of antibacterial activity in the haemocytes of the shore crab,

Carcinus maenas, with temperature. J. Mar. Biol. Assoc. U. K. 74, 979–982.
Chisholm, J.R.S., Smith, V., 1995. Comparison of antibacterial activity in the haemocytes of different

Ž .crustacean species. Comp. Biochem. Physiol., Part A: Mol. Integr. Physiol. 110A 1 , 39–45.
Destoumieux, D., Bulet, P., Loew, D., Van Dorsselaer, A., Rodrıguez, J., Bachere, E., 1997. Penaeidins, a new´ `

Ž .family of antimicrobial peptides isolated from the shrimp Penaeus Õannamei Decapoda . J. Biol. Chem.
272, 28398–28406.

Dikeboom, R., Mulder, E.C., Tijnagel, J.M.G.H., Sminia, T., 1985. Phagocytic blood cells of pond snail
Lymnaea stagnalis generate active forms of oxygen. Eur. J. Cell Biol., Suppl. 11, 12.

Djangmah, J.S., 1970. The effects of feeding and starvation on copper in the blood and hepatopancreas, and on
Ž .blood proteins of Crangon Õulgaris Fabricius . Comp. Biochem. Physiol. 32, 709–731.

Engel, D.W., Brouwer, M., McKenna, S., 1993. Hemocyanin concentrations in marine crustaceans as a
function of environmental conditions. Mar. Ecol.: Prog. Ser. 93, 235–244.

Ž .Flegel, T.W., 1997. Special topic review, major viral diseases of the black tiger prawn Penaeus monodon in
Thailand. World J. Microbiol. Biotechnol. 13, 433–442.

Fontaine, C.T., Lightner, D.V., 1974. Observations on the phagocytosis and elimination of carmine particles
injected into the abdominal musculature of the white shrimp, Penaeus setiferus. J. Invertebr. Pathol. 24,
141–148.

Hall, M., Miranda, C., Heusden, C.V., Soderhall, K., 1995. Identification of the major lipoproteins in crayfish¨ ¨
hemolymph as proteins involved in immune recognition and clotting. Biochem. Biophys. Res. Commun.

Ž .216 3 , 939–946.
Hall, M., Wang, R., van Antwerpen, R., Sottrup-Jensen, L., Soderhall, K., 1999. The crayfish plasma clotting¨ ¨

protein: a vitellogenin-related protein responsible for clot formation in crustacean blood. Proc. Natl. Acad.
Sci. U. S. A. 96, 1965–1970.

Hasson, K.W., Lightner, D.V., Poulos, B.T., Redman, R.M., White, B.L., Brock, J.A., Bonami, J.R., 1995.
Taura syndrome in Penaeus Õannamei, demonstration of a viral etiology. Dis. Aquat. Org. 23, 115–126.



( )J. Rodrıguez, G. Le MoullacrAquaculture 191 2000 109–119´ 117

Hernandez-Lopez, J., Gollas-Galvan, T., Vargas-Albores, F., 1996. Activation of the prophenoloxidase system´ ´
Ž .of the brown shrimp Penaeus californiensis Holmes . Comp. Biochem. Physiol. 113C, 61–66.

Hetru, C., Bulet, P., Cociancchi, S., Dimarcq, J.L., Hoffman, D., Hoffman, J.A., 1994. Antibacterial
peptidesrpolypeptides in the insect host defense, a comparison with vertebrate antibacterial peptidesrpoly-

Ž .peptides. In: Hoffman, J., Janeway, A., Natori, A. Eds. , Phylogenetic Perspectives in Immunity, the
Insect Host Defense. CRC Press, Boca Raton, pp. 43–66.

Hose, J.E., Martin, G.G., Van Anh Nguyen, J.L., Rosenstein, T., 1987. Cytochemical features of shrimp
haemocytes. Biol. Bull. 173, 178–187.

Hose, J.E., Martin, G.G., Tiu, S., McKrell, N., 1992. Patterns of haemocyte production and release throughout
the molt cycle in the penaeid shrimp Sycionia ingentis. Biol. Bull. 183, 185–199.

Iwanaga, S., Kawabata, S.I., Muta, T., 1998. New types of clotting factors and defense molecules found in
horseshoe crab haemolymph, their structures and functions. J. Biochem. 123, 1–15.

Johansson, M.W., Soderhall, K., 1989. Cellular immunity in crustaceans and the proPO system. Parasitol.¨ ¨
Today 5, 171–176.

Johansson, M.W., Lind, M.I., Holmblad, T., Thornqvist, P.O., Soderhall, K., 1995. Peroxinectin a novel cell¨ ¨ ¨
adhesion protein from crayfish blood. Biochem. Biophys. Res. Commun. 216, 1079–1087.

Kroll, R.M., Hawkins, W.E., Overstreet, R.M., 1991. Rickettsial and mollicute infections in hepatopancreatic
Ž .cells of cultured Pacific white shrimp Penaeus Õannamei . J. Invertebr. Pathol. 57, 3622–3660.

Aquacop., Le Moullac, G., Le Groumellec, M., Ansquer, D., Froissard, S., Levy, P., 1997. Haematological and
phenoloxidase activity changes in the shrimp Penaeus stylirostris in relation with the moult cycle,
protection against vibriosis. Fish Shellfish Immunol. 7, 227–234.

Le Moullac, G., Soyez, C., Saulnier, D., Ansquer, D., Avarre, J.C., Levy, P., 1998. Effect of hypoxic stress on
the immune response and the resistance to vibriosis of the shrimp Penaeus stylirostris. Fish Shellfish
Inmunol. 8, 621–629.

Lester, H.K., Noga, E.J., Robinette, D.W., 1997. Callinectin, an antibacterial peptide from blue crab
Ž .haemocytes. In: Clem, L., Warr, W. Eds. , Special Issue Abstracts of the 7th Congress of the ISDCI,

21–25 July 1997, Williamsburg, USA. Dev. Comp. Immunol. 21, 207.
Leonard, C., Soderhall, K., Ratcliffe, N.A., 1985. Studies on prophenoloxidase and protease activity of¨ ¨

Blaberus craniifer haemocytes. Insect Biochem. 15, 810–1985.
Lightner, D.V., Redman, R., 1977. Histochemical demonstration of melanin in cellular inflammatory processes

of penaeid shrimp. J. Invertebr. Pathol. 30, 298–302.
Ž .Lightner, D.V., Redman, R.M., Bell, T.A., 1983. Infectious hypodermal and hematopoietic necrosis IHHNV ,

a newly recognized virus disease of penaeid shrimp. J. Invertebr. Pathol. 42, 62–70.
Lowry, O.H., Rosebrough, N.J., Farr, A.L., Randall, R.J., 1951. Protein measurement with the folin phenol

reagent. J. Biol. Chem. 193, 265–275.
Martin, G.G., Graves, B., 1985. Fine structure and classification of shrimp haemocytes. J. Morphol. 185,

339–348.
Martin, G.G., Poole, D., Poole, C., Hose, J.E., Arias, M., Reinolds, L., McKrell, N., Whang, A., 1993.

Clearance of bacteria injected into the haemolymph of the penaeid shrimp Sicyonia ingentis. J. Invertebr.
Pathol. 62, 308–315.

Mohney, L.L., Lightner, D.V., Bell, T.A., 1994. An epizootic of vibriosis in Ecuadorian pond-reared Penaeus
Ž .Õannamei Boone Crustacea Decapoda . J. World Aquacult. Soc., 25.

Montano-Perez, K., Yepiz-Plascencia, G., Higuera-Ciapara, I., Vargas-Albores, F., 1998. Purification and
Ž .characterization of the clotting protein from the white shrimp Penaeus Õannamei . Comp. Biochem.

Physiol., 116–125.
Noel, D., Bachere, E., Mialhe, E., 1993. Phagocytosis associated chemiluminescence of haemocytes in Mytilus¨ `

Ž .edulis Bivalvia . Dev. Comp. Immunol. 17, 483–493.
Noga, E.J., Engel, D.P., Arrol, T.W., McKenna, S., Davidian, M., 1994. Low serum antibacterial activity

coincides with increased prevalence of shell disease in blue crabs Callinectes sapidus. Dis. Aquat. Org. 19,
121–128.

Noga, E.J., Arroll, T.A., Fan, Z., 1996. Specificity and some physicochemical characteristics of the
antibacterial activity from blue crab Callinectes sapidus. Fish Shellfish Immunol. 6, 403–412.

Omori, S.A., Martin, G.G., Hose, J.E., 1989. Morphology of haemocyte lysis and clotting in the ridgeback
prawn, Sicyonia ingentis. Cell Tissue Res. 255, 117–123.



( )J. Rodrıguez, G. Le MoullacrAquaculture 191 2000 109–119´118

Perazzolo, L.M., Barraco, M.A., 1997. The prophenoloxidase activating system of the shrimp Penaeus
Ž .paulensis and associated factors. Dev. Comp. Immunol. 21 5 , 385–395.

Persson, M., Cerenius, L., Soderhall, K., 1987. The influence of haemocyte number on the resistance of the¨ ¨
freshwater crayfish, Pacifastacus leniusculus Dana, to the parasitic fungus Aphanomices astaci. J. Fish
Dis. 10, 471–477.

Pipe, R.K., 1992. Generation of reactive oxygen metabolites by the haemocytes of the mussel Mytilus edulis.
Dev. Comp. Immunol. 16, 111–122.

Rodrıguez, J., Boulo, V., Mialhe, E., Bachere, E., 1995. Characterization of shrimp haemocytes and plasma´ `
components by monoclonal antibodies. J. Cell Sci. 108, 1043–1050.

Schnapp, D., Kemp, G.D., Smith, V.J., 1996. Purification and characterization of a proline-rich antibacterial
peptide, with sequence similarity to bactenecin-7, from the haemocytes of the shore crab, Carcinus
maenas. Eur. J. Biochem. 240, 532–539.

Sequeira, T., Vilanova, M., Lobo-Da-Cunha, A., Baldaia, L., Arala-Chavez, M., 1995. Flow cytometric
analysis of molt-related changes in haemocyte type in male and female Penaeus japonicus. Biol. Bull. 189,
376–380.

Ž .Smith, V.J., 1997. Antibacterial proteins in crustaceans. In: Clem, L.W., Warr, G.W. Eds. , Special Issue
Abstracts of the 7th Congress of the ISDCI, 21–25 July 1997, Williamsburg, USA. Dev. Comp. Immunol.
21, 207.

Smith, V.J., Soderhall, K., 1991. A comparison of phenoloxidase activity in the blood of marine invertebrates.¨ ¨
Dev. Comp. Immunol. 5, 251–262.

Soderhall, K., Ajaxon, R., 1982. Effect of quinones and melanin on mycelial growth of Aphanomyces spp.¨ ¨
and extracellular protease of Aphanomyces astaci, a parasite of crayfish. J. Invertebr. Pathol. 39, 105–109.

Soderhall, K., Cerenius, L., 1992. Crustacean Immunity. Annu. Rev. Fish Dis., 3–23.¨ ¨
Soderhall, K., Cerenius, L., 1998. Role of the prophenoloxidase-activating system in invertebrate immunity.¨ ¨

Curr. Opin. Immunol. 10, 23–28.
Soderhall, K., Cerenius, L., Johansson, M.W., 1996. The prophenoloxidase system in invertebrates. In:¨ ¨

Ž .Soderhall, K., Sadaaki, I., Vasta, G. Eds. , New Directions in Invertebrate Immunology. SOS Publica-¨ ¨
tions, Fair Haven, pp. 229–253.

Ž .Song, Y.L., Hsieh, Y.T., 1994. Immunostimulation of tiger shrimp Penaeus monodon haemocytes for
generation of microbicidal substances. Analysis of reactive oxygen species. Dev. Comp. Immunol. 18,
201–209.

Sritunyalucksana, K., Cerenius, L., Soderhall, K., 1999. Molecular cloning and characterization of prophe-¨ ¨
noloxidase in the black tiger shrimp Penaeus monodon. Dev. Comp. Immunol. 23, 179–186.

Sung, H.H., Yang, Y.L., Song, Y.L., 1996. Enhancement of microbicidal activity in the tiger shrimp Penaeus
monodon via immunostimulation. J. Crustacean Biol. 16, 278–284.

Sung, H.H., Chang, H.J., Chang, J.C., Song, Y.L., 1998. Phenoloxidase activity of haemocytes derived from
Ž .Penaeus monodon and Macrobrachium rosenbergii. J. Invertebr. Pathol. 71 1 , 26–33.

Ž .Tsing, A., 1987. Recherches sur les hemocytes et l’immunite chez le crustace Penaeus japonicus Bate, 1981 .´ ´ ´
These de Doctorat de l’Universite des Sciences et Techniques du Languedoc, option Sciences Biologiques` ´
AImmunologie et hematologie,B Montpellier, 350 pp.´

Tsing, A., Arcier, J.M., Brehelin, M., 1989. Haemocytes of penaeid and palaemonid shrimps, morphology,
cytochemistry, and haemograms. J. Invertebr. Pathol. 53, 64–77.

Van de Braak, C.B.T., Faber, R., Boon, J.H., 1996. Cellular and humoral characteristics of Penaeus monodon
Ž .Fabricius, 1798 haemolymph 6 Springer-Verlag, London, pp. 194–203.

Vargas-Albores, F., Guzman, M.A., Ochoa, J.L., 1993a. An anticoagulant solution for haemolymph collection
Ž .and prophenoloxidase studies of penaeid shrimp Penaeus californiensis . Comp. Biochem. Physiol., Part

A: Mol. Integr. Physiol. 106, 299–303.
Vargas-Albores, F., Guzman-Murillo, A., Ochoa, J.L., 1993b. A lipopolysaccharide-binding agglutinin isolated

Ž .from brown shrimp Penaeus californiensis Holmes haemolymph. Comp. Biochem Physiol. 104A,
407–413.

Vargas-Albores, F., Jimenez-Vega, F., Soderhall, K., 1996. A plasma protein isolated from brown shrimp¨ ¨
Ž .Penaeus californiensis which enhances the activation of prophenoloxidase system by b-1,3-glucan. Dev.
Comp. Immunol. 20, 299–306.

Vargas-Albores, F., Hernandez-Lopez, J., Gollas-Galvan, T., Hinojosa-Baltazar, P., Magallon-Barajas, F.,´ ´ ´ ´



( )J. Rodrıguez, G. Le MoullacrAquaculture 191 2000 109–119´ 119

Ž . Ž .1997. The brown shrimp Penaeus californiensis prophenoloxidase system. In: Clem, L., Warr, W. Eds. ,
Issue Special Abstracts of the 7th Congress of the ISDCI, 21–25 July 1997, Williamsburg, USA. Dev.
Comp. Immunol. 21, 212.

Vargas-Albores, F., Hernandez-Lopez, J., Gollas-Galvan, T., Montano-Perez, K., Jimenez-Vega, F., Yepiz-´ ˜ ´
Plascencia, G., 1998. Activation of shrimp cellular defence functions by microbial products. In: Flegel, T.
Ž .Ed. , Advances in Shrimp Biotechnology. National Center for Genetic Engineering and Biotechnology,
Bangkok, pp. 161–166.

Yepiz-Plascencia, G., Vargas-Albores, F., Jimenez-Vega, F., Ruiz-Verdugo, L., Romo Figueroa, M., 1998.
Ž .Comparison of shrimp high density lipoprotein and beta glucan binding protein. In: Flegel, T. Ed. ,

Advances in Shrimp Biotechnology. National Center for Genetic Engineering and Biotechnology, Bangkok,
pp. 153–158.


