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Abstract

Proteinase (endopeptidase), trypsin and chymotrypsin activities, RNA, and DNA contents were

examined throughout the ontogenetic development of cultured Litopenaeus schmitti. Whole

individuals from larval and postlarval stages, and adult hepatopancreas were homogenized and

assayed for quantification of enzyme activity. Proteinase activity of different life stages was

characterized by substrate-SDS-PAGE. Specific inhibitors for trypsin (TLCK) and serine proteinases

(PMSF) were used to identify activity zones of these enzymes in gels. Nucleic acids were also

quantified in larval and postlarval stages. Protein-specific activity of total proteinases and trypsin

presented higher values in nauplius IV (N IV), protozoea I (PZ I), and PZ III, compared to the

remaining stages, while chymotrypsin activity peaked in N IV and PZ III. Enzyme activity was

lower in egg, early nauplius, mysis, and postlarval stages. Different proteinase patterns were

observed in SDS-PAGE during ontogenetic development. Active bands of 15.5, 16.0, 19.9, 21.8,

24.0, 27.9, 30.3, 33.5, 35.5, 38.2, and 48.1 kDa were detected in the adult hepatopancreas. In the

course of development, proteolytic activity was detected in N IV, and intense bands of 17.3, 19.9,

and 20.9 kDa were found up to mysis (M III). A band at 38.2 kDa was present between N IV and M

I, and between PL II and PL IV. Most bands were serine proteinases, and only two bands in adult

(15.5 and 15.9 kDa) were inhibited by TLCK. Both RNA and DNA contents (Ag mg� 1 of fresh

weight) reduced with development from egg to PZ III, increasing afterwards until PL IV. RNA/DNA

ratios increased from egg, reaching a peak in PZ I, and decreased in the following stages until a

minimum was reached in M II. A secondary peak was observed in PL III followed by reduction in

PL IV. The variation in enzyme activity indicates different strategies of energy use throughout

development. Higher enzyme activity combined with increased RNA/DNA in protozoeal stages
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denotes intense food energy use and accumulation into growth. The shift in energy strategy during

the ontogeny of L. schmitti is accompanied by variation in proteinase characteristics as observed in

other penaeid species.
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1. Introduction

Shrimp farming is a growing industry and an important source of income for many

countries (Barg et al., 2000). The supply of healthy postlarval shrimp to be stocked in

growth systems is a crucial factor for the whole process and accounts for a considerable

part of the total costs of production. Efficient postlarval harvest depends on adequate

culture conditions and survival during larval and early postlarval stages, resulting in better

growth in the remaining developmental stages (Castille et al., 1993). The improvement of

routines for rearing early life stages of penaeid shrimp has been mostly attempted by the

optimization of feeds (Jones et al., 1979, 1997; Le Vay et al., 1993), feeding schedules

(Emmerson, 1980, 1984; Loya-Javellana, 1989; Gallardo et al., 1995), and alternative

nutrient sources (Rodrı́guez et al., 1994; Thompson et al., 1999). Food digestion in larval

and postlarval penaeids has been assessed by digestive enzyme activities (Fang and Lee,

1992; González et al., 1994; Jones et al., 1997) and the characterization of enzyme

isoforms was recently reported (Lemos et al., 1999). The understanding of energy

metabolism associated with growth and development in early stages is also necessary

for the optimization of culture techniques and can be achieved by energy budgets

(Kurmaly et al., 1989; Lemos and Phan, 2001a) and through the quantification of RNA/

DNA ratios (Buckley, 1980; Anger and Hirche, 1990; Clemmesen, 1996), among other

methods.

Though a large number of penaeid species appears apt for culture (Fast and Lester,

1992), few have proven suitable for the bulk volume needed to sustain the worldwide

demand of aquaculture (Pillay, 1990). The search for rearing alternative species may

contribute, in many cases, to a sustainable expansion of farming activity as well as for

business diversification. Moreover, autochthonous species are often highly appreciated in

local markets and can generate revenue by exportation. The white shrimp Litopenaeus

schmitti is an important fishery resource endemic to tropical Atlantic waters of the

Americas (Pérez-Farfante and Kensley, 1997) and has been cultivated in the central and

southern parts of the continent (Nascimento et al., 1991; Beltrame et al., 1996). In spite of

its high farming potential, expansion of L. schmitti cultivation, like other native species,

will depend on profitable results derived from adequate rearing protocols. In the present

study, protein digestion was assessed throughout the larval and postlarval development of

mass cultured L. schmitti by the quantification and characterization of proteinase activity.

Cellular and metabolic activities associated with growth in the various life stages were

analyzed by the quantification of RNA and DNA. Results could be related to previous

findings in the literature on digestion and energetics of early stages of penaeid shrimp.
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2. Material and methods

2.1. Experimental shrimp

Male and female specimens of L. schmitti were caught along the coast of the State of

Santa Catarina, Brazil (27j18VS, 48j23VW) at 1–5 m depth. After acclimation in the

laboratory, females of f 30 g wet weight were induced to mature sexually by unilateral

eyestalk ablation and were maintained individually isolated in 500-l fiberglass tanks.

Spawning took place during the night, and viable eggs (f 130000 per female) were

transferred to cylindrical conical tanks, in which they hatched 12 to 14 h later at 26F 1

jC. The larval development of L. schmitti comprises 5 naupliar (N I to N V), 3 protozoeal

(PZ I to PZ III), and 3 mysid (M I to M III) stages (Garcia, 1972). Nauplii were moved to

50000-l tanks, and reared following commercial techniques at 26F 1 jC and 34F 1x
salinity (Vinatea et al., 1993; Beltrame et al., 1996). Exogenous food was supplied from

PZ I onward and consisted of the diatom Chaetoceros calcitrans at 80000 cells ml� 1 and

artificial plankton (Nippai Shrimp Feed, Japan; 0.03 mg larva� 1 day� 1, 30 Am particle-

size). Freshly hatched nauplii of Artemia sp. (Great Salt Lake, USA) were added to the diet

at PZ III at 5 nauplii larva� 1 day� 1, increasing to 15 nauplii larva� 1 day� 1 from M I

onward. After metamorphosis to postlarval stage (PL), the diet included microalgae with

increasing amounts of artificial plankton and brine shrimp nauplii (Artemia sp.).

Pools of individuals were selected throughout ontogenetic development from a tank

containing 7 to 10 synchronized spawns. A homogeneous sample was defined when >80%

of individuals belonged to the same stage; the remaining individuals differed by a single

stage. Eggs were chosen 10 to 12 h after spawning at the ‘‘early nauplius’’ embryonic

stage, according to Primavera and Posadas (1981). During the naupliar stage, individuals

were selected in N I, N II, and N IV. After the PZ I stage, each subsequent larval stage was

analyzed until metamorphosis. Postlarvae from specific instars (PL I to PL IV) were sorted

according to the procedure of Iwai (1978), where roman numbers denote the numbers of

molts of postlarvae, including metamorphosis. Samples were immediately frozen at � 20

jC and transferred to liquid nitrogen. The digestive glands of two, sexually immature

female adults were extracted, frozen at � 20 jC, and freeze-dried. The specimens were

previously fed frozen mussel and squid, and fasted for 12 h before dissection of the

digestive gland. Individuals were chosen in intermolt that comprise from 7% to 30% of the

total molt cycle since the last ecdysis (Sasaki et al., 1986; Dall et al., 1990).

2.2. Quantification of enzyme activity

Approximately 0.5 to 1.3 g wet weight of whole larvae or postlarvae samples were

homogenized in chilled 10 mM Tris–HCl buffer at pH 7.5 and centrifuged at 12000� g

for 20 min at 5 jC. After lipid elimination, total soluble protein was determined in the

supernatants, using bovine serum albumin as standard (Bradford, 1976). Trypsin and

chymotrypsin activity was measured by the rate of hydrolysis of the synthetic substrates

BAPNA (Na-benzoyl-DL-arginine-p-nitroanilide) and SAPFNA (N-succinyl-L-ala-L-ala-L-

pro-L-phe-p-nitroanilide), respectively. BAPNA (1 mM) was dissolved in 1 ml dimethyl-

sulphoxide (DMSO) and then made up to 100 ml with 50 mM Tris–HCl at pH 7.5,
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containing 20 mM CaCl2. Triplicate samples of 10 Al from replicate extracts were added to

1 ml of substrate solution at 37 jC, and the changes at 410 nm were recorded over 5 min

(Erlanger et al., 1961). Chymotrypsin activity was determined using 0.1 mM SAPFNA in

0.1 M Tris–HCl at pH 7.8, containing 0.01 M CaCl2. Samples (n = 3 to 6) of 10 Al were
mixed with 0.75 substrate solution, and the absorbance at 410 nm was recorded over 3 min

at 25 jC (Del Mar et al., 1979). Each assay included blanks without the enzyme extract.

The enzyme activities were expressed as the change in absorbance per minute per

milligram of protein of the enzyme extract used in the assays (D ABS min� 1 mg� 1

protein). The expression of body weight based activity was avoided due to possible

underestimation of enzyme activity under malnutrition of shrimp (Lovett and Felder, 1990;

Lemos and Rodrı́guez, 1998).

2.3. Enzyme characterization

Proteinase activity was studied in various stages of early development after separation

of proteins by sodium dodecylsulfate (SDS) polyacrylamide gel electrophoresis (PAGE),

using 12% acryl amide (Laemmli, 1970). Enzyme preparations (0.028 mg protein) for each

stage were loaded in a temperature-controlled (4 jC) vertical electrophoresis device

(Hoefer, San Francisco, CA). Molecular mass standards (0.0175 mg) were included on

each plate. Proteinase activity of the extracts was characterized according to Garcia-

Carreño et al. (1993). After electrophoresis for protein separation, gels were immersed in

3% casein in 50 mM Tris at pH 7.5, for 30 min at 5 jC, allowing the substrate to diffuse

into the gel at low enzyme activity. The temperature was then raised to 25 jC for 90 min

for the digestion of the protein substrate by the active fractions. Gels were next washed in

water, and immediately fixed and stained by immersion in a solution containing 40%

ethanol, 10% acetic acid, and 0.1% Coomassie brilliant blue R-250. After staining at least

24 h, gels were de-stained with the same solution without Coomassie dye, then dried in a

slab-gel dryer (Bio-Rad 443). Clear zones on the blue background indicated proteinase

activities and could be compared to molecular mass standard bands. The 0.1% concen-

tration of SDS does not affect proteinase activity in PAGE (Garcia-Carreño et al., 1993).

At this SDS concentration, proteins are negatively charged, they have the same charge per

unit of length (Walker, 2000), and therefore, the mobility is due to the weight of the

protein. Previous results showed that the inclusion of SDS at concentrations used in the

gels did not affect the proteolytic activity of crustacean, fish, and some commercial

enzyme preparations (Garcia-Carreño et al., 1993). Moreover, commercial trypsin and

chymotrypsin migrate according to their molecular weights under this condition. A

regression between the distance of molecular mass standard bands from the top border

of the gel (measured in cm) and the log of their molecular mass (kDa) determined the

molecular mass of active bands.

Enzyme extracts were incubated with proteinase inhibitors in order to identify possible

trypsin and serine proteinase activities in the developmental stages (Garcia-Carreño and

Haard, 1993; Lemos et al., 1999). Solutions of 20 mM tosyl-lysine chloromethyl ketone

(TLCK) in 1 mM HCl, and 200 mM phenylmethylsulphonyl fluoride (PMSF) in 2-

propanol were used to inhibit trypsin and serine proteinase active bands, respectively.

Chymotrypsin inhibitors such as TPCK (tosylphenylalanine chloromethyl ketone) were
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not used because they do not affect penaeid proteinases (Lemos et al., 1999). Inhibitor

solutions were separately added to enzyme extracts at a ratio of 1:10 (inhibitor/extract) and

incubated at 25 jC for 1 h. Distilled water replaced inhibitors in samples for total

proteinase separation. After electrophoresis, gels were separated into molecular mass

standard and inhibition lanes. The former lanes were immediately stained. Control and

inhibition lanes were immersed in 3% casein as described earlier. Bands with proteinase

inhibitors were compared with control proteinase lanes (without inhibitor) to identify

inhibitory effects on active bands. Inhibited bands on PAGE could be attributed to the

presence of trypsin or other serine proteinase from extracts. The degree of inhibition was

not measured in PAGE zymograms. Results were interpreted by the presence or absence of

inhibition in the activity bands. The substrate casein was used for substrate-gel electro-

phoresis because it is digested by penaeid proteinases (Jiang et al., 1991; Le Moullac et al.,

1996; Ezquerra et al., 1997). This technique detects only proteinases (or ‘‘endopepti-

dases’’), especially serine proteinases (e.g. trypsin and chymotrypsin most important for

shrimp protein digestion), by the production of short chain polypeptides. Peptidases (or

‘‘exopeptidases’’) do not generate clear zones on the blue background and are not detected.

Whole body homogenates were used due to the small size of individuals analyzed. Bands

displayed in SDS-PAGE gels were mainly digestive proteinases from the serine class.

Even though other proteinases may be present in muscle and other organs of crustaceans, it

occurs in minimal quantities compared to hepatopancreas or other digestive structures as

midgut caeca (Klein et al., 1996).

2.4. Quantification of nucleic acids

RNA and DNA were separately extracted in duplicate samples for each developmental

stage. Frozen samples of pooled individuals (F 60 mg fresh weight) were weighed in

microtubes free of RNase and DNase and homogenized with a Teflon pestle. RNA was

processed at room temperature and DNA was processed in an ice bath. All reagents were

free of RNase and DNase, and all containers and material were sterilized. Samples for

RNA determination were homogenized in 750 Al Trizol LS reagent (Gibco BRL, New

York), a monophasic solution of phenol and guanidine isothiocynate, for 5 min. The

reagent does not destroy the integrity of the RNA during homogenization while disrupting

tissue and dissolving cell components (Chomczynski and Sacchi, 1987). RNA is separated

after adding 200 Al chloroform, shaking vigorously, and followed by standing for 15 min.

The treated samples were then centrifuged at 12000� g for 15 min at 5 jC (Chomczynski,

1993). The aqueous phase, containing the RNA, was transferred to a new tube and the

RNAwas precipitated with 500 Al isopropyl alcohol. After 10 min, the RNA samples were

centrifuged at 12000� g for 10 min at 5 jC. The pellets containing RNAwere treated with

1 ml 75% ethanol and centrifuged at 7500� g for 5 min at 5 jC to eliminate the residual

isopropyl alcohol that can interfere in some analyses. The ethanol was then discarded and

the pellets were air-dried. The RNAwas dissolved in 100 Al distilled water and incubated

for 10 min at 55 jC.
DNA was extracted following standard procedures (Sambrook et al., 1989). Samples

were homogenized in 450 Al extraction buffer (SDS 0.5%, 100 mM EDTA, 100 mM NaCl,

10 mM Tris at pH 8.0) in ice bath. The homogenate was incubated for 2 h at 37 jC then 1
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Fig. 1. (a) Total proteinase, (b) trypsin, and (c) chymotrypsin activity of L. schmitti using azocasein, BAPNA and

SAPFNA as substrates during the early developmental stages at 26F 1 jC. Sample size (n) of means 3–6 (error

bars: standard deviation; N = nauplius; PZ = protozoea; M=mysis and PL= postlarva).
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ml of phenol/chloroform/isoamyl alcohol (P/C/I) (at 24:25:1 ratio) was added to the DNA

and extraction buffer homogenate and incubated for 5 min on ice. The treated sample was

then centrifuged at 12000� g for 5 min at 4 jC. The aqueous phase was recovered and

treated one more time with P/C/I solution and treated as above. The treated homogenate

was transferred to new tubes. Then, 100 Al of 95% cold ethanol was added and the

homogenate incubated at � 20 jC for 20 min following centrifugation at 15000� g for 20

min at 4 jC. The ethanol was carefully decanted. The gel-like pellet containing DNAwas

washed twice with 100 Al of 70% ethanol and centrifuged. After each centrifugation, the

ethanol was decanted. The DNAwas dissolved in 250 Al of TE buffer (10 mM Tris, 1 mM

EDTA at pH 8.0), and maintained at 60 jC for 5 min. Five microliters of RNase stock

Fig. 2. Proteinase activity bands in substrate-SDS-PAGE zymograms during the ontogenetic development of L.

schmitti at 26F 1 jC. (MM=molecular mass; other abbreviations as in legend to Fig. 1).

Fig. 3. Inhibition of proteinase activity in substrate-SDS-PAGE zymograms of N IV, PZ II, PZ III, and M I of L.

schmitti at 26F 1 jC. C, P, T lanes denote activity pattern incubated with different inhibitors [C = control (without

inhibitor); P= PMSF; T=TLCK; MM=molecular mass; other abbreviations as in legend to Fig. 1].
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solution (10 mg ml� 1) was added to hydrolyze RNA and incubated at 37 jC for 30 min.

Then 500 Al of P/C/I was added and mixed slowly. The samples were incubated at 25 jC
for 5 min and centrifuged at 12000� g for 5 min at 4 jC. The aqueous phase was carefully
recovered and treated two more times with P/C/I. Residual protein was eliminated from the

aqueous phase by adding 400 Al of chloroform, mixed slowly, and centrifuged at 12000� g

for 15 min at 4 jC. The upper aqueous phase was recovered, and the DNA precipitated with

10 Al of 4 M ammonium acetate and 500 Al cold absolute ethanol, then incubated at

� 20 jC for 20 min. The samples were centrifuged at 15000� g for 15 min at 4 jC. The
ethanol was decanted and the pellets were air-dried. Pellets containing DNA were

dissolved in 100 Al of TE buffer at 42 jC.
The strong absorbance at 260 nm for nucleic acids was used for quantitative

determination. One unit of optical density (OD) corresponds to approximately 40 Ag
ml� 1 of RNA and 50 Ag ml� 1 of DNA. The ratio between the readings at 260–280 nm

provided an estimate of the purity of the nucleic acids (Chomczynski, 1993). Most of RNA

measured in this way belong to the ribosomal pool (Clemmesen, 1989).

Substrates, inhibitors, and SDS-PAGE reagents were purchased from Sigma if no other

company is indicated.

Table 1

Schematic representation of proteinase activity by tosyl-lysine chloromethyl ketone (TLCK) and phenyl-

methylsulphonyl fluoride (PMSF) in substrate-SDS-PAGE zymograms during the ontogenetic development of L.

schmitti

MM

(kDa)

N IV PZ I PZ II PZ III M I M II M III PL I PL II PL III PL IV Adult MM

(kDa)

78.0 78.0

75.1 * * * P–T 75.1

69.1 * 69.1

67.0 * 67.0

55.8 * 55.8

55.2 * 55.2

52.9 * 52.9

49.0 P 49.0

48.1 P * 48.1

42.3 P P 42.3

38.2 P * P–T P–T * * * * 38.2

35.5 P * 35.5

33.5 P P 33.5

30.3 P P 30.3

27.9 * P 27.9

25.6 P 25.6

24.0 P 24.0

21.8 P P P P P P * * 21.8

19.9 P P P P P P P * * * * 19.9

17.3 P–T P–T P–T P–T P–T P–T P–T * * * * 17.3

16.0 * * * * * * * P–T 16.0

15.5 P–T 15.5

MM: molecular mass; T, P, and P–T: inhibition by TLCK, PMSF, and by both, respectively; *: no inhibition

detected; other abbreviations as in legend to Fig. 1.
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2.5. Statistical analysis

One-way ANOVA followed by Tukey’s multicomparison test was applied when data

followed normal distribution. Otherwise, differences were detected by the nonparametric

Kruskall–Wallis, analysis followed by the mean comparison of Nemenyi. Differences

were considered significant at P < 0.05 (Zar, 1984).

3. Results

The activity of digestive proteinases showed significant variation throughout the early

stages of L. schmitti, with higher values in late nauplius and protozoeal stages (Fig. 1a–c).

Total proteinase was reduced in egg, N I, and N II and followed by a strong increase in N

IV and PZ I (Fig. 1a). Activity decreased in PZ II, rising again in PZ III (P < 0.05), and

remained reduced in the subsequent mysid and postlarval stages. Trypsin increased

significantly between egg and N I, and declined in N II (P < 0.05) (Fig. 1b). Similarly

to total proteinase, trypsin activity presented elevated values in N IVand PZ I, reduction in

PZ II, another peak in PZ III, and low values in subsequent stages. Chymotrypsin showed

a similar pattern of activity throughout development as total proteinase and trypsin, except

for significant lower activity in PZ I (Fig. 1c).

Proteolytic activity was detected in SDS-PAGE from N IV onward. Intense activity

bands of 17.3, 19.9, and 21.8 kDa were found up to mysis (M III) (Fig. 2). The intensity of

bands decreased after metamorphosis (PL I to PLVI). N IValso presented intense bands of

30.3, 38.2, and 48.1 kDa. A band of 38.2 kDa was present between N IV and M I,

appearing again between PL II and PL IV. A 33.5-kDa band was observed only in M I and

Fig. 4. Inhibition of proteinase activity in substrate-SDS-PAGE zymograms of M II, M III, PL III, PL IV, and

adult of L. schmitti at 26F 1 jC. C, P, T lanes denote activity pattern incubated with different inhibitors [C = control

(without inhibitor); P= PMSF; T=TLCK; MM=molecular mass; other abbreviations as in legend to Fig. 1].
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Fig. 5. (a) RNA and (b) DNA contents, and (c) RNA/DNA ratios during the early life stages of L. schmitti at 26F 1

jC. Sample size (n) of means 3–6 (error bars: standard deviation; other abbreviations as in legend to Fig. 1).
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adult tracks. Heavier bands were seen in PZ III with 52.2 and 55.8 kDa, and a 75.1-kDa

band that occurred between N IVand PZ III. The adult proteinase pattern showed 11 active

bands, distributed from 15.5 to 48.3 kDa (Fig. 2). Their molecular mass was 15.5, 16.0,

19.9, 21.8, 24.0, 27.9, 30.3, 33.5, 35.5, 38.2, and 48.1 kDa.

After incubation with enzyme inhibitors, most inhibited bands were identified as serine

proteinases, having reacted to PMSF (Figs. 3 and 4; Table 1). Exceptions are listed here.

The 38.2-kDa band in PZ II was inhibited only by TLCK. In PZ III (38.2 kDa) and adult

(15.5 and 16.0 kDa), bands were inhibited by TLCK and PMSF. In the course of

development, the 19.9-kDa band was inhibited by PMSF from N IV to M III (Figs. 3

and 4). In N IV, bands of 30.3, 38.2, and 48.1 kDa were inhibited by PMSF (Fig. 3).

Stages M I (33.5 and 38.2 kDa) and M II (42.3 and 48.1 kDa) also presented bands heavier

than 19.9 kDa, which were inhibited by PMSF. Adults showed bands of 27.9, 30.3, and

33.5 kDa inhibited by PMSF (Fig. 4; Table 1).

Nucleic acid varied significantly in concentration throughout the early life stages of L.

schmitti (Fig. 5a,b). Relative concentration of RNA (Ag mg� 1 fresh weight) decreased

significantly between egg and PZ III (P < 0.05) and showed a slight increase in the

remaining stages (Fig. 5a). Similar to RNA, values of DNA declined drastically after egg

until reaching minimum in PZ I (Fig. 5b). Concentration of DNA showed an increasing

trend after PZ I and peaked in M III, which was followed by lower values in the remaining

stages. The ratio between concentrations of RNA and DNA (RNA/DNA) was higher

between PZ I and M I (Fig. 5c). In the course of development, RNA/DNA increased from

egg and reached the maximum value in PZ I. Values declined in the following ontogenetic

stages until the minimum in M II. An increasing trend was observed between M I and PL

III, followed by another decrease in PL IV.

4. Discussion

The results of this study of enzyme activity in cultured L. schmitti indicate variation in

the digestive potential during the stages of development. Early larval stages showed higher

capacity for protein digestion than mysis and postlarval stages. In spite of digestive

proteinase activities associated with attainment of carnivory in the course of larval

development (Van Wormhoudt, 1973; Laubier-Bonichon et al., 1977), proteinase activity

in L. schmitti was relatively independent of the trophic state of individuals. The addition of

Artemia sp. nauplii to the diet from PZ III onwards was not accompanied by rise in

enzyme activity (Fig. 1a–c). Lecitotrophic N IV and herbivorous PZ I presented higher

activity than omnivorous stages from PZ III onwards. The high digestive capacity of

planktonic filter-feeding protozoeal stages seem to be reached in the last naupliar stages,

but a possible role in the use of yolk protein was not verified. The profile of enzyme

activity in the course of development of L. schmitti coincides with reports for other

penaeid species, such as Marsupenaeus japonicus (Laubier-Bonichon et al., 1977),

Litopenaeus setiferus (Lovett and Felder, 1990), Penaeus monodon (Fang and Lee,

1992), Litopenaeus vannamei (Le Moullac et al., 1992) and Farfantepenaeus paulensis

(Lemos et al., 1999). The dynamics of enzyme synthesis and activity regulation is still

unclear, but the variation seems to be related to developmental events (Lovett and Felder,
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1989, 1990; Lemos et al., 1999). Penaeids are unique among decapods in exhibiting so

many morphological, behavioral, and metabolic changes during early development (Dall

et al., 1990; Icely and Nott, 1992; Chu and Ovsianico-Koulikowsky, 1994; Lemos and

Phan, 2001b). Higher enzyme activity in protozoeal stages occurs when enzyme secretion

sites (anterior and lateral midgut caeca) reach their maximum volume during larval

development (Lovett and Felder, 1989; Icely and Nott, 1992). Intense swimming activity

and metabolic rates of planktonic naupliar and protozoeal stages require an increased

capacity for food assimilation, decreasing throughout the transition to benthic habits in late

mysis and postlarval stages. Continuous swimming and feeding of protozoea indicate an

intense food-energy turnover achieved by higher ingestion and digestive enzyme activities

(Lemos et al., 1999; Lemos and Phan, 2001b). With the adoption of raptorial feeding

behavior (Emmerson, 1980, 1984), late larval stages are able to better manipulate and

select food particles (Marı́n-Magán and Cañavate, 1995) that may compensate for the

lower digestive enzyme activity. Reduction in digestive enzyme activity after protozoea

was also observed in previous studies of larval development in L. schmitti (González et al.,

1994; Lemos et al., 2000). However, present results showed unexpected lower trypsin

activity in PZ II (Fig. 1b) if compared with results reported by Lemos et al. (2000). The

reason for differences in the proteinase activity profile is unclear, but it may be possibly be

related to the use of different substrates to measure the activity of the enzyme (Lemos et

al., 1999).

The characterization of enzymes is essential to determine catalytic properties of purified

fractions and for greater understanding of the regulation of enzyme activity. During the

larval development of L. schmitti, proteinase activity was first manifested by SDS-PAGE

in N IV, bearing a singular pattern with seven intense bands distributed from 16 to 48.1

kDa (Fig. 2). PZ III and adult gel patterns also presented a high number of bands. The

elevated number of bands observed in the adult proteinase pattern may be attributed to the

assay of pure hepatopancreas extracts containing greater quantity of enzymes than whole

body homogenates from larval and postlarval stages. On the other hand, the higher number

of bands may suggest increased cellular and physiological complexity attained in the

hepatopancreas of adult specimens (Morgan et al., 1978; Biesiot and Capuzzo, 1990). The

presence of active bands heavier than 30 kDa in N IV and PZ III coincided with peaks of

enzyme activity during early development (Fig. 1a–c). The relationship between the

occurrence of such bands and increased digestive capacity appears to be a relevant topic

for further studies. Accordingly, the reduction in the number and intensity of active bands

after metamorphosis to the postlarval stage corresponded to low enzyme activity.

Most of the digestive proteinases of decapod crustaceans belong to the serine class

(Garcia-Carreño et al., 1994) that includes trypsin and chymotrypsin, being inhibited by

PMSF (Kim et al., 1992). These enzymes seem to be the main ones responsible for

protein digestion in penaeid shrimp (Galgani et al., 1985; Tsai et al., 1986). Bands

affected by both TLCK (specific for trypsin) and PMSF correspond to trypsin while the

inhibition only by PMSF may indicate chymotrypsin bands (Lemos et al., 1999). Though

the high number of bands inhibited by PMSF coincided with increased chymotrypsin

activity in N IV, a correlation between the number of bands identified as trypsin or

chymotrypsin and their respective activity (D ABS mg� 1 prot min� 1) was not verified.

Low molecular mass trypsin (15.5–17.3 kDa) characterized the majority of stages while
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protozoeal stages presented heavier bands. The variation in proteinase forms appears to

be typical during the ontogenetic development of penaeids as observed in P. monodon

(Fang and Lee, 1992) and F. paulensis (Lemos et al., 1999). Lower molecular mass

trypsin (17.3 kDa) marked the majority of early stages and the adult pattern of L. schmitti

(Table 1). The exceptions were the N IV (30.3 kDa) and protozoeal stages (38.2 and 75.1

kDa), which exhibited heavier trypsin bands. In early life stages and adults of L. schmitti,

most bands in SDS-PAGE behaved like chymotrypsin, in contrast with F. paulensis

where trypsin predominated throughout development (Lemos et al., 1999). In adult

penaeids, trypsin weight varies from 14.6 to 50.1 kDa, while chymotrypsin presents a

narrower range of 20.9 to 37.7 kDa (Table 2). Curiously, adults of species with a closed

thelycum such as P. monodon and F. paulensis display higher number of trypsin than

chymotrypsin forms. The opposite is observed in species with an open thelycum species

such as L. vannamei and L. schmitti (Table 2). Further examination of proteinase bands in

many other penaeid species may show if these findings can be generalized to these

morphological features.

The analysis of nucleic acids can be an index of tissue metabolic activity. DNA amount

is constant per cell in different tissues (Leslie, 1955), providing an estimate of cell number

(Geise, 1967). RNA coordinates the transfer of encoded information between DNA and

ribosomes, and varies as a function of protein synthesis rate (Brachet, 1960; Otta and

Landry, 1984). Thus, the RNA/DNA ratio becomes an indicator of the relative synthesis

activity of growth-liked cells of an organism (Buckley, 1979; Lemmens, 1995). The

decrease in RNA/DNA in a certain tissue can be attributed to reduced protein synthesis or

increased DNA content by cell division (hyperplasia). On the other hand, increments in

cell size produce higher RNA/DNA since the amount of DNA is constant (hypertrophy).

Growth in protozoeal L. schmitti is associated with increasing cell size, rather than cell

multiplication, as denoted by the exponential rise in estimated cell number throughout

Table 2

Characteristics of trypsin and chymotrypsin from adult penaeid shrimps

Species Trypsin

forms

(MM) Chymotrypsin

forms

(MM) Reference

Fenneropenaeus indicus 7 36 Honjo et al. (1990)

Penaeus monodon 2 27, 29 Lu et al. (1990)

3 18.5, 23.3,

50.1

1 20.9 Jiang et al. (1991)

4 – 2 – Fang and Lee (1992)

Litopenaeus vannamei 2 27 Van Wormhoudt et al.

(1992)

3 31–32 Klein et al. (1996)

1 33.2 Hernández-Cortés et al.

(1997)

Farfantepenaeus paulensis 4 14.6, 16.2,

17.5, 19.5

3 28.9, 32,

37.7

Lemos et al. (1999)

Litopenaeus schmitti 2 15.5, 16.0 3 27.9, 30.3,

33.5

Present study

MM: molecular mass in kDa; (– ): not determined.
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larval development (Fig. 6a). In the course of development, the rate of cell multiplication

seems to increase after PZ III, which may be necessary for the specialization of certain

organs (Morgan et al., 1978; Biesiot and Capuzzo, 1990). Reduced energy content in

Fig. 6. Estimated DNA content of L. schmitti (a) and the relationship between RNA/DNA ratios and weight-

specific oxygen consumption during the early life stages of penaeids (b). DNA content (a) and the relationship

RNA/DNA versus oxygen consumption (b) were calculated based on individual weight and oxygen consumption

rates of F. paulensis early stages at 26F 1 jC, respectively (data from Lemos and Phan, 2001b). Oxygen

consumption of larval shrimp was determined after incubation in sealed respirometers. Abbreviations as in legend

to Fig. 1.
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protozoeal stages and M I (Lemos and Phan, 2001b) suggests increased protein growth

with limited accumulation of energy reserves during this period of development.

The relative quantity of RNA and DNA in L. schmitti was similar to the quantity

reported in other decapods during their early stages of development (Otta and Landry,

1984; Anger and Hirche, 1990; Lemmens, 1995). The marked reduction in the proportion

of RNA and DNA (Ag mg� 1 of fresh weight) between egg and PZ I (Fig. 5a,b) may be

attributed to increased water in these stages (Lemos and Phan, 2001b). Plotting present

RNA/DNA ratios against direct measurements of oxygen consumption of other penaeid

species, larval F. paulensis, resulted in a positive relationship of RNA/DNA to aerobic

cellular activity (Fig. 6b). It is worth speculating that higher growth rates in the protozoea

and early mysis of penaeids (Lemos and Phan, 2001a) involve efficient protein digestion

to convert elevated amounts of ingested food (Emmerson, 1980; Loya-Javellana, 1989)

into biomass. Bioenergetics of larval development of penaeid shrimp includes early

planktonic larval stages with high cellular activity, increased cell size, and greater

digestive enzyme activity. Through the transition to the benthic existence between mysis

and the first postlarvae, growth rate and cellular activity are reduced, accompanied by

decreased rates of food utilization (Lemmens, 1995; Jones et al., 1997; Lemos et al.,

1999). Accordingly, a re-evaluation of food quantity requirements of early postlarvae

appears to be warranted for further optimization of feeding schedules in aquaculture of

penaeid shrimp.
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