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Abstract

The e¡ects of dietary protein (DP) levels on the
growth, digestibility, digestive enzyme activity and
stress tolerance of Litopenaeus vannamei (Boone,
1931) were investigated in high-density (375m^3)
tank trials. Shrimps (6.2 � 0.2 g) were fed diets with
¢ve di¡erent protein levels (31%,35%,39%, 43% and
47%) for 60 days. The results showed that variations
in DP signi¢cantly (Po0.05) in£uenced the growth
performance, digestibility, enzyme activity and their
ability to tolerate stress.Weight gain showed a linear
increase in relation to crude protein (CP) up to 43%
and showed a slight decrease with a further increase
to 47%. Feed conversion ratio was observed to be the
lowest in CP 43%: 2.53. A higher protein e⁄ciency
ratio was observed with the low-protein diet CP31
(1.07); however, it was not signi¢cantly di¡erent from
the rest of the dietary treatments. Protein digestibil-
ity was the highest (75.71%) in CP47 and the lowest
(71.94%) in CP31. Protease activity ranged between
63.7 and 70.2 (U Protein^1), and showed a positive
correlation with the DP levels. Shrimp fed CP43 well
tolerated a sudden decline in salinityand survived for
548.3min in fresh water. Observations from this
study indicate that a DP level around 43% could be
optimum for L. vannamei in high-density culture sys-
tems in the absence of natural productivity.
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Introduction

White-leg shrimp, Litopenaeus vannamei (Boone,
1931), is receiving increasing attention worldwide as
a potential species of intensive farming in ponds
(Hopkins, Hamilton II, Sandifer, Browdy & Stokes
1993; Burford,Thompson,McIntosh, Bauman & Pear-
son 2003), raceways (McAbee, Browdy, Rhodes &
Stokes 2003; Browdy & Moss 2005) and in £oating
cages (Zarain-Herzberg, Fraga & Hernandez-Llamas
2010). A massive expansion of this exotic white-leg
shrimp farming in China in the last decade resulted
in an increase in the total shrimp production to
1.02MMT in 2006 (Liu & Li 2010). Expansion of
farming areas along with intensi¢cation could
be the reason for the sudden increase in its annual
production.
At higher stocking densities, culture systems may

be de¢cient in natural food organisms (Maguire &
Leedow 1983), and most of the nutritional require-
ments have to be met through a formulated feed.
Hence, the feed for the intensive high-density culture
practices needs to be carefully formulated for the spe-
ci¢c nutrient requirements of the shrimp. Both
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under- and overformulation of feeds may result in
major economic and environmental concerns. For ex-
ample, protein is an essential and also the costliest
nutrient for shrimp, and reducing its level will result
in a drastic reduction in growth. On the other hand,
increasing the protein content beyond its optimum
will increase the cost of feeds and such feeds will pol-
lute the ambient water via the excretion of nitrogen
metabolites (Cho, Hynes,Wood & Yoshida1994; Jack-
son, Preston,Thompson & Burford 2003).
Typically, shrimp feeds in China are formulated to

contain 38^42% of crude protein (CP). Several stu-
dies estimated that the optimumprotein requirement
of L. vannamei and the reported optimum varied be-
tween 20% and 55% (Colvin & Brand 1977; Smith,
Lawrence & Strawn 1984; Aranyakananda & Lawr-
ence 1993; Kureshy & Davis 2002). Protein require-
ments of the shrimp vary highly with respect to
changes in the biotic and abiotic factors present in
the system (Guillaume 1997). In high-density inten-
sive farming practices, stocking density is a biotic fac-
tor that directly or indirectly in£uences the nutrient
requirements and growth of the shrimp. In addition,
dietary characteristics such as protein quality, pro-
cessing method, nutrient digestibility and nutrient
ratios may also a¡ect the requirements of protein
(Guillaume1997).
Apparent digestibility coe⁄cient (ADC) assess-

ment of feedstu¡s is an essential prerequisite in deter-
mining the nutrient requirements precisely and in
the development of nutritionally adequate diets at
the least cost (Irvin & Tabrett 2005; Irvin & Williams
2007; Luo,Tan, Chen,Wang & Zhou 2008). Studies in
shrimp have indicated that the dietary protein (DP)
level can alter the level of enzyme activity (Hernan-
dez-Cortes, Quadros, Navarrete, Portillo, Colado &
Garcia-Carreno 1999; Guzman, Gaxiola, Rosas &
Torre-Blanco 2001; Gamboa-Delgado, Molina-Poveda
& Cahu 2003; Sainz & Cordova-Murueta 2009). Lee,
Smith and Lawrence (1984) observed an increase in
the activity of enzymes from the digestive system of
L. vannamei, whereas in northern white shrimp Lito-
penaeus setiferus (Linnaeus, 1767), enzyme activities
were reduced as a consequence of increases in the
protein concentration in the feed. Because accessibil-
ity of nutrients from a particular food source is lar-
gely determined by the pro¢le and activity of its
digestive enzymes (Furne, Hidalgo, Lopez, Garcia-
Gallego, Morales, Domezain, Domezaine & Sanz
2005), the study of digestive enzymes is an essential
step towards understanding the mechanism of diges-
tion and to gain better knowledge of nutritional

needs (Le Moullac, Klein, Sellos & Van Wormhoudt
1997).
The present study, therefore, was conducted to

evaluate the ability of sub-adult white-leg shrimp
grown in a high-density tank culture system to uti-
lize di¡erent levels of DP. Evaluations were performed
in terms of growth performance, apparent nutrient
digestibility, activity of digestive enzyme and stress
tolerance.

Materials and methods

Feed formulation and preparation

A set of ¢ve experimental diets with 31%,35%,39%,
43% and 47% (CP31, CP35, CP39, CP43 and CP47 re-
spectively) of CP (Table 1) was formulated using feed
formulation software REFS3000 (Beijing Resource
Group, Beijing City, China). The ingredients were
hand mixed and ground in an ultra¢ne pulverizer
¢xed with a 0.177mm sieve. The ground meal was
mixed with water until a dough-like consistency
was achieved. The resulting dough was extruded in
granulator ¢xed with a die to produce spaghetti-like
strands of feed. The strands were air dried at 60 1C to
reduce the moisture contento100 g kg�1. The dried
strands were broken and sieved to obtain convenient
pellet sizes (1.2^1.6mm) and stored at �4 1C.

Growth trial and faeces collection

Plastic tanks with 90 L water-holding capacity ¢lled
with 80 L of sea water served as rearing systems.
Tankswere individuallycovered using plastic netting
to prevent shrimp from jumping out.Water was con-
tinuously aerated and the mean water quality para-
meters were as follows: temperature 25 � 2 1C,
salinity 35 � 2% and dissolved oxygen45mg L�1.
About 50% of water was exchanged daily using fresh
natural sea water. A 60-day feeding trial was con-
ducted using healthy sub-adult shrimps (6.2 � 0.2 g)
obtained from Tianjin Taida Aquaculture Factory,
Tianjin, P. R. China. Thirty shrimps were randomly
stocked into15 tanks, yielding an initial stocking den-
sity of 375 shrimps (2.3 kg biomass)m^3. The shrimps
were acclimatized to the tank conditions and experi-
mental diets for 1week before the actual trial began.
Each experimental diet was tested in three tank repli-
cates, and diets were randomly assigned to the tanks
in a block design.
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The feeding rate was based on a standard, shrimp
size-based feeding chart (3^6% body weight). The
daily ration was divided into four equal parts and gi-
ven four times in a day (06:00,11:30,17:30 and 21:30
hours). Except for the night feeding, 40min after
every feeding, uneaten feed and faeces were recov-
ered and discarded. Faeces from the tanks were re-
covered 3 h after the previous feeding and 10min
before the next feeding by siphoning. Faecal matter
was rinsed very gently in distilled water to remove
the salt and stored at �70 1C until analysis. Faeces
obtained from tanks in which moulting occurred
was not collected for the next 24 h, because exuvi-
ates eaten could have interfered with the digestibility
results (Smith & Tabrett 2004). Faecal collection was

continued until the required amounts of faeces were
obtained. Mortality of shrimps was recorded and
dead shrimps were weighed.

Chemical analysis of feed and faeces

Analyses of feeds and faecal samples were performed
following the procedures of AOAC (1995). Dry matter
was assessed after drying samples at 105 1C, and ash
bycombustionat 550 1C for12 h.Total nitrogenwas es-
timatedusing theDumasmethod (Ebling1968) usinga
KDY-08A nitrogen/protein determinator (Shanghai
Ruizheng Instrument, Shanghai, China). Crude pro-
tein was determined indirectly (nitrogen � 6.25).
The chromic oxide concentration in the feed and
faeces was quanti¢ed according to the method de-
scribed by Bolin, King & Klosterman (1952).

Calculation of growth performance and
apparent digestibility

Growth parameters were calculated according to the
following equations:

Specific growth rate ðSGRÞ

¼ 100� ½In ðInitialweight; gÞ � In ðFinalweight; gÞ�
Trial duration ðdaysÞ

Food conversion ratio ðFCRÞ
¼ Food consumed ðgÞ=Wetweight gain ðgÞ

Protein efficiency ratio ðPERÞ
¼Wetweight gain ðgÞ=Protein in take ðgÞ

The apparent digestibility coe⁄cients for dry mat-
ter (ADMD) and crude protein (ACPD) of the feeds
were calculated as follows:

ADMD ð%Þ ¼100� ð100�%Cr2O3 in diet=Cr2O3

in faecesÞ

ACPD ð%Þ ¼100� 100� ðCr2O3 in diet=Cr2O3

in faecesÞ � ðprotein in faeces=

protein in dietÞ

Quanti¢cation of digestive enzymes

About 10 intermoult shrimps were selected for en-
zyme studies at the end of the growth trial. The
moulting stage of the shrimp was determined using
uropod characteristics (Robertson, Bray, Leung-Tru-
jillo & Lawrence 1987). The hepatopancreases (HP)
of the shrimps were dissected out, weighed and

Table 1 Ingredients and chemical composition of the ex-
perimental diets

CP31 CP35 CP39 CP43 CP47

Ingredient (dry matter g kg� 1)

Peru fish meal 90.0 130.0 170.0 210.0 260.0

Wheat flour 472.1 395.6 318.8 246 195

Peanut meal 80.0 80.0 80.0 80.0 60.0

Corn gluten meal 40.0 60.0 80.0 104.0 111.0

Cottonseed gluten meal 91.7 113.3 135.3 140.0 144.0

American meat and bone meal 80.0 80.0 80.0 80.0 80.0

Shrimp carapace powder 50.0 50.0 50.0 50.0 50.0

Feather meal enzymolysis 30.0 30.0 30.0 35.0 40.0

Phosphatide oil 20.0 20.0 20.0 20.0 20.0

Blood corpuscle powder 10.0 10.0 10.0 10.0 15.0

Fish oil 10.0 10.0 10.0 10.0 10.0

CaH2PO4 11.2 6.1 0.9 0.0 0.0

Vitamin premix� 4.0 4.0 4.0 4.0 4.0

Mineral premixw 6.0 6.0 6.0 6.0 6.0

Chromic oxide 5.0 5.0 5.0 5.0 5.0

Total 1000 1000 1000 1000 1000

Chemical composition (g kg�1)

Dry matter 912.0 918.0 913.0 916.0 921.0

Crude protein 309.6 350.1 392.4 428.8 469.2

Calcium 20.6 21.4 22.2 23.1 23.5

Total phosphorus 12.5 12.5 12.5 13.4 14.8

Crude lipid 47.0 48.0 49.0 50.0 52.0

Crude ash 58.0 57.0 56.0 59.0 61.0

�Vitamin premix (g kg�1 premix) provided the following levels
of nutrients: thiamin HCl, 0.45; ribo£avin, 3.5; pyridoxine HCl,
1.0; DL-Ca-pantothenate, 5.0; vitamin A acetate (20000 IUg�1),
5.0; nicotinic acid, 5.0; biotin, 0.05; folic acid, 0.28; vitamin D3

(400000 IUg�1), 0.002; vitamin B12, 0.002; inositol, 5.0; mena-
dione, 2.0; DL-a-tocopheryl acetate (250 IUg�1), 8.0; a-cellulose,
865.3.
wMineral premix (g100 g�1) provided the following levels of nu-
trients: cobalt chloride, 0.004; cupric sulphate pentahydrate,
0.24; ferrous sulphate, 4.0; potassium iodide, 0.077; sodium sele-
nite, 0.022; magnesium sulphate heptahydrate, 28.5; manganous
sulphate monohydrate, 0.650; zinc sulphate heptahydrate, 13.43;
¢ller, 53.35.
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homogenized with deionized water nine times.
Homogenate was centrifuged for 30min at 4472 g
and 4 1C. The supernatant solution was separated
from the top lipid layer, and divided into subsamples
for di¡erent enzyme activity tests. The samples were
stored in1mL Eppendorf tubes at �20 1C until ana-
lysis. Dilutions of the homogenate were made in re-
spective bu¡ers and tested in duplicate.

Protease activity

The protease activity of each HP crude extract was
determined according to Kunitz (1947), using casein
as a substrate. A mixture of 0.1mL crude extract,
0.5mL phosphate bu¡er (100mM, pH 7.5) and 2mL
casein (1% in phosphate 50mM, pH 7.5) was incu-
bated at 37 1C for 20min. The reaction was stopped
with the addition of 1mL tri-chloro acetic acid
(30%), and the mixture was clari¢ed by centrifuga-
tion (1118 g for 15min). Absorbance was measured
at 440 nm (Spectronic 2000, Bausch and Lomb, Ro-
chester, NY, USA). An additional negative control was
generated by replacing crude extract with phosphate
bu¡er. A standard curve of absorbance at 440 nm
was established using tyrosine as a standard. One
unit of protease activity was de¢ned as the number
of micromoles of tyrosine released per minute per
gram of protein at 37 1C.

Amylase activity

The amylase activity of each HP crude extract was
determined according to Rick & Stegbauer (1984),
with a 1% starch solution as a substrate in 50mM
phosphate bu¡er and pH 7.5. After adding 0.1mL
crude extract to 1mL substrate, the mixture was in-
cubated at 37 1C for 5min. Amylase activity was de-
termined by measuring the production of maltose
resulting from starch hydrolysis.Themaltose produc-
tionwas estimated by reading the colour intensity at
550 nm. A negative control was generated by repla-
cing crude extract with phosphate bu¡er. A standard
curve of absorbance at 550 nmwas established using
a standard maltose solution. One unit of amylase ac-
tivity was de¢ned as the number of 10 mmol of mal-
tose released per minute per gram of protein at 37 1C.

Lipase activity

Lipase activity was assayed using a kit (Nanjing Jian-
cheng Bioengineering Institute, Nanjing, China). The

principle of the assay is as follows: trireactive glycer-
ide and water will become emulsoid, which can ab-
sorb and scatter the incident ray as it passes. The
turbidity decreases when the emulsoid splits as the
trireactive glyceride is hydrolysed with the help of li-
pase, and the speed is proportional to the activity of
lipase in the specimen. One unit of lipase activity was
de¢ned as the micromole number of substrate re-
leased per minute per gram of lipid at 37 1C. All
the three enzyme tests above were performed in two
replications.

Stress tolerance of shrimps

At the end of the feeding trial, stress tolerance was
tested as the ability of the shrimp to tolerate extreme
conditions. The ability to tolerate stress was esti-
mated in two ways: (1) the time taken to die outside
the water and (2) the time taken to die in freshwater.
Tolerance outside water: ¢ve shrimps were selected
from each tank and placed on dry cement ground
one by one (25 1C). The time required by each shrimp
to die was recorded individually. Salinity stress toler-
ance test: eight shrimps were selected from each
tank and transferred to fresh water (salinity 1%).
The time required byeach shrimp to die was recorded
individually.

Statistical analysis

The mean values of growth performance, digestibil-
ity and stress tolerance were subjected to one-way
analysis of variance (ANOVA), followed by Duncan’s
multiple comparison analysis to test whether there
were any signi¢cant di¡erences (Po0.05) among the
treatment means. A simple linear regression analysis
was performed onweight gain against the DP level to
illustrate the relationship. The above statistical ana-
lyses were performed using SPSS software (Ver. 10 for
Windows).

Results

Growth performance

There was a signi¢cant di¡erence in all the growth
performance parameters, except survival (%) and
PER, among the di¡erent DP levels tested (Table 2).
The SGR was signi¢cantly lower in shrimp fed diet
CP31. On the other hand, the SGRwas statistically si-
milar in diets CP39, CP43 and CP47.The FCR in diets
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CP39 and CP43 were found to be signi¢cantly lower
than those in CP31, CP34 and CP47. Better PERwas
observed with the low-protein diet CP31 (1.07); how-
ever, it was not signi¢cantly di¡erent from the rest of
the dietary treatments. Regression analysis revealed
a strong linear relationship between the DP level and
the meanweight gain in shrimp.The scatter plot, the
¢tted equation and R2 are illustrated in Fig. 1. The
model is statistically signi¢cant (Po0.001), and R2
indicates that DP explains 80.48% of the variation in
the meanweight gain.

Feed digestibility

DP levels signi¢cantly a¡ected the ADMD and ACPD
of the test diets (Table 3). The ADMD of the test diets
ranged 66.10^73.94%, with signi¢cantly higher va-
lues in CP31. The ADMD of the test diets decreased
with increasing protein content. Protein digestibility
was the highest (75.71%) in CP47 and the lowest
(71.94%) in CP31, and showed a tendency opposite
to that of theADMD.

Digestive enzymes

The protease and amylase activities of mid gut gland
extracts varied signi¢cantly (Po0.05) as the level of
DP was increased as summarized in Table 4. How-
ever, there were no statistical di¡erences in lipase ac-
tivity. Protease activity ranged between 63.7 and
70.2 (U Protein^1), and showed a positive correlation
with the DP levels. On the other hand, amylase activ-
ities were negativelycorrelated with increasing levels
of protein.

Stress tolerance: anti-stress ability

The stress tolerance of white shrimp fed di¡erent test
diets is presented in Table 5. Although the stress tol-
erance ability of the shrimps outside the water was
not signi¢cantly in£uenced by feed protein levels,
therewas a signi¢cant di¡erence (Po0.05) in salinity
stress tolerance. Shrimp fed diet CP39 survived for
64.6min outside the water. Shrimp fed CP43 well tol-
erated a sudden decline in salinity and survived for
548.3min in fresh water. However, this was not sig-
ni¢cantly di¡erent from CP35, CP39 and CP47.

Discussion

The results of this study showed that variations in DP
levels to sub-adult white-leg shrimp signi¢cantly in-
£uenced growth performance, apparent digestibility,
enzyme activity and their ability to tolerate stress.
Weight gain and SGR showed a linear increase in re-
lation to CP up to 43% and showed a slight decrease
with a further increase to 47%. However, the perfor-
mances at 43% CP were not signi¢cantly di¡erent
from either the 39% or the 47% CP level, indicating
that the optimum protein level could be between
39% and 47% under the given conditions. Better feed

Table 2 E¡ect of dietary protein levels on the growth performance of white-leg shrimp, Litopenaeus vannamei (Boone,1931)�

Group CP31 CP35 CP39 CP43 CP47

Specific growth rate (SGR) 0.97 � 0.02b 1.05 � 0.07b 1.21 � 0.03a 1.24 � 0.06a 1.21 � 0.005a

Feed conversion ratio (FCR) 3.1 � 0.24a 2.90 � 0.02a 2.59 � 0.18b 2.54 � 0.26b 2.66 � 0.08a

Survival rate (%) 88.49 � 2.2a 89.53 � 2.27a 91.99 � 0.10a 92.93 � 0.17a 92.35 � 2.41a

Daily weight gain (mg ind.–1) 82.35 � 2.83a 91.77 � 8.27a 110.8 � 4.44b 114.7 � 8.28b 111.5 � 0.73b

Protein efficiency (PE) 1.075 � 0.08a 0.984 � 0.01a 0.980 � 0.07a 0.956 � 0.09a 0.814 � 0.02b

�Means of triplicate samples � standard deviation.
Values in the same row with di¡erent superscripts are signi¢cantly di¡erent (P40.05).

Figure 1 Scatterplot and regression analysis illustrating
the relationship between dietary protein levels and the
meanweight gain in shrimp.
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conversionwas also obtained in shrimps fed 43% CP.
On the other hand, the protein e⁄ciency ratio was
the highest, 1.07, in the 31% protein diet (CP31) and
was 0.95 in CP43, which contained 43% protein, and
this di¡erence was not signi¢cant from CP31. From
these results, it is obvious that 43% dietary CP could
be an optimum level for L. vannamei grown in higher
densities.
Several studies reported varying optimum protein

requirements (15^48%) for L. vannamei under di¡er-
ent conditions (Colvin & Brand1977; Smith et al.1984;
Aranyakananda & Lawrence 1993; Kureshy & Davis
2002; Liu, He, Liu, Zheng & Tian 2005; Hu,Tan, Mai,
Zheng & Cheng 2008). The results of the protein re-
quirement obtained in this study agree with some
studies and not with others. Kureshy and Davis
(2002) showed the protein requirement for maxi-
mum growth with L. vannamei to be higher than
32%, and they observed that a 48% DP level yielded
better feed e⁄ciency. Liu et al. (2005) found better

growth performance and feed conversion among
white shrimp juveniles fed a diet with a 40% protein
level.
However, some researchers have reported a lower

protein nutrition requirement. For example, Colvin
& Brand (1977) found better feed conversion for white
shrimp juveniles fed a 25% CP diet compared with
shrimp fed diets with 30%, 35% or 40% DP levels.
Smith et al. (1984) indicated that maximum growth
is obtained when shrimp are fed a diet exceeding
36% protein. Aranyakananda and Lawrence (1993)
concluded that maximum growth can be obtained
with a DP level of 15% among shrimp fed ad libitum.
Hu et al. (2008) reported that a diet containing 34%
protein is optimum for better growth. The di¡erence
can be attributed to the variations in body weight,
culture system, stocking density, environmental fac-
tors, etc. (Brito, Rosas, Chimal & Gaxiola 2001). A
growth trial with L. vannamei in microcosm tanks
showed, in the presence of good natural productivity

Table 3 Apparent digestibility coe⁄cients (%) for dry matter and crude protein of test diets for white-leg shrimp, Litopenaeus
vannamei (Boone,1931)�

Group CP31 CP35 CP39 CP43 CP47

ADMD 73.94 � 1.55a 70.98 � 0.28a,b,c 69.42 � 1.26b,c,d 67.93 � 0.31c,d 66.10 � 1.49d

ACPD 71.94 � 1.54b 72.58 � 0.35b,c 74.53 � 1.14a,b,c 75.27 � 0.15a,c 75.71 � 0.99a

�Means of triplicate samples � standard deviation.
Values in the same row with di¡erent superscripts are signi¢cantly di¡erent (P40.05).
ADMD, apparent dry mater digestibility; ACPD, apparent crude protein digestibility.

Table 4 E¡ect of dietary protein levels on digestive enzyme activities of white-leg shrimp, Litopenaeus vannamei (Boone,
1931)�

Group (UProtein^1) CP31 CP35 CP39 CP43 CP47

Protease 63.7 � 1.29b 65.7 � 0.98a,b 68.4 � 1.64a 69.2 � 1.99a 70.2 � 1.16a

Amylase 1.51 � 0.03a 1.15 � 0.03a,b,c 1.09 � 0.14b,c 0.92 � 0.16c,d 0.73 � 0.05d

Lipase 5.66 � 1.11a 6.08 � 0.76a 6.21 � 0.98a 7.81 � 0.72a 7.62 � 1.30a

�Means of triplicate samples � standard deviation.
Values in the same row with di¡erent superscripts are signi¢cantly di¡erent (P40.05).

Table 5 E¡ect of dietary protein levels on the stress tolerance of the white-leg shrimp, Litopenaeus vannamei (Boone,1931)�

Group (min) CP31 CP35 CP39 CP43 CP47

Low salinity tolerance 483.4 � 15.5b 514.5 � 14.5a,b 540.5 � 12.8a 548.3 � 10.2a 516.0 � 12.7a,b

Out of water tolerance 41.5 � 8.90a 54.3 � 9.12a 64.6 � 10.37a 56.2 � 8.92a 53.3 � 7.65a

�Means of triplicate samples � standard deviation.
Values in the same row with di¡erent superscripts are signi¢cantly di¡erent (P40.05).
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in water, that a high-protein diet was unnecessary
(Martinez-Cordova, Campana Torres & Porchas-Cor-
nejo 2003).
In this study, PER tended to decrease insigni¢-

cantly with an increase in the DP content up to 43%
CP and showed a signi¢cant decline with a further
increase, indicating that surplus protein was being
metabolized rather than deposited as growth. Similar
observations were made by Huang, Wang and Lu
(2003), Liu et al. (2005) and Hu et al.2008. Also, when
there is not enough carbohydrate and lipid in the
feed, more protein will be diverted to catabolic path-
ways to obtain energy and only a small part will be
spent for building muscles; furthermore, it will lead
to the release of nitrogen metabolites into the ambi-
ent water (Shiau & Peng1992).
In this study, ADMD and ACPD showed an inverse

relationship. Apparent dry matter digestibility was
the lowest in the high-protein diet and the highest in
the low-protein diet. The highest ACPD was observed
in CP47; however, it was not signi¢cantly di¡erent
from CP43. These ¢ndings agree in general with
those obtained by Guo, Liu,Tian and Huang (2006),
who showed that the apparent digestibility of dry
matter increased with increasing carbohydrate levels
(NFE) and decreasing protein content. Koshio,Teshi-
ma, Kanazawa and Watase (1993) reported that the
ADC of feed of Penaeus japonicus (Bate, 1888) de-
creased when the protein level was above 41%. Par-
tially, the reasons for this could be that the shrimp
digestive tract is too short and the dietary carbohy-
drate content can prolong the time that feed remains
in the tract, which can help the feed combine with
enzyme su⁄ciently. Furthermore, the amylase activ-
ity increased with the carbohydrate content in the
feed (Gaxiola, Cuzon, Garcia,Taboada, Brito, Chimal,
Paredes, Soto, Rosas & VanWormhoudt 2005). There-
fore, with an increase in the CBH content in the feed,
the feed will be digested more, and this also could be
seen in theADMD of the feed.
The increase in ACPD in relation to an increasing

DP level explains the maximum growth in high-pro-
tein diets. Similar observations were made by Lin,
Luo, Ye, Zhou, Xue and Yang (2000). This is demon-
strated in the present study by the increase in pro-
tease activity with the respective increase in DP
levels.White shrimp possess the necessary digestive
enzymes (protease, carbohydrases and lipase) to de-
grade a broad range of dietary substrates (Moss, Diva-
karan & Kim 2001). Trypsin is considered to be the
most important enzyme in digesting protein (Tidwell
& Allan 2001), and, together with chymotrypsin, is

the most abundant proteolytic enzyme in the diges-
tive gland of crustacea (Dall 1992). Diet-related
changes in penaeid shrimp digestive enzyme activity
have been reported previously. Lee et al. (1984) ob-
served the quantitative e¡ect of the DP level and
source on trypsin activity in L. vannamei. They ob-
served changes in trypsin activity when the protein
source was varied by changing the animal to plant
protein ratio, and concluded that the quality of DP
strongly in£uenced enzyme activity in shrimp of all
sizes. Le Moullac et al. (1997) provided evidence that
L. vannamei adjust mid gut protease and amylase le-
vels in response to di¡erent compounds in the formu-
lated diets. The results of the present study and
previous works carried out with white-leg shrimp
suggest that white shrimp have the capacity to adapt
their digestive physiology in response to changes in
their nutrient requirements or dietary pro¢le.
In the current study, we observed a positive rela-

tionship between DPand carbohydrate and the levels
of protease and amylase activity, respectively, in the
MG. These ¢ndings agree in general with those of
Lee et al. (1984) and Gaxiola et al. (2005), who re-
ported a positive shift in the respective enzyme activ-
ity in relation to their substrate content in feed.
Pavasovic, Richardson, Mather and Anderson
(2006) also demonstrated that when the CP content
of a reference diet was reduced from 19% to 13%,
there was a signi¢cant decrease in protease activity
but an increase in carbohydrase activity in red claw
cray¢sh, Cherax quadricarinatus (Von Martens,1868).
Huang et al. (2003) proved that when the L. vannamei
was fed a diet with a protein level ranging from 28%
to 48%, the protease activities increased at ¢rst and
then decreased, reaching a peak at the 33% DP level.
In the present study, although there was a di¡erence
in lipase activity, it was not signi¢cantly in£uenced
by the DP levels.Wu, Sun, Zhou and Gui (2003) de-
monstrated that MG and gastric £uid lipase activities
were not a¡ected by the DP levels (30^60%).
The results of the stress tolerance tests showed

that shrimps’ability to tolerate salinity and survival
outside the water increased linearly with increasing
DP up to 43% CP and decreased with a further in-
crease. For the ¢rst time, the results of this study
show the e¡ect of DP levels in supporting the physiol-
ogy of stress tolerance in penaeid shrimp. Liu et al.
(2005) reported that the survival rate of the L. vanna-
mei under salinity change experiment increased as
the DP content increased from 20% to 30%. Shrimps
are crustaceans that use dietary amino acid to main-
tain the osmotic pressure balance in low salinity
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water. However, the lower stress tolerance shown by
shrimp fed 47% CP than 43% CP may be because of
the buildup of nitrogen metabolites in the ambient
water, which might intensify the stress.
The survival of shrimps outside water was better

in shrimp fed 39% CP; however, there was no signi¢-
cant di¡erence among the dietary treatments. This
indicates that DP levels have no relation to the survi-
val of shrimps outside water.
Finally, this study concludes that a dietary CP level

of around 43% could be optimum for the rearing of
white-leg shrimp, L.Vannamei, in a high-density cul-
ture system in the absence of natural productivity.
This observation is further supported by the higher
protein digestibility and elevated digestive enzyme
activity in the respective diets. The maximum stress
tolerance shown by shrimps fed the 43% CP diets is
an added indication in this regard.
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