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Abstract The purpose of this study was to investigate the growth and physiological

status of Litopenaeus vannamei subjected to one constant temperature (25�C) and four

cyclical temperature change regimes (25 ± 1�C, 25 ± 2�C, 25 ± 3�C and 25 ± 4�C). The

growth rates of shrimp at 25 ± 2�C or 25 ± 3�C were significantly higher than that at a

constant temperature of 25�C. On the other hand, the growth rate in 25 ± 4�C regime was

significantly lower than those in other regimes. The daily feed intake rate of shrimp at

25 ± 4�C was the lowest, and the food conversion efficiency was also significantly lower

than those at 25 ± 2�C and 25 ± 3�C, respectively. The food conversion efficiency at

25 ± 2�C or 25 ± 3�C was significantly higher than those in other regimes. Thus, it can be

inferred that the growth enhancement in the test shrimp at the suitable diel fluctuating

temperatures was due to high food conversion efficiency. Studies of the physiological

parameters showed that at 25 ± 4�C, the hemolymph glucose content of the test shrimp

was the lowest, while the activity of PK in hepatopancreas was the highest, which indicated

that the test shrimp at 25 ± 4�C was in a stressed condition. The hemolymph glucose

content of the test shrimp at 25 ± 3�C was the highest, and the activity of HK in hepa-

topancreas was the lowest. These results indicated that the test shrimps at 25 ± 3�C were

not in a stressed condition. Compared with the constant temperature regime, the expression

of HSP70 in any of the four cyclical temperature change regimes was not significantly

increased. The reason for this might be that the fluctuation amplitude of ± 4�C did not

induce the increased expression of HSP70.
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Introduction

Water temperature is one of the major environmental factors influencing growth and

physiological status in aquatic ectotherms. In natural aquatic systems, water temperature

fluctuates diurnally and seasonally, and the effect of fluctuating temperature on the growth

of aquatic animals is well studied (Miao and Tu 1993, 1996; Tian 2001). Tian (2001)

reported that suitable diel fluctuating temperature could enhance the growth of Fenne-
ropenaeus chinensis Osbeck, and the oxygen consumption changes in shrimps were also

discussed preliminarily. However, there is little information on the effects of cyclical

temperature change on the growth and physiological status of Litopenaeus vannamei.
Once the environment changes, the activities of glycolytic enzymes are altered in order

to produce more energy (Somero and Childress 1990). Glucose is the main material for

producing energy in body, and the level of glucose is usually referred to evaluate the state

of metabolism in aquatic animals by many researchers. Lourdes et al. (2006) suggested that

the increased level of blood glucose in L. schmitti was an indicator of short-term stress.

However, it was reported that the concentration of glucose in the hemolymph did not

change under the following conditions: 4 weeks at high densities (Hall and van Ham

1998), 7 days in captive laboratory conditions (Sánchez et al. 2001) and 10 days exposed

to a high temperature (Pascual et al. 2003). Glucose is also the pre-substrate of glycolysis,

and the glucose content can affect the course of glycolysis. However, whether glucose can

enter the course of glycolysis depends on the activity of hexokinase (HK, EC 2.7.1.1).

Pyruvate kinase (PK, EC 2.7.1.40) is another key enzyme in the glycolytic pathway. This

enzyme catalyzes the essentially irreversible transphosphorylation from phosphoenolpyr-

uvate (PEP) and ADP to pyruvate and ATP (Valentini et al. 2002). In almost every cell

type, PK controls the flux through the glycolytic pathway, together with the phospho-

fructokinase-1 (PFK) and hexokinase (Wang et al. 2005). But the information about key

glycolytic enzymes in crustaceans, such as HK and PK, is still poor, although recently

more information is becoming available due to the commercial and ecological importance

of some crustacean species. For example, HK activity was detected in shore crab

Pachygrapsus crassipes (Schatzkein et al. 1973), European green crab Carcinus maenas
(Loret and Devos 1992) and shrimp L. vannamei (Rosas et al. 2001); while PK activity was

detected in different organs in the spiny lobster Jasus edwardsii (Speed et al. 2001), the

shrimp Farfantepenaeus paulensis (Lemos et al. 2003), the Dungeness crab Cancer
magister (Guderley and Hochachka 1980) and the striped shore crab P. crassipes
(Schatzkein et al. 1973). However, the relationship between the hemolymph glucose

content and activities of the glycolytic enzymes is not well known in shrimps suffering

diurnal fluctuating temperatures.

Heat shock proteins also comprise a group of highly conserved proteins that are related

to the function of resistance to adverse environmental conditions. The HSP70 family of

proteins includes the constitutively expressed form (heat shock cognate 70, HSC70) and

the stress-inducible form (HSP70) (Itoh and Tashima 1991). Generally, HSC70 acts to

maintain the ordinary cellular environment, such as folding of newly synthesized proteins.

HSP70 rescues intracellular proteins that are degenerated or aggregated under stressed

conditions (Itoh and Tashima 1991). Compared with that at normal temperatures, the

sublethal temperatures induced higher expression of heat shock proteins 70 in L. vannamei,
indicating that there is a close relationship between the increased expression of HSP70 and

the enhanced capacity of self-protection (Wu et al. 2006). When L. vannamei suffered the

diel fluctuation temperature condition, how the HSP70 expressed and whether tolerance
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was strengthened as a result of HSP70 accumulation were not clear so far (Dong et al.

2008).

The purpose of this study was to compare the growth of L. vannamei at a constant

temperature and fluctuating thermal regimes and to evaluate the effect of temperature

fluctuation on physiological status of L. vannamei by determining the hemolymph glucose

content, glycolytic enzyme activities and the expression of HSP70. These results may shed

light on the growth and physiological status of L. vannamei under fluctuating temperature

conditions.

Materials and methods

Experimental shrimp and acclimation

Litopenaeus vannamei juveniles with the average wet body weight of 5.068 ± 0.061 g

(Mean ± SD) were obtained from Baorong Aquaculture Corporation, Qingdao, P. R.

China. After transfer to the laboratory, shrimps were acclimated in tanks

(170 cm 9 75 cm 9 35 cm; water volume: 450 L; salinity: 28–30 ppt; temperature: 25�C)

for 10 days. Seawater was pre-filtered using a sand filter. One-half to two-thirds of the

rearing water was exchanged daily by fresh seawater to ensure high water quality. During

the acclimation period, shrimps were fed twice daily (at 6 a.m. and 4 p.m.) to satiation with

a commercial feed (crude protein, 43.39 ± 0.22%; fat, 9.74 ± 0.30%; ash, 9.91 ± 0.05%

and moisture, 8.41 ± 0.06%) manufactured by the Mawei Fishery Feed Co. Ltd., Fujian,

China. A photoperiod of 14-h light:10-h dark was maintained.

Experimental design and facility

Experimental design: Thermal treatments consisted of one constant temperature (25�C)

and four diel temperature fluctuations with daily means of 25�C. The amplitudes of

temperature fluctuations (± Dt�C) were ±1, ±2, ±3 and ±4�C, respectively. There were

five replicates for each thermal treatment, among which three were used for the compa-

rision of the growth in L. vannamei and two for the evaluation of the physiological status.

Twenty-five glass aquaria (45 cm 9 25 cm 9 30 cm, water volume: 35 L) were used for

shrimp rearing. Each aquarium held seven individuals and was covered with a 5-mm thick

screen to prevent the shrimp from jumping out. Experiments were started after feed

deprivation 24 h in advance.

Temperature control system: The experiment was conducted in a room whose tem-

perature was controlled at 25 ± 0.5�C using an air conditioner. For the constant and the

fluctuating temperature treatments, the water temperature was regulated by a laboratory-

designed temperature control system (Fig. 1). This system was composed of a programmed

temperature controller, a temperature control tank, a heater, a refrigerator, a recirculation

pump and a cold water reservoir. The actual temperature was calibrated daily with a

mercury thermal meter to the nearest 0.2�C. Treatments with fluctuating temperatures were

controlled by a pre-programmed temperature controller, which is specially designed to

generate the needed temperature regimes by pumping the cold water and heating the water

alternately. In order to ensure higher water quality, an absorbent cotton wool (0.5 cm

thickness) was used to filter the water flow into the temperature control tank.
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Temperature fluctuating mode (using the temperature amplitudes of ±2�C as an

example): The base temperature (25�C) was set at 0600 h and was increased gradually to a

maximum of 27�C at 1,200 h, then it was decreased to a minimum of 23�C at 0000 h,

followed by gradually increasing to the base temperature (25�C) again at 0600 h the next

day (Fig. 2).

Experimental procedure and management

When the thermal acclimation was finished, experimental shrimps (mean wet body weight

of 5.068 ± 0.061 g) were randomly chosen and weighed individually. They were then

allocated into five aerated aquaria for corresponding temperature treatments. During the

experiment, shrimps were fed to satiation twice daily (at 6 a.m. and 4 p.m.) with the

Fig. 1 Diagram of the fluctuating temperature control system (1, cool water reservoir; 2, cool water
temperature sensor; 3, outlet pipe of refrigerator; 4, inlet pipe of refrigerator; 5, refrigerator; 6, temperature
controller of cool water reservoir; 7, inlet pipe of experimental tank; 8, experimental tank; 9, Direction of
flow; 10, outlet pipe of experimental tank; 11, temperature control tank; 12, pump; 13, water temperature
sensor of temperature control tank; 14, temperature controller of temperature control tank; 15, heater)

Fig. 2 Diagram of the diel
temperature fluctuating mode.
Photoperiod regime is depicted
by horizontal white (light period)
and black (dark period) bars
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commercial feed mentioned earlier. The uneaten feed and faces were separately collected

into cups by siphoning within 3 h after each meal, allowed to settle down about 10 min and

then dried at 65�C for further analysis. The exuviae (molted exoskeletons) were cleaned

regularly. At the end of the experiment, shrimps from three aquaria of each treatment were

collected after 24-h starvation, dried at 65�C and weighted individually for the growth

analysis. Shrimps used for the physiological status analysis in each treatment were selected

from the other two aquaria.

The experiment lasted for 45 days. During the course of the experiment, dissolved

oxygen was maintained above 6.0 mg L-1, pH was around 7.8, ammonia (NH3 and NH4
?)

was less than 0.24 mg L-1, salinity was 28–30 ppt. Photoperiod and water exchange rates

were the same as those in the acclimation condition.

Sample preparation and assay for physiological status

At the end of the experiment, five inter-molt stage shrimps (Robertson et al. 1987) were

selected for the evaluation of the physiological status. After drying the shrimp with paper

towel, hemolymph (approximately 20 ll) was collected from the ventral sinus at the base

of the first abdominal segment using a 1-ml syringe, which was pre-rinsed with a 5%

sodium oxalate in isotonic saline-cooled anticoagulant solution (Mendoza 1992). Then,

hemolymph was centrifuged at 3,0009g for 15 min at 4�C, and the supernatant fraction

was collected and used for glucose assay immediately. After hemolymph was collected,

shrimps were dissected rapidly on an ice plate. The hepatopancreas and muscle were

quickly removed from each shrimp, frozen in liquid nitrogen and stored at -80�C for

further analysis.

Glucose assay

Glucose was analyzed according to the manual of analyses kits (Shanghai Rongsheng

Biotech Co., LTD, China) and the method described by Tiffany et al. (1972). Briefly,

glucose from each sample was oxidized by glucose oxidase to produce gluconic acid and

hydrogen peroxide. Then, with the help of peroxidase, hydrogen peroxide caused the

coupling reaction between 4-aminoantipyrine and phenol to synthesize benzoquinones,

which can be measured by spectrophotometry.

Enzyme assay

The hepatopancreas was homogenized on ice by a glass homogenizer for 2 min in 5 vol (w/v)

of ice-cold 0.05 M PBS buffer (pH 7.5). The homogenate was centrifuged at 3,0009g for

10 min at 4�C. The supernatant fraction was collected for the measurement of enzyme

activities. Activities of HK and PK were analyzed according to the manual of analyses kits

(Nanjing Jiancheng Bioengineering Institute, China) and the method described by Tanaka

et al. (1962) and Valentine et al. (1967), respectively.

Western blotting

HSP70 was measured as previously described by Dong et al. (2007). Protein concentration

was determined according to Bradford (1976) with bovine serum albumin as standard. Gel

electrophoresis of protein extracts was performed in 10% polyacrylamide gels (PAGE)
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according to the method described by Laemmli (1970). Equal amount of protein samples

(20 lg) was loaded in each well and subjected to gel electrophoresis in the presence of

2-mercaptoethanol. Semi-dry electro-transfer onto PVDF-Immobilon membranes was

performed according to Kyhse-Andersen (1984). Membranes were blocked and incubated

with anti-HSP70 Ab (H5147, Sigma, USA) (diluted 1:1,000; both the HSC70 and the

HSP70 could be incubated with it) for 2 h at 37�C. Then, the immune complexes were

visualized by incubation with anti-mouse IgG (Horseradish peroxidase conjugated, HRP),

followed by staining with diaminobezidine (DAB). Band intensity was quantified using

GeneTools software (Syngene, USA).

From a shrimp in the normal water temperature regime, 20 lg of muscle protein was

also loaded to each gel. The HSP70 level of this sample was designated as a standard for

normalization. HSP70 levels in this study were expressed as values relative to the level of

the standard sample (Relative unit, RU; %).

Data calculation and statistical analysis

Specific growth rate (SGRd, % day-1), daily feed intake rate (FId, % BW day-1) and food

conversion efficiency (FCEd, %) were calculated using the following equations:

SGRd (% day-1) = 100 9 (lnW2 - lnW1)/T

FId (% BW day-1) = 100 9 F/[T 9 (W2 ? W1)/2]

FCEd (%) = 100 9 (W2 - W1)/F

where W2 and W1 are final and initial dry body weight (g), respectively. T is the feeding

duration (d) and F is the total food intake (g).

Experimental data were analyzed by ANOVA using the software SPSS 11.0 (SPSS Inc.,

Richmond, CA, USA). Duncan’s multiple range tests were used to test the differences

between treatments. P \ 0.05 was accepted as the level of statistical significance.

Results

The growth of L. vannamei in different thermal regimes

The final body weight and specific growth rate (SGRd) of L. vannamei in different thermal

regimes are shown in Table 1. It can be seen that the different amplitudes of temperature

fluctuation (with an average temperature of 25�C) had various influences on the growth of the

experimental shrimps. The final mean body weights of shrimps in 25 ± 2�C and 25 ± 3�C

regimes were significantly higher than those in constant temperature (25�C) or other diel

temperatures fluctuating regimes (P \ 0.05). The final body weight of shrimps in 25 ± 4�C

regime was significantly lower than those in other regimes. The SGRd of the shrimps in

25 ± 2�C regime was the highest and was significantly different from those in 25�C,

25 ± 1�C and 25 ± 4�C regimes (P \ 0.05). SGRd of the shrimps in 25 ± 4�C regime was

the lowest, and it was significantly lower than those in 25�C, 25 ± 2�C or 25 ± 3�C regimes

(P \ 0.05). Based on the studies of Miao and Tu (1996), the relationship between SGR and

the thermal amplitude (TA) can be described as a cubic polynomial function:

SGR = 0.4196-0.1967TA ? 0.2052TA2-0.0414TA3 (r2 = 0.782, P \ 0.001)

According to the equation, the optimal thermal amplitude (with a mean temperature of

25�C) for the growth of shrimp at sizes in the current experiment was estimated to

be ±2.51�C.
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The FId and FCEd of L. vannamei in different thermal regimes

The FId and FCEd of L. vannamei in different thermal regimes are shown in Table 1. The

FId of the shrimps in 25 ± 4�C regime was significantly lower than that in 25�C regime

(P \ 0.05), but it was not significantly different from those in 25 ± 1�C, 25 ± 2�C and

25 ± 3�C regimes, respectively (P [ 0.05). The FCEd of the shrimps in 25�C ± 2�C

regime was the highest, which was close to that in 25�C ± 3�C regime, and was signifi-

cantly higher than those in 25�C, 25 ± 1�C and 25 ± 4�C regimes, respectively

(P \ 0.05). The FCEd of the shrimps at 25 ± 4�C was significantly lower than that in

25�C, 25 ± 2�C and 25 ± 3�C regimes (P \ 0.05).

The glucose content and glycolytic enzyme activities in L. vannamei in different

thermal regimes

The glucose content and activities of HK and PK in L. vannamei from different thermal

regimes are shown in Table 2. The glucose content of the shrimp’s hemolymph in

25 ± 3�C regime was the highest, and it was significantly different from the lowest value

observed in the 25 ± 4�C regime (P \ 0.05), but it was not significantly different from

those in other regimes (P [ 0.05). The HK activity in shrimp hepatopancreas in 25�C

regime was the highest, and it was significantly different from that in the 25�C ± 3�C

regime (P \ 0.05), but it was not significantly different from those in other regimes

(P [ 0.05). The HK activity was the lowest in the 25 ± 3�C regime. The PK activity in the

hepatopancreas of the shrimps in 25 ± 1�C regime was the lowest and was significantly

different from those in other regimes (P \ 0.05). There were no significant differences in

the PK activity among other treatments (P [ 0.05).

The expression of HSP70 in L. vannamei in different thermal regimes

The expression of HSP70 in the shrimp muscle under different thermal regimes is shown in

Table 2. The expression level of HSP70 in 25 ± 2�C or 25 ± 3�C regimes was not sig-

nificantly different compared to that in the 25�C regime (P [ 0.05). However, the

expression level of HSP70 in 25 ± 1�C and 25 ± 4�C regimes was significantly lower

than that in the 25�C regime (P \ 0.05).

Table 1 Effects of different thermal regimes on growth and feeds of L. vannamei (mean ± SD)1, 2

Treatments Initial body
weight (g)

Final body
weight (g)

SGRd (% day-1) FId

(% BW day-1)
FCEd (%)

25�C 1.237 ± 0.003a 1.467 ± 0.049a 0.567 ± 0.045ab 2.461 ± 0.063a 4.089 ± 0.348a

25 ± 1�C 1.255 ± 0.014a 1.450 ± 0.041a 0.502 ± 0.051ad 2.327 ± 0.066ab 3.687 ± 0.540ab

25 ± 2�C 1.233 ± 0.021a 1.539 ± 0.007b 0.695 ± 0.030c 2.395 ± 0.092ab 5.457 ± 0.118c

25 ± 3�C 1.245 ± 0.014a 1.540 ± 0.011b 0.672 ± 0.017bc 2.301 ± 0.020ab 5.455 ± 0.141c

25 ± 4�C 1.237 ± 0.015a 1.378 ± 0.026c 0.410 ± 0.013d 2.198 ± 0.030b 2.900 ± 0.113b

ANOVA
result

F4,10 = 1.002
P = 0.451

F4,10 = 14.077
P = 0.000

F4,10 = 2.714
P = 0.041

F4,10 = 11.730
P = 0.001

F4,10 = 13.439
P = 0.000

1 Values (expressed as mean ± SD, n = 3) with different letters in the same column are significantly
different from each other (P \ 0.05)
2 All dates are expressed and calculated by dry weight

Aquacult Int (2010) 18:921–932 927

123



Discussion

The effects of cyclical temperature changes on the growth of L. vannamei

Previous studies on the effects of the fluctuating temperature on the growth of aquatic

animals are inconsistent. For example, the growth of both juvenile F. penicillatus and

F. chinensis Osbeck increased under moderate diel fluctuating thermal regimes (Miao and

Tu 1993; Tian 2001). However, Thorp and Wineriter (1981) reported that there was no

significant difference on the growth of Procambarus a. acutus between the constant

(17.5�C) and variable temperature regimes (a daily square-wave cyclic regime of

10–25�C, the average temperature was 17.5�C). Tian and Dong (2005) reported that the

effect of temperature changes on the growth of the animals may be related to its average

temperature, amplitude and temperature change mode with amplitude being the main

reason. Results from this study showed that moderate diel fluctuating thermal regimes

could accelerate the growth of L. vannamei. At an average temperature of 25�C, the

temperature fluctuations of ±2 and ±3�C resulted in better growth than that at a constant

temperature of 25�C. But the temperature fluctuation of ±4�C inhibited the growth of

L. vannamei when compared with that at the constant temperature of 25�C. These results

indicated that the effect of cyclical temperature changes on the growth of shrimp is

closely related to the amplitude of temperature variation. Similar findings were also

reported in F. chinensis (Tian 2001) and Cyprinus carpio (Konstantinov et al. 1990),

respectively. Based on the cubic equation from this study, we found that the optimal

thermal amplitude for the growth of L. vannamei at experimental sizes was estimated to

be ±2.51�C with a mean temperature of 25�C, which was close to that reported by Tian

(2001) in F. chinensis. So, the thermal amplitude of diel fluctuating temperatures should

be under ±4�C in course of L. vannamei culture.

The mechanisms of the enhancement in the growth of shrimps at the suitable diel

fluctuating temperatures are still ambiguous. Tian and Dong (2005) summarized reasons

for the growth enhancement in shrimp at the suitable diel fluctuating temperatures as

follows: higher food intake, lower metabolic rate and higher food conversion efficiency. In

this study, the growth of shrimp in 25 ± 2�C or 25 ± 3�C regimes were higher than those

under other regimes, but their FId were not significantly different from those in other

Table 2 The hemolymph glucose content, pyruvate kinase activity, hexokinase activity and HSP70
expression level of L. vannamei in different thermal regimes (mean ± SD)1

Treatments Hemolymph glucose content
(mmol L-1)

Hexokinase (U
gprot-1)

Pyruvate kinase (U
gprot-1)

HSP70 expression
level2

25�C 1.527 ± 0.145ab 8.834 ± 1.373a 177.68 ± 15.19a 96.68 ± 1.94a

25 ± 1�C 1.575 ± 0.094ab 6.373 ± 1.266ab 127.95 ± 11.11b 55.73 ± 4.08bc

25 ± 2�C 1.693 ± 0.196a 6.293 ± 0.164ab 171.87 ± 5.37a 74.07 ± 4.71ab

25 ± 3�C 1.986 ± 0.222a 4.583 ± 0.337b 167.53 ± 15.60a 92.06 ± 10.15a

25 ± 4�C 1.159 ± 0.113b 7.263 ± 0.710ab 205.51 ± 10.12a 38.67 ± 1.31c

ANOVA
result

F4,16 = 3.495
P = 0.031

F4,10 = 3.167
P = 0.046

F4,10 = 5.311
P = 0.015

F4,15 = 20.277
P = 0.000

1 Values (expressed as mean ± SD, n = 5) with different letters in the same column are significantly
different from each other (P \ 0.05)
2 Mean of HSP70 in different thermal regimes is the relative level to the control
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regimes. Lower FCEd of shrimp in 25 ± 4�C regime compared to those in 25 ± 2�C and

25 ± 3�C regimes suggests that the growth enhancement of the shrimps at suitable diel

fluctuating temperature was due to high food conversion efficiency.

The effects of cyclical temperature changes on the glucose content and activities

of glycolytic enzymes in L. vannamei

Some researchers had found that glucose levels during long-term stress would not be as

pronounced as during short-term stress (Hall and van Ham 1998; Sánchez et al. 2001;

Pascual et al. 2003). In this study, the glucose level in shrimps at 25�C was not signifi-

cantly different from those in other regimes and is close to those reported for other studies

in long-term stressed conditions. An adaptation or acclimation to repeated stressor could

explain the absence of high glucose concentration in stressed L. vannamei hemolymph

(Laurence et al. 2006). In 25 ± 3�C regime, the hemolymph glucose content was the

highest, its HK activity in hepatopancreas was the lowest and the PK activity was mod-

erate. The moderate PK activity indicates that the metabolism of the shrimps in 25 ± 3�C

regime was normal. The lowest HK activity in 25 ± 3�C regime suggested that the amount

of glucose phosphorylated in the shrimp’s hepatopancreas was decreased, and there was no

metabolic compensation of glycogen in hepatopancreas, which may facilitate other organs

to make use of glucose. The glucose content of the shrimps in 25�C regime was

1.527 ± 0.145 mmol L-1, which is close to the normal glucose content in L. schmitti
(Lourdes et al. 2006). The HK activity of the shrimps in 25�C regime was the highest

among all regimes, but it was only significantly different from that in 25 ± 3�C regime.

Allert et al. (1991) suggested that the activity of HK correlates with the flow of glucose.

Thus, high HK activity in the shrimps under 25�C regime may suggest that the flow of

glucose was high at that condition. The PK activity of the shrimps at 25�C was close to that

at 25 ± 3�C, suggesting that the increased glucose flow at 25�C did not join in the process

of glycolysis to produce more energy, but instead, it was transformed into glycogen. Couto

et al. (2008) suggested that the increased activity of PK was related to the elevation of

glycolysis. In this study, the high PK and HK activities of the shrimps at 25 ± 4�C

suggested that the glycolysis in these shrimps was at a high level. Considering the low

growth rate at 25 ± 4�C, it was reasoned that the elevation of glycolysis at 25 ± 4�C

might be caused by the temperature amplitude, which, in turn, might have a negative

impact on the shrimps and results in a stressed condition. Hence, the glucose in the shrimps

at 25 ± 4�C was consumed and resulted in decreased concentrations in their hemolymph.

The PK activity of the shrimps at 25 ± 1�C was significantly lower than those in other

regimes, suggesting that the glycolysis in these shrimps dropped. The reason for this might

be that the overall metabolism of shrimp in this regime was low.

The effects of cyclical temperature changes on the expression of HSP70 in L. vannamei

Heat shock proteins protect other proteins from unfolding, assist refolding of denatured

protein or target them for degradation. These functions of heat shock proteins are based on

heat stress-induced reactions (Morimoto et al. 1994; Frydman and Höhfeld 1997). Thus,

the expression of HSPs is always considered an indicator of heat stress (Feder and Hof-

mann 1999). The synthesis and chaperone function of HSPs require energy consumption,

which means there was an ‘‘investment-income’’ trade-off between the heat tolerance and

the energy allocated for growth and reproduction (Somer 2002). Therefore, induction of

the expression of heat shock proteins needs certain inducing temperature (Sanders et al.
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1991; Tomanek and Somero 2000). In this study, the expression of heat shock protein 70

(HSP70) in four cyclical temperature change regimes was not significantly increased when

compared with that in the constant temperature regime. The reason for this might be the

fluctuation amplitude of ±4�C that did not induce the increased expression of HSP70. This

finding is in accordance with that reported for the sea cucumber Apostichopus japonicus
Selenka (Dong et al. 2008). The HSP70 family of proteins includes the constitutively

expressing form (heat shock cognate 70; HSC70) and the stress-inducible form (HSP70).

Generally, HSC70 acts to maintain the ordinary cellular environment such as folding of

newly synthesized proteins (Itoh and Tashima 1991; Zeniya et al. 1995). On the other hand,

HSP70 is an inducible form of HSP70 family protein that functions to rescue intracellular

proteins that are degenerated or aggregated under stressed conditions (Itoh and Tashima

1991; Zeniya et al. 1995). In this study, the expression level of HSP70 represented the

combined levels of both HSC70 and HSP70. Results showed that there were certain

differences for the expression of HSP70 among the five regimes under the sub-inducing

temperatures. The reason for this might be that the contents of HSC70 changed under

different thermal regimes. Laurence et al. (2006) reported that protein contents in hemo-

lymph, hepatopancreas and muscle decreased in the stressed conditions. The metabolism of

shrimps at 25 ± 1�C and 25 ± 4�C might be affected by an adverse effect, but this effect

may not be enough to induce high-level expression of HSP70. Consequently, the pre-

sumably decreased total protein contents in shrimps at 25 ± 1�C and 25 ± 4�C may

account for the significantly low HSP70 expression in these two regimes compared with

that at 25�C. There was no apparent relationship between the growth of the test shrimps

and the expression level of HSP70 at different diel fluctuating temperatures in this

experimental condition. In spite of the result that no increase in HSP70 expression with

thermal amplitudes within ±4�C was revealed in the present experiment, it might be

expected that HSP70 expression will be considerably enhanced at one threshold thermal

amplitude for L. vannamei. It is unclear so far, and future study should be conducted.
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Miao S, Tu S (1993) Modling effect of thermal amplitude and stocking density on growth of redtail shrimp,
Penaeus penicillatus (Alock). Bull Zool Acad Sin 32:253–264

Miao S, Tu S (1996) Modeling effect of thermal amplitude on growing Chinese shrimp Penaeus chinensis
(Osbeck). Ecol Model 88:93–100

Morimoto RI, Tissieres A, Georgopoulos C (1994) The biology of heat shock proteins and molecular
chaperones. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N. Y

Pascual C, Sánchez A, Sánchez A et al (2003) Haemolymph metabolic variables and immune response in
Litopenaeus setiferus adult males: the effect of an extreme temperature. Aquaculture 218:637–650

Robertson L, Bray WA, Leung-Trujillo JR et al (1987) Practical molt staging of Penaeus setiferus and
Penaeus stylirostris. J World Aquac Soc 18:180–185

Rosas C, Cuzon G, Gaxiola G et al (2001) Metabolism and growth of juveniles of Litopenaeus vannamei:
effect of salinity and dietary carbohydrates level. J Exp Mar Biol Ecol 259:1–22

Sánchez A, Pascual C, Sánchez A et al (2001) Hemolymph metabolic variables and immune response in
Litopenaeus setiferus adult males: the effect of acclimation. Aquaculture 198:13–28

Sanders BM, Hope C, Pascoe VM et al (1991) Characterization of stress protein response in two species of
Collisella limpets with different temperature tolerances. Physiol Zool 64:1471–1489

Schatzkein FC, Carpenter HM, Rogers MR et al (1973) Carbohydrate metabolism in the striped shore crab,
Pachygrapsus crassipes: I. The glycolytic enzymes of gill, hepatopancreas, heart and leg muscles.
Comp Biochem Physiol B 45:393–405

Somer GH (2002) Thermal physiology and vertical zonation of intertidal animals: optima, limits, and costs
of living. Integ Comp Biol 42:780–789

Somero GN, Childress JJ (1990) Scaling of atp-supplying enzymes, myofibrillar proteins and buffering
capacity in fish muscle: relationship to locomotory habit. Exp Biol 149:319–333

Speed SR, Baldwin J, Wong RJ et al (2001) Metabolic characteristics of muscles in the spiny lobster, Jasus
edwardsii, and responses to emersion during simulated live transport. Comp Biochem Physiol B
128:435–444

Tanaka KR, Valentine WN, Miwa S (1962) Pyruvate kinase (PK) deficiency hereditary nonspherocytic
hemolytic anemia. Blood 19:267–295

Thorp JH, Wineriter SA (1981) Stress and growth response of juvenile crayfish to rhythmic and arrhythmic
temperature fluctuations. Arch Environ Contam Toxicol 10:69–77

Tian XL (2001) Effect of diel fluctuation temperature on growth of Chinese shrimp, Fenneropenaeus
chinensis Osbeck, and its bioenergetic mechanisms. PhD thesis, Ocean university of Qingdao, China
(in Chinese)

Tian XL, Dong SL (2005) The research of effects of temperature fluctuation on growth of aquatic animals.
Chin J Appl Ecol 16:1780–1785 (in Chinese)

Tiffany TO, Jansen JM, Burtis CA et al (1972) Enzymatic kinetic rate and end-point analyses of substrate,
by use of a GeMSAEC fast analyzer. Clin Chem 18:829–840

Tomanek L, Somero GN (2000) Time course and magnitude of synthesis of heat-shock proteins in con-
generic marine snails (Genus Tegula) from different tidal heights. Physiol Biochem Zool 73:249–256

Aquacult Int (2010) 18:921–932 931

123



Valentine WN, Oski FA, Paglia DE et al (1967) Hereditary hemolytic anemia with hexokinase deficiency.
Role of hexokinase in erythrocyte aging. N Engl J Med 276:1–11

Valentini G, Chiarelli LR, Fortin R et al (2002) Structure and function of human erythrocyte pyruvate
kinase. Molecular basis of nonspherocytic hemolytic anemia. J Biol Chem 277:23807–23814

Vondracek B, Cech JJ, Buddington RK (1989) Growth, growth efficiency and assimilation efficiency of the
Tahoe sucker in cyclic and constant temperature. Environ Biol Fish 24:151–156

Wang Y, Zou S, Zhang Y (2005) Modern animal biochemistry, 3rd edn. High Education Press of China,
Beijing, pp 466–490 (in Chinese)

Wu R, Xie S, Sun Y (2006) High level prokaryotic expression of heat shock protein 70 in Litopenaeus
vannamei. J Fish Sci China 13(2):305–309 (in Chinese)

Zeniya A, Otaka M, Itoh H et al (1995) Induction and intracellular localization of a 72-kDa heat shock
protein in rat gastric mucosa after water-immersion stress. J Gastroenterol 30:572–577

932 Aquacult Int (2010) 18:921–932

123


	The effects of cyclical temperature changes on growth and physiological status of Litopenaeus vannamei
	Abstract
	Introduction
	Materials and methods
	Experimental shrimp and acclimation
	Experimental design and facility
	Experimental procedure and management
	Sample preparation and assay for physiological status
	Glucose assay
	Enzyme assay
	Western blotting
	Data calculation and statistical analysis

	Results
	The growth of L. vannamei in different thermal regimes
	The FId and FCEd of L. vannamei in different thermal regimes
	The glucose content and glycolytic enzyme activities in L. vannamei in different thermal regimes
	The expression of HSP70 in L. vannamei in different thermal regimes

	Discussion
	The effects of cyclical temperature changes on the growth of L. vannamei
	The effects of cyclical temperature changes on the glucose content and activities  of glycolytic enzymes in L. vannamei
	The effects of cyclical temperature changes on the expression of HSP70 in L. vannamei

	Acknowledgment
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


