Seasonal variation of the effect of high-carbohydrate and high-protein
diets on the intermediate metabolism of Parastacus brasliensis
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ABSTRACT. The goal of this study was to evaluate the effect of a high-carbohydrate diet (HC) and a high-protein diet (HP) on the
metabolism of the crayfish Parastacus brasiliensis (Von Martens, 1869), collected in different seasons and maintained in the laboratory
for 15 days. Crayfish were collected monthly from January 2002 to January 2004 at S&o Francisco de Paula, Southern Brazil, in Guarapira
stream. In the laboratory, the animals were kept submerged in aquariums under controlled conditions. They were fed ad libitum, for 15
days with either a HC or HP diet. At the end of this period, haemolymph samples were collected, as were hepatopancreas, gills, and
abdominal muscle that were removed for determination of glycogen, free glucose, lipids, and triglycerides. The haemolymph samples
were used for determination of glucose, proteins, lipids, and triglycerides. Statistical analysis (ANOVA) revealed significant seasonal
differences in biochemical composition in crayfish maintained on HC or HP diets. Independent of the diets offered to the animals and
the controlled conditions for 15 days, the indications of seasonality were unchanged. The observed changes seemed to be related to the
reproductive period. Moreover, the HC diet increased all energy reserves in adult parastacids, which may aid in reproduction.

KEYWORDS. Crayfish, experimental culture, diet, metabolism, seasonality.

RESUMO. Variagdes sazonais do efeito de uma dieta rica em carboidrato e rica em proteinas no metabolismo intermediéario
de Parastacus brasiliensis (Crustacea, Decapoda, Parastacidae) mantidos em laboratério. O objetivo deste estudo foi avaliar o
efeito da dieta rica em carboidratos (HC) e da dieta rica em proteinas (HP) sobre o metabolismo do Parastacus brasiliensis (Von Martens,
1869) coletados em diferentes estagdes e mantidos durante 15 dias em laboratério. Os lagostins foram coletados mensalmente de Janeiro
de 2002 a Janeiro de 2004 em Sé&o Francisco de Paula, Sul do Brasil, no riacho Guarapira No laboratorio, os animais foram mantidos
submersos em aquérios sob condigdes controladas. Eles foram alimentados ad libitum por 15 dias com a dieta HC ou HP. Ap6s o fina do
periodo, as amostras de hemolinfa foram coletadas, assim como o hepatopancreas, as branquias e o misculo abdominal foram removidos
para a determinacdo do glicogénio, glicose livre, lipidios e triglicerideos. As amostras de hemolinfa foram usadas para a determinagéo da
glicose, proteinas, lipidios e triglicerideos. As andlises estatisticas (ANOVA) revelaram uma diferenca sazonal significativa na composicéo
bioquimica nos lagostins mantidos com dieta HC ou HP. Independente da dieta oferecida para os animais e das condigdes controladas por
15 dias, ndo foi possivel alterar os perfis metabdlicos encontrados sazonalmente nos animais em campo. As mudangas observadas
parecem estar relacionadas ao periodo reprodutivo. Além disso, a dieta HC aumentou todas as reservas energéticas nos parastacideos
adultos, o que pode auxiliar na reprodugao.

PALAVRAS-CHAVE. Lagostim, cultivo experimental, dieta, metabolismo e sazonalidade.

Recently, in the region of S8o Francisco de Paula,
Southern Brazil, at an altitude of 900 meters asl., a
population of Parastacus brasiliensis (Von Martens, 1869)
was found in the Pro-Mata Center for Research and
Nature Conservation (CPCN). Thisisthefirst record in
Brazil of afreshwater crayfish living at high altitude and
low temperatures. Its accelerated growth and rapid
maturation, together with its ease of handling, make this
species a good candidate for experimental culture
programs. It is especially important to establish the
requirements for dietary proteins according to the
condition of the organism (e.g. stage, size) and culture
conditions (e.g. density, temperature, pH) (CAmPARA-
TorrEs €t al., 2005). Some recent studies have been
conducted on the nutritional requirements of freshwater
crayfishes (Meape & WaTTs, 1995; Corres-JacinTo et al.,
2003, 2004; RopricuEz-GonzALEz et al., 2006), aswell as
on the replacement of fish meal by different protein
sources (THompsoN €t al., 2004; GaRrcia-ULLoa €t al.,
2003; Muzinic et al., 2004). However, for P. brasiliensisto

be cultured commercially, it is necessary to have agood
understanding of culture techniques as well as the
nutritional requirements and metabolic behavior of this
Species.

Cultivated crayfish are of high economic value in
some countries, mainly in Europe, Chile, the southern
United Statesand Australia. In Brazil, freshwater crayfish
are not usually consumed, perhaps because of the
regional distribution of the speciesand also the difficulty
in harvesting the natural populations.

The family Parastacidae is represented in South
America by the genera Parastacus, Hulex, 1879,
Samastacus Riek, 1971, and Virilastacus Hobbs, 1991.
Only membersof Parastacusoccur in Brazil, preferentialy
in marshy lentic environmentson the plains, andin small,
slowly flowing streams (Buckup & Rossi, 1980; FriEs,
1980; FonToura & Buckup, 1989). M ost species construct
underground habitationsin theform of simple or branched
tunnels that reach groundwater level and have one or
more openings on the surface. Theanimalsare nocturnal,
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when they leave their burrowsto hunt for food in or near
thewater (Buckup, 1999).

Study of the intermediate metabolism in
crustaceans has reveal ed the existence of wideinter- and
intra-specific variability, which makes it difficult to
determine a standard metabolic profile (Ouivera et al.,
2003). This variability can occur because of multiple
factors, such as habitat, stage in the molt cycle, sexual
maturity (especially in females), feeding state, available
food, and seasonality, resulting in different patterns of
metabolic response (ScHirF et al., 1987; KucHARskI & DA
SiLva, 1991b; Ouiveira et al., 2007).

Crustaceans contain high concentrations of lipids,
although they have no differentiated adipose tissue,
storing lipids mainly in muscle tissue and the
hepatopancreas (O’ ConNoR & GILBERT, 1968; CHANG &
O’ CoNNOR, 1983; HErrEID & FuLL, 1988; KucHARskI & DA
SiLva, 1991a). During periods of high energy demand,
such as molting and gametogenesis, large amounts of
lipids are mobilized, especially from the hepatopancreas
(KucHARskl & DA Sitva, 1991a; Rosa & Nunes, 2003b;
OLivEIra et al., 2007).

Glucose is the principal monosaccharide present
inthe haemolymph of crustaceans, and it servessix main
purposes. synthesis of mucopolysaccharides, synthesis
of chitin, synthesis of ribose and nicotinamide adenine
dinucleotide phosphate reduced (NADPH), formation of
pyruvate, and synthesis of glycogen (CHAnG &
O’ ConNoR, 1983; HerreID & FuLL, 1988). Stable glucose
haemolymph levels are essential for the regular
functioning of the nervous, muscle, and reproductive
systems (VErRI et al., 2001; Rabrorp et al., 2005). Glucose
can be accumulated in the form of free glucose and
glycogen in the hepatopancreas and in other tissues,
such as the muscles and the gills (VINAGRE & DA SiLva,
1992; Ouiveira et al., 2003).

In crustaceans, glycogen is stored mainly in the
muscles, hepatopancreas, gills, and hemocytes; however,
the storage locations vary among different species
(PaRrvATHY, 1971; JoHNsToN & Davies, 1972; HERREID &
FuLL, 1988). The stored glycogenisutilized in adaptation
to molting, hypoxia and/or anoxia, osmoregulation,
growth, reproduction and during fasting periods (CHANG
& O’ ConNOR, 1983; KucHARsSKI & SiLva, 1991a, 1991b;
Rosa & NunEs, 2003a; OLIVEIRA €t al., 2001 and 2004b).

The muscle is apparently the main protein-storage
location in crustaceans. Proteins are a structural,
functional, and energy constituent of tissues and play
an important role in spawning, fertilization and normal
development of embryo in decapods (GARcIA-GUERRERO
et al., 2003; Ropricuez-GonzALEZ €t al., 2006). Other
studies have demonstrated variation in protein content
during ovarian development in crustaceans. These
variations may result from increased biosynthesis of
several proteins, including enzymes, hormones, and
lipoproteins involved in gonadal maturation (Y EHEZKEL
et al., 2000; Rosa & NunEes, 20033, b).

The present study aims to study the effect of a
high-carbohydrate diet (HC) or high-protein diet (HP) on
seasonal variations in energy metabolism in different
tissues of individuals of the freshwater crayfish
Parastacus brasiliensis (Von Martens, 1869) maintai ned

for 15 days in the laboratory. The purpose was to obtain
basic physiological datato support adegquate management
of these populations.

MATERIAL AND METHODS

The animals were cared for in accordance with
guidelines such as the Guide for the Care and Use of
Laboratory Animals (NaTioNAL ResearcH CounciL (1985)).
The animals were used with the permission of the Ethics
Committee of the PontificiaUniversidade Catélicado Rio
Grandedo Sul (License 0002/03).

The animals were collected in a stream in the Pro-
Mata CPCN, an areaabout 4,500 haand between 600 and
900 ma.s.l., located in the municipality of San Francisco
de Paula, Rio Grande do Sul, Brazil between 29°27" -
29°35' Sand 50°08' - 50°15’ W. Trapping was donein four
capture periods (Spring, Summer, Autumn, and Winter),
for two years. Adults in stage C or D of the intermolt
cycle (DracH & TcHERNIGONTZEFF, 1967) were transported
in containers with cold water (5°C) to the Laboratory of
Conservation Physiology of PUCRS, where they were
placed in aerated aquariums for 24 hours without food.

After this 24-hour period, the animals were kept
submerged in aerated aquariums, with an average
temperature of 25+1°C and a photoperiod of 14:10 hours
light/dark. The crayfish were divided into two groups,
which were fed ad libitum in late afternoon, when most
of theanimalswere active, for aperiod of 15 days. They
were fed one of two diets. The high-carbohydrate diet
(HC) consisted of cooked white rice (protein 3.34%, fat
0.45%, fiber 0.30%, water content 61.33%, ashes 0.02%
and carbohydrates 34.56%). The high-protein diet (HP)
consisted of commercial pelletized ration (protein 21.0%,
fiber 4.0%, water content 12.0%, ether extract 8.0%, minera
10.0%, calcium 2.5% and phosphorus 1.0%).

After the 15-day period, samples of haemolymph
were collected with a syringe contai ning 10% potassium
oxalate as an anti-clotting substance, and were frozen for
later determination of glucose, total proteins, total lipids,
and triglycerides. The animals were cryoanesthetized,
weighed on an electronic balance (+ 0.001), and then
stored frozen at -80°C until they were used to determine
the biochemical parameters.

The crayfish were not separated by sex. In
parastacids, the male genital pore is located on the
coxopodite of pereiopod 5, and the female pore on the
coxopodite of pereiopod 3. The presence of both pairs of
genital pores may indicate hermaphroditism, and makes
it difficult to determine the sex in this species. Also, the
previous calcification of the genital opening (pore) can
be present inimmaturefemales (ALmeiDA & Buckup, 1999;
Siva-CasricLioni, 2007).

Themetabolic parameters of thehaemolymph sample
of each animal were determined in triplicate. The number
of crayfish tested in each season ranged from 20 to 30.

a. Glucose levels were measured by the glucose-
oxidase method, using aBioclinKit (glucose GOD-CLIN).
Resultsare expressed in mmol/L.

b. Total lipids were measured by the
sulfophosphovanillin method (Frines & Dunn, 1970), with
the results expressed in mg/dL.
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c. Triglycerides were measured using a
Biodiagnostic Kit (GPO Trinder). Results are expressed
inmg/dL.

d. Proteins were measured following the method
described by Lowry et al. (1951), using bovine albumin
(SigmaChemical Co., St. Louis, Missouri, U.S.A.) asthe
reference substance. Results are expressed in mg/mL.

The metabolic parameters of thetissue samplefrom
each animal weredeterminedintriplicate. The number of
crayfish assayed in each season ranged from 20 to 30.

a. Lipids were extracted from tissue weighed and
then homogenized with an Omni Mixer Homogenizer ina
2:1 (v/v) chloroform-methanol solution, according to
FoLcH et al. (1957). Total lipidsin this homogenate were
determined by the sulfophosphovanillin method (Frings
& Dunn, 1970; Mever & WALTHER, 1980). This method
consists of oxidizing cellular lipids to small fragments
after chemical digestion with hot concentrated sulfuric
acid. After the addition of a solution of vanillin and
phosphoric acid, a red complex is formed, which is
measured with aspectrophometer (530 nm). Triglycerides
were measured by the reactions of lipase, glycerokinase,
1-P-glycerol oxidase, and peroxidase enzymes
(Biodiagnostic Kit/ GPO Trinder). Results are expressed
as mg/g of tissue.

b. Glycogen was extracted from tissues following
the method described by VAN HaNDEL (1965). Glycogen
levels in the animals were determined as glucose
equivalent (glucose-oxidase method), after acidic
hydrolysis (HCI) and neutralization (Na,CO,), following
themethod of Geary et al. (1981). Glucose was quantified
using a Biodiagnostic kit (glucose-oxidase). Results are
presented as mg/g of tissue.

c. Free glucose was determined according to CARR
& NErFF (1984). The tissue samples were weighed and
homogenized with Ultra-Turrax in a 100 mM sodium
citrate solution, boiled for 10 minutes, agitated, cooled to
ambient temperature, and stored at 20°C for at most one
week. To separate the lipid fraction, the samples were
mixed ina2:1 (v/v) chloroform-methanol solution inthe
ratio of 2:1 (w/v) and centrifuged for 10 minutes at 2500
rpm. The free glucose concentration was determined by
the glucose-oxidase col orimetric method (Biodiagnostic
Kit) in the intermediate fraction obtained after
centrifugation. The results are expressed as mg/g of
tissue.

For statistical analysis of the seasonal variations,
a one-way ANOVA test was used, followed by a
Bonferroni test. For comparison between diets and
seasons a two-way ANOVA was used. All the metabolic
parameters were homogeneous (L evene test), and were
normally distributed (Kolmogorov-Smirnov test). The
significance level adopted was 5%. All the tests were
done with the program SPSS 11.5 for Windows.

RESULTS

Thedietary treatments had no significant influence
on survival, which over the period of the experiments
was equal to or greater than 90%. The diets did not
significantly affect growth, measured as weight gain
(p>0.05).

Glucose concentrations in P. brasiliensis that
received the high-carbohydrate diet (HC) showed no
seasonal variation (Fig. 1). In the crayfish that received
the high-protein diet (HP), glucose concentration rosein
Autumn, and decreased in other seasons (Fig. 1). There
was asignificant difference between the glucose contents
of the crayfish that received the HC diet and those on the
HPdiet (p<0.05).

In the HC crayfish, the protein concentration rose
in Autumn, and gradually decreased in the following
seasons (4.7-fold); in the HP group, proteins reached
minimum valuesin Summer, and amaximum in Autumn
(50%). There was no significant difference (p>0.05)
between total protein concentrations in the crayfish on
thetwo diets (Fig. 2).

The animals fed with high carbohydrate diets
showed maximum concentrations of lipidsin Autumn and
Winter, and minimum levelsin Spring and Summer. The
group that received the high-protein diet showed a
maximum hemolymph concentration of total lipids in
Summer and Autumn and subsequent decreases in the
other seasons. Therewasasignificant difference (p<0.05)
in total lipid contents between the crayfish on the two
diets(Fig. 3).

In HC crayfish there were no significant seasonal
variationsin triglyceride levelsin the haemolymph (Fig.
4). However, in HP animals, triglyceride concentrations
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Fig. 1. Seasonal concentration of glucose in the haemolymph of
Parastacus brasiliensis (Von Martens, 1869) maintained on a high-
carbohydrate (HC) or high-protein (HP) diet. Columns represent
the mean, and bars represent the standard error of the mean.
Results are expressed in mg/dL. The same letter represents a
significant difference between the seasons. # significant difference
between diets.
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Fig. 2. Seasonal concentration of total proteins in the haemolymph
of Parastacus brasiliensis (Von Martens, 1869) maintained on a
high-carbohydrate (HC) or high-protein (HP) diet. Columns
represent the mean, and bars represent the standard error of the
mean. Results are expressed in mg/mL. The same letter represents
a significant difference between the seasons.
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rosein Winter and Spring, and decreased in Summer and
Autumn. Therewasasignificant differenceintriglyceride
contents between the animals on the two diets (p<0.05).
The free glucose in the hepatopancreas of HC
crayfish showed the highest values in Winter and
decreased 2.6-fold in Summer (Tab. I). In the HP group,
free glucose concentration rose in Winter and gradually
decreased in the following seasons. There was a
significant difference (p<0.05) in free-glucose content
between the HC and HP animals. Glycogen levels
increased in HC animals in the Summer and decreased
50-fold in Autumn (Tab. 1). In the HP animals, glycogen
increased significantly in Winter, and decreased in Spring
and Summer. There was a significant difference between
the glycogen contents in the two groups (p<0.05). The
concentrations of total lipids of the HC animals rose in
Autumn andfell to their lowest valuein Summer. However,
the HP animals showed the highest values of total lipids
inWinter, with a2.7-fold decreasein Spring; lipid levels
in the hepatopancreas gradually increased in the
subsequent seasons (Tab. 1). There was no significant
difference (p>0.05) between total lipid content in thetwo
groups. In the HC animals, triglycerides rose in Spring,
decreased 21-fold in Summer, and then rose again in
Autumn and Winter. In the HP crayfish, triglycerides
rose in Summer, followed by a4-fold decrease in Spring
(Tab. 1). There was a significant difference (p<0.05)
between the triglyceride contents in the two groups.
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Fig. 3. Seasonal concentration of total lipids in the haemolymph
of Parastacus brasiliensis (Von Martens, 1869) maintained on a
high-carbohydrate (HC) or high-protein (HP) diet. Columns
represent the mean, and bars represent the standard error of the
mean. Results are expressed in mg/dL. The same letter represents
a significant difference between the seasons; # a significant
difference between diets.

The concentrations of free glucose of the HC
animals showed no seasonal variation in the gills;
however, thefreeglucoselevelsin gillsof the HP crayfish
rose in Autumn and Winter, and decreased 2.3-fold in
Spring (Tab. 11). There was no significant difference
(p>0.05) in free glucose content between the two groups.
The animals that received the HC diet showed no
seasonal variation in glycogen content in the gills; the
crayfish fed the HP diet showed the highest values in
Winter, and decreased in Spring (Tab. I1). There was no
significant difference (p>0.05) in glycogen content
between the two groups. In the HC group, the content of
total lipids in the gills showed no seasonal variation;
however, levels of triglycerides were highest in Spring
and decreased in Summer (Tab. I1). InHPanimals, levels
of total lipids rose in Winter or Autumn and decreased
approximately 18-fold in Spring; whereas triglycerides
were highest in Summer and lowest in Spring (Tab. I1).
Therewasasignificant difference (p<0.05) between total
lipids and triglycerides content in animals fed the two
diets.

Thelevels of free glucose in muscle tissue showed
seasonal variation only in the crayfish fed the HP diet, in
which free glucose was highest in Winter and lowest in
Summer (approximately 1.9-fold). Therewasasignificant
difference (p<0.05) in free glucose content between the
crayfish fed the two diets (Tab. I11). In HC animals,
glycogen rose in Summer, and decreased in Autumn and
the other seasons. The HP crayfish showed the highest
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Fig. 4. Seasonal concentration of triglycerides in the haemolymph
of Parastacus brasiliensis (Von Martens, 1869) maintained on a
high-carbohydrate (HC) or high-protein (HP) diet. Columns
represent the mean, and bars represent the standard error of the
mean. Results are expressed in mg/dL. The same letter represents
a significant difference between the seasons; # a significant
difference between diets.

Table |. Seasonal concentration of free glucose (mg/g), glycogen (mg/g), total lipids (mg/g), and triglycerides (mg/g) in the hepatopancreas
of Parastacus brasiliensis (Von Martens, 1869) maintained on a high-carbohydrate (HC) or high-protein (HP) diet. All results represent
the mean + standard error of the mean, and are expressed in mg/g. The same letter represents a significant difference between the seasons;

# a significant difference between diets.

Autumn

Winter

Hepatopancreas Spring Summer

HC DIET

Free Glucose® 0.1151 + 0.0245 0.0492 + 0.0083°
Glycogen® 5.4426 + 1.0529% 29.271 + 5.8648%°
Total Lipids 12.602 + 3.6393 7.9223 + 1.7824%
Triglycerides’ 9.1672 + 4.8282 0.4332 + 0.1735
HP DIET

Free Glucose 0.0240 + 0.0058* 0.0306 + 0.0081°
Glycogen 0.0026 + 0.0005* 0.0011 + 0.0002°
Total Lipids 13.458 + 0.8849* 29.853 + 6.4509
Triglycerides 1.0145 + 0.1649* 4.5598 + 0.9975°

0.07984 + 0.004
0.5824 + 0.2249"*
47.292 + 15.358°
5.1286 + 1.3932

0.0506 + 0.0068
0.0029 + 0.0008°
21.734 + 1.9200°
3.1427 + 0.4716

0.1295 + 0.0221°
3.9429 + 1.2127%
20.962 + 4.3420
2.5674 + 0.7882

0.0668 + 0.0079%
0.0143 + 0.0022%¢
36.130 + 3.4781*
2.8243 + 0.3519
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Table 1. Seasonal concentrations of free glucose (mg/g), glycogen (mg/g), total lipids (mg/g), and triglycerides (mg/g) in the gills of
Parastacus brasiliensis (Von Martens, 1869) maintained on a high-carbohydrate (HC) or high-protein (HP) diet. All results represent the
mean + standard error of the mean, and are expressed in mg/g. The same letter represents a significant difference between the seasons;

# a significant difference between diets.

Gills Spring Summer Autumn Winter

HC DIET

Free Glucose 0.0297 + 0.0067 0.0821+ 0.0052 0.0339 + 0.0029 0.0359 + 0.0049

Glycogen® 3.2591 + 0.8098 4.6721+ 0.6005 3.2158 + 0.6485 4.6895 + 0.6874

Total Lipids* 3.7480 + 1.8419 2.2367 + 0.7206 10.056 + 3.6571 4.3298 + 1.6789

Triglycerides’ 2.7627 + 1.3988" 0.1149 + 0.0328%° 2.0437 + 1.1889° 1.0554 + 0.4781°
HP DIET

Free Glucose 0.0093 + 0.0014* 0.0155 + 0.0035™ 0.0214 + 0.0010* 0.0213 + 0.0026%
Glycogen 0.0068 + 0.0005° 0.0088 + 0.0004° 0.0173 + 0.0026 0.0269 + 0.0035®
Total Lipids 1.4582 + 0.3111%° 12.149 + 7.3819° 14.387 + 6.9949" 18.051 + 3.5233°
Triglycerides 0.1150 + 0.0267° 3.1393 + 1.089%° 0.9412 + 0.1876° 1.3456 + 0.4099°

Table I1l. Seasonal concentrations of free glucose (mg/g), glycogen (mg/g), total lipids (mg/g), and triglycerides (mg/g) in the abdominal
muscle of Parastacus brasiliensis (Von Martens, 1869) maintained on a high-carbohydrate (HC) or high-protein (HP) diet. All results
represent the mean + standard error of the mean, and are expressed in mg/g. The same letter represents a significant difference between

the seasons; # a significant difference between diets.

Muscle Spring Summer Autumn Winter

HC DIET

Free Glucose® 0.0389 + 0.0061 0.0356 + 0.0044 0.0651 + 0.0323 0.0422 + 0.0044
Glycogen® 2.0599 + 0.3474° 7.3386 + 1.3336%° 1.4198 + 0.1741° 2.4175 + 0.3636°
Total Lipids 0.3029 + 0.0776 0.1446 + 0.0280 0.8607+ 0.1576 0.7067 + 0.6379
Triglycerides’ 0.0119 + 0.0021 0.0144 + 0.0078 0.0202 + 0.0047 0.0188 + 0.0042
HP DIET

Free Glucose 0.0118 + 0.0009 0.0116 + 0.0039* 0.0203 + 0.0022 0.0219 + 0.0013*
Glycogen 0.0111 + 0.0039 0.0002 + 0.0001* 0.0083 + 0.0019° 0.0270 + 0.0052®
Total Lipids 0.2105 + 0.0284 0.5693 + 0.1369 0.4769 + 0.1194 0.8157 + 0.2412
Triglycerides 0.0090 + 0.0018® 0.1369 + 0.0415%¢ 0.0098 + 0.0039* 0.0207 + 0.0040"

glycogen contents in Winter, and glycogen decreased in
Summer. There was a significant difference (p<0.05) in
glycogen content between the crayfish treated with the
two diets (Tab. I11). In animals fed the HC and HP diets,
the content of total lipidsin the muscle tissue showed no
seasonal variation (p>0.05). However, triglycerides
showed a seasonal variation only in the group which
received HP diet: concentrations were lowest in Spring
and highest in Summer. Therewasasignificant difference
in triglyceride content (p<0.05), but not in total lipids
(p>0.05), between animalsfed the two diets.

DISCUSSION

Diets (HC or HP) determined the different
responses to hemolymphatic glucose in these crayfish:
glucose increased more in the animals that received a
high-carbohydrate diet than in the animals that received
ahigh-protein diet, except in Autumn. A similar metabolic
response pattern was previously observed in an
estuarine crab and a freshwater anomuran,
Chasmagnathus granulatus (Dana, 1851) and Aegla
platensis (Schmitt, 1942) respectively, that received the
same type of diet for equal experimental periods
(KucHARskl & DA SiLva, 19914a; Ferreira et al., 2005).

In the HP group, hemolymphatic glucose levels
were lower than those of crayfish in the HC diets during

Spring, Summer, and Winter, despite the regular supply
of food. Inview of thelower percentage of carbohydrates
contained in this diet, it is possible that the amino acids
gained from the diet are being used in the gluconeogenic
pathway to maintain minimum glucose levels in the
haemolymph, and low levels of glycogen in the different
tissues studied, as seen here. OLiveira & DA Siva (1997)
demonstrated a high gluconeogenic capacity in the
hepatopancreas of crabs, fed either protein- or
carbohydrate-rich diets. These authors concluded that
the gluconeogenic pathway isimportant for the survival
of the estuarine crab (C. granulatus) during periods of
wide environmental variations, such as salinity, food
scarcity, and dissolved-oxygen levels (OLiveira et al.,
1997, 2001, 20044, b). Hemolymphatic glucoseistheresult
of theinflux of intestinal glucose (Verr et al., 2001), and
from the balance between anabolic (gluconeogenic,
glycogenesis and catabolic, glycogenolysis, glycolysis)
processes (CHANG & O’ Connor, 1983; OLivelira & Da
Sitva, 1997; HaLL & VAN Hawm, 1998).

Freshwater crayfish possess a variety of
physiological, ecological, and behavioral adaptationsthat
have allowed them to occupy a wide range of
environments and a range of trophic roles. They have
been described as omnivores (GrRowNs & RICHARDSON,
1988; Lopce et al., 1994; Nystrom & STrRaND, 1996;
GuTIERREZ-Y URRITA €t al., 1999), detritivores (HesseN &
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SKURDAL, 1986), opportunistic omnivores or microphagic
detritivors (O'Brien, 1995), and selective herbivores
(CHamBeR €t al., 1990). Detritus (mainly of plant origin)
often constitutes the majority of gut contents (Hessen &
SKURDAL, 1986; HocGER, 1988; GoobARD, 1988; O’ BRIEN,
1995). Thefeeding habits of P. brasiliensis have not been
studied.

Independent of the diets (HC or HP), the levels of
hemolymphatic proteins varied similarly, with apeak in
Autumn and Winter, and adecreasein Spring and Summer.
This diet-independent response suggests that these
proteins are used in the reproductive period. In
environment we observe that this population of
parastacids reproducesin Spring and Summer. Studiesin
other crustaceans have shown seasonal variations in
protein content; these variations are correlated with
ovarian development, and result from increases in
biosynthesis of some proteins, including hormones,
enzymesand lipoproteinsinvolved in gonadal maturation
(YenezkEeL et al., 2000; Rosa & Nunes, 2003b).

Independent of the seasons of the year, the levels
of hepatopancreatic free glucose and glycogen rose
significantly morein the parastacidsthat received ahigh-
carbohydrate diet than in those that received a high-
protein diet. Several studies have verified that different
diets (HC and HP) modify significantly the concentrations
of free glucose and glycogen in tissues of C. granulatus
(KucHARskI & DA SiLva, 1991a; VINAGRE & DA SiLva, 1992;
OLivEIrA et al., 20044, b).

In the experiments performed during Winter, the
administration of a high-carbohydrate diet changed the
homeostasis of glycogen, causing an increase in the
polysaccharidein all tissuesstudied, inrelation to crayfish
in their natural habitat (Dutra et al., 2008). The same
response was observed for A. platensis, a crustacean of
the limnetic environment, fed with a HC diet under the
same conditions of cultivation (Ouiveira et al., 2007).
Animasfedaprotein-rich diet had similar glycogenlevels
in the hepatopancreas, gills and muscle, to animals
studied inthefield, at the sametime of theyear (DuTrA et
al., 2008).

The storage location of glycogen varies according
to the species of crustaceans (JoHnsTon & Davies, 1972;
HerreEID & FuLL, 1988). The absence of acentral glycogen
deposit seems to be an adaptation of several classes of
animal sto changesin environmental factors (HocHACHKA
etal., 1970). The stored glycogenis utilized in adaptation
to molting, hypoxia and/or anoxia, osmoregulation,
growth, in different stages of reproduction and during
fasting periods (CHANG & O’ CoNNOR, 1983; KUCHARSKI &
SiLva, 19914, b; OLiveira et al., 2001, 20044).

Theresults presented here suggest that lipids (total
lipids and triglycerides) are the principal form of energy
reserves in these parastacids. This supposition is
reinforced by the results observed for the different diets
(HCand HP). Lipidsarethelargest power supply inmarine
invertebrates including shrimps and crayfish, and are
involved in basic processes for growth, change, and
reproduction (e.g. ovarian maturation, spawning) (Rosa &
Nunes, 2003a), athough few studies have been done on
parastacids (DuTra et al., 2008; SiLva-CasTicLioni et al.,
2007).

The increase in carbohydrate content in the diet
caused an increase in the reserves of lipids and
triglycerides in al the tissues studied. Independent of
the diets and levels of storage of total lipids as well as
triglycerides, carbohydrates were accumulated in the
different tissues in Autumn or Winter, to be used in
Summer or Spring. These results suggest that these
reservesareimportant for the reproductive period (Spring
and Summer). HErRNANDEZ-VERGARA €t al. (2003) evauated
the effect of different concentrationsof lipidsin artificial
dietsoffered to the crayfish Cherax quadricarinatus (Von
Martens, 1868), and concluded that males invest their
lipid reservesin growth, whereas females, with a higher
hepatossomatic index, invest in gonadal devel opment and
vitellogenesis.

Parastacus brasiliensis, like other crayfishes,
produces large, lecithotrophic eggs (FARMER, 1974). The
egg sizeisrelated to maternal investment, mainly thelipid
metabolism (Rosa & Nunes, 20033, b). Lipidsarethemain
source of energy throughout embryonic development,
and the amount of lipidsis generally correlated with the
size of eggs and the time interval between spawning and
hatching (PeterseN & ANGER, 1997; Rainuzzo et al., 1997).
In P. brasiliensiswe observed that development isdirect
and the juveniles remain on the pleopods of the female
until 9 days after eclosion, and then separate gradually
over about 4 days.

Independent of the diet offered to the animals, we
observed that the 15 days period feeding the different
diets, with temperature (25°C) and photoperiod (14hlight:
10h dark) held constant, did not modify the seasonality
patterns usually observed in the natural environment
(DuTrA €t al., 2008), and usually related to the
reproductive period of the species. However, the high-
carbohydrate diet significantly increased the free glucose,
glycogen and triglyceride levelsin al tissues analyzed.
In the haemolymph, the same response was not observed
for total proteins, lipids, and triglycerides; only for
glucose levels was this pattern observed, regardless of
the season the experiment was done. A similar response
was reported by Ferreira et al. (2005) studying A.
platensisfed for 15 days on ahigh-carbohydrate or high-
protein diet in controlled laboratory conditions.

Several studies have evaluated maturation, eye
ablation (Sacl et al., 1997; WonGPrASERT €t al., 2006),
use of hormones (Aspu et al., 2001), fecundity (King,
1993), and reproductive cycle (Serrano-PinTO €t al ., 2004)
of the redclaw crayfish under laboratory conditions.
Different dietshave been used inthese studies. Diet plays
an important role in crayfish broodstock condition
(HoLbicH, 2002). Broodstock nutrition is important for
reproductive success, because egg and larval production
are strongly dependent on the diets offered (BromAck,
1995; HarRrison, 1997; Garcia-ULLoa, 2000). Proteinis
themaost critical ingredient in practical diets, becauseitis
expensive and growth responses are affected (Corres-
JacinTo et al., 2003; THompson et al., 2005). According to
HarrisoN (1997), the amount of protein required in
broodstock diets for maturation and production of eggs
is higher than the level required for grow out, because
gonad maturation is a process of intense protein
synthesis, mainly during vitellogenesis (Aepu et al., 2000).
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Our results showed that the HC diet increased all
energy reserves in adult parastacids. This may improve
reproduction (fecundity and egg quality), which remains
to be investigated. RabrForp et al. (2005) showed in
juvenilesrock lobsters of Jasus edwardsii (Hutton, 1875)
the importance of carbohydrates in artificial diets. In
conclusion, the metabolic responses in crayfish fed HC
and HP diets provided valuable information concerning
the suitability of carbohydrates for inclusionin artificial
diets in parastacids and other crustaceans.
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