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Abstract

The metabolic profiles of selected tissues were analyzed in hatchlings of the Amazonian freshwater turtles Podocnemis 
expansa, P. unifilis and P. sextuberculata. Metabolic design in these species was judged based on the key enzymes of 
energy metabolism, with special emphasis on carbohydrate, lipid, amino acid and ketone body metabolism. All spe-
cies showed a high glycolytic potential in all sampled tissues. Based on low levels of hexokinase, glycogen may be 
an important fuel for these species. The high lactate dehydrogenase activity in the liver may play a significant role in 
carbohydrate catabolism, possibly during diving. Oxidative metabolism in P. sextuberculata appears to be designed 
for the use of lipids, amino acids and ketone bodies. The maximal activities of 3-hydroxyacyl-CoA dehydrogenase, 
malate dehydrogenase, glutamine dehydrogenase, alanine aminotransferase and succinyl-CoA keto transferase display 
high aerobic potential, especially in muscle and liver tissues of this species. Although amino acids and ketone bodies 
may be important fuels for oxidative metabolism, carbohydrates and lipids are the major fuels used by P.  expansa and 
P. unifilis. Our results are consistent with the food habits and lifestyle of Amazonian freshwater turtles. The metabolic 
design, based on enzyme activities, suggests that hatchlings of P. unifilis and P. expansa are predominately herbivo-
rous, whereas P. sextuberculata rely on a mixed diet of animal matter and vegetation.
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Enzimas do metabolismo energético em quelônios amazônicos  
(Testudines, Podocnemididae) recém-eclodidos

Resumo

O perfil metabólico de vários tecidos foi analisado em quelônios aquáticos recém-eclodidos: Podocnemis expansa, 
P. unifilis e P. sextuberculata. O potencial metabólico dessas espécies foi avaliado por meio das atividades absolutas 
das enzimas do metabolismo energético com ênfase no metabolismo dos carboidratos, lipídios, aminoácidos e corpos 
cetônicos. Todas as espécies estudadas apresentaram alto potencial glicolítico em todos os tecidos analisados. Com 
base nos baixos níveis da enzima hexoquinase, as reservas de glicogênio podem ser importantes substratos energéticos 
para estas espécies. A alta atividade da lactato desidrogenase no fígado pode indicar que este órgão desempenha um 
importante papel no metabolismo dos carboidratos, possivelmente relacionado com a resistência ao mergulho prolon-
gado. O perfil metabólico de P. sextuberculata parece organizado para utilizar preferencialmente lipídios, aminoácidos 
e corpos cetônicos. Os dados das atividades máximas das enzimas 3-hidroxi-acil-Co A desidrogenase, malato desidro-
genase e succinil-Co A ceto-transferase, especialmente no músculo branco e no fígado dessa espécie corroboram esta 
hipótese. Por outro lado, os carboidratos e os lipídios parecem ser os principais substratos metabólicos de P. expansa 
e P. unifilis, muito embora, os corpos cetônicos e aminoácidos sejam importantes metabólitos para sustentar o poten-
cial oxidativo nessas espécies. Os dados enzimáticos parecem estar correlacionados com o hábito alimentar e o estilo 
de vida dos quelônios de água doce da Amazônia. O perfil metabólico sugere que os recém-eclodidos de P. unifilis e 
P. expansa são predominantemente herbívoros, enquanto que P. sextuberculata pode depender de uma dieta mista de 
material vegetal e proteína animal.

Palavras-chave: quelônios aquáticos, Podocnemis, metabolismo energético.
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an important contribution to energy demand during early 
development of omnivorous or carnivorous species. 

Measurement of enzyme activities is a frequent-
ly employed method of investigating the utilization 
of specific metabolic pathways in tissues (Moon and 
Mommsen, 1987; Driedzic and Almeida-Val, 1996). 
Typically, researchers have used maximum in vitro ac-
tivity of enzymes with known functions on the inter-
mediary metabolism as qualitative indicators of fuel 
preference and their relationship with food habits. For 
example, carbohydrate flux may be evaluated based on 
glycolytic enzymes, such as hexokinase, pyruvate kinase 
and lactate dehydrogenase. Likewise, enzyme activi-
ties of  3-hydroxyacyl-CoA dehydrogenase and carnityl 
palmitoyl-CoA transferase are good indicators of lipid 
metabolism. Some aminotransferases, like alanine and 
aspartate aminotransferase and glutamate dehydroge-
nase are the main enzymes used to verify amino acid oxi-
dation fluxes from protein catabolism. Thus, metabolic 
organization may be designed through assays of certain 
key enzymes of energy metabolism.

In an attempt to provide information for future work 
in conservation and wildlife management of Amazonian 
freshwater turtle species, herein we supply a general pic-
ture of the metabolic framework and address whether 
the metabolic preference of these animals is related to 
their diet and other aspects of life history. The present 
study examined the activity of enzymes of intermedi-
ary metabolism in four tissues: muscle, liver, heart and 
brain of three Amazonian freshwater turtles: P. expansa, 
P.  unifilis and P. sextuberculata. 

2. Material and Methods

2.1. Animals

Hatchlings of freshwater turtles were collected from 
the nests before emergence in the sand banks of the 
Purus River in the Abufari Biological Reserve (Central 
Amazon – 05° 24’ S and 62° 57’ W). In this study, eight 
Podocnemis sextuberculata (13.6 ± 0.7 g; min-max 
12.5-14.3 g), nine P. unifilis (15.6 ± 0.9 g; min-max 
14.7-17.7 g) and nine P. expansa (23.7 ± 2.6 g; min-
max 19.6-28.3 g) were used. Hatchlings of each turtle spe-
cies were held at ~28 °C in the container (80 x 100 cm). 
Water was regularly renewed during fifteen days before 
analysis. The animals were decapitated and their tissues 
were quickly dissected and stored in liquid nitrogen until 
biochemical analysis.

2.2. Tissue preparations and enzyme assays

In all species, white muscle, heart, liver and brain 
were sampled. All tissues were weighed and twice-ho-
mogenized at 15,000 rpm (Mix Omni) in four volumes 
of 75 mM Tris-HCl, 1% Triton X-100 at pH 7.4. The 
homogenates were centrifuged at 4 °C for 30 minutes at 
20,000 rpm in a Sigma RC15K refrigerated centrifuge 
and the aqueous supernant fractions were used to per-
form the enzyme assays.

1. Introduction

It has been proposed that the freshwater turtles 
Podocnemis expansa and P. unifilis are primarily her-
bivorous (Alho et al., 1979; Best, 1984). Fachin-Teran 
et al. (1995) studying the natural populations of fresh-
water chelonian from Guaporé River (Southwestern 
of Amazonia) concluded that both adult and juvenile 
P. expansa and P. unifilis feed preferentially on plant 
material. In contrast, few studies have been conducted 
on the dietary habits of P. sextuberculata, and some of 
the available information is conflicting. Mittermeier and 
Wilson (1974) suggested that this species is herbivorous, 
whereas Fachin-Teran et al. (1995) discussed a carnivo-
rous diet.

All three turtle species are widely distributed in the 
Amazon basin. Podocnemis sextuberculata and P.  unifilis 
are locally known as “iaçá” and “tracajá”, respectively. 
Podocnemis  sextuberculata is a small freshwater spe-
cies in the Amazon. In general, this species lays about 
18 eggs. However, P. unifilis is one of the largest fresh-
water turtles in the Amazon basin (Best, 1984). During 
the reproductive season, females choose their nests at a 
great distance from the river water level and lay about 
30 eggs (Soini, 1997). Podocnemis expansa (local name, 
tartaruga-da-Amazônia), is the largest freshwater turtle 
of the world. Females may weigh more than 60 kg and 
lay as many as 150 eggs during the reproductive season 
(Soini, 1997; field observations). Neonates emerge from 
the sand during low water levels (i.e., during the dry sea-
son, between September and December). At hatching, 
the animals weigh around 20 g and retain internalized 
residual yolk that may represent 2-8% of the animal’s 
body weight (unpublished data).

Residual yolk contains the major nutrients required 
for sustaining the hatchling for several weeks posthatch-
ing (Rowe et al., 1995; Thompson et al., 1999; Lance and 
Morafka, 2001). Lipids are the major component of re-
sidual yolk, representing 30-50% of dry mass. In con-
trast, carbohydrates represent less than 1% of the nutri-
ents in the total yolk of pleurodiran turtles (Booth, 2003). 
Triacylglycerols comprise the majority of total lipids 
in residual yolk (Rowe et al., 1995; Jones et al., 1998; 
Thompson et al., 1999). Therefore, stored lipids are used 
mainly to maintain the energy demand during the early 
stages of development. According to Nagle et al. (1998), 
lipid reserves represent a substantial proportion of ki-
nosternid parental investment and the stored lipids may 
sustain standard metabolic rates of 0.06 mL O2

 g–1 h–1 
for more than 180 days. However, lipids may not be the 
sole fuel used to meet the energy needs of an animal. 
Thompson et al. (1999) determined that protein catabo-
lism might represent a substantial proportion of energy 
cost during development in an omnivorous Australian 
short-necked turtle, Emydura macquarii. Similar results 
were found in the snapping turtle, Chelydra serpentina 
(another omnivorous species) (Packard et al., 1984). 
Therefore, amino acid metabolism oxidation constitutes 
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Assays were performed for a low pyruvate concentra-
tion of 1 mM and for a high pyruvate concentration of 
10 mM. L/H ratios higher than 1.0 indicate aerobic me-
tabolism (LDH enzyme inhibition) and L/H ratios lower 
than 1.0 indicate anaerobic metabolism (LDH enzyme 
activation). We also calculated MDH/LDH ratios as high 
MDH/LDH ratios indicate activation in oxidative metab-
olism, whereas lower ratios indicate a down-regulation 
of oxidative capacities.

The chemical used as standard was of analytical 
grade, purchased from Sigma Chemical Co. St. Louis, 
Mo or Meck. 

Multivariate regression analysis was performed to 
test the relationships between enzyme levels in the dif-
ferent tissues. Correlations among the activities of differ-
ent enzymes may indicate the driving flux of a particular 
metabolic pathway. The level of significance assumed 
was 5% (P < 0.05). Statistical analyses were performed 
using BioEstat 2.0 software (Ayres et al., 2000).

3. Results and Discussion

The maximum activity of lactate dehydrogenase 
(LDH) and hexokinase (HK) enzymes for skeletal and 
cardiac muscles in three Amazonian freshwater turtles 
are shown in Figure 1. A summary of LDH and HK ac-
tivity for liver and brain tissues is presented in Table 1. 
The enzyme levels for oxidative metabolism enzymes 
for skeletal and cardiac muscles are shown in Figure 2. 
A summary of levels for liver and brain tissues is pre-

For enzyme assays, preliminary studies were performed 
to assure that the pH, co-factor and substrate concentrations 
used were saturating (Driedzic and Almeida-Val, 1996). 
Assays were conducted for the following enzymes: lactate 
dehydrogenase (LDH), malate dehydrogenase (MDH). 
Enzymatic activity was determined in all cases except for 
succinyl Co-A keto-transferase (SKT) by following optical 
density changes at λ = 340 nm due to NADH or NADPH 
oxidation or formation (millimolar extinction coefficient, 
ε = 6.22). Succinyl Co-A keto-transferase (SKT) measure-
ments were assessed at λ

310 nm
 (ε = 11.9). All enzyme assay 

reactions were measured in a GBC 910A UV-Visible spec-
trophotometer at 30 °C. Enzyme activities are expressed as 
units per gram of wet tissue (U.g–1), where one unit equals 
1 µmol substrate converted to product in one minute. 
Detailed conditions for each assay are as follows:

1) Lactate dehydrogenase (LDH; E.C. 1.1.1.27): 
50 mM imidazole, pH 7.2, 0.2 mM NADH, 1 mM 
KCN, 1 mM pyruvate (low concentration) and 
10 mM (high concentration), omitted for control;

2) Malate dehydrogenase (MDH; E.C. 1.1.1.37): 
50 mM imidazole, pH 7.2, 0.2 mM NADH, 
0.5 mM oxaloacetate (omitted for control);

3) Hexokinase (HK; E.C. 2.7.1.1): 75 mM  TRIS-
HCl, pH 7.2, 5 mM MgCl

2
, 1 mM EDTA, 1 mM 

KCl, 0.5 mM NADP+, 0.2 NADP+, (excess) 
glucose-6-phosphate dehydrogenase, 1 mM 
glucose. Reactions were initiated with the addition 
of 1 mM ATP;

4) Hydroxyacyl Coenzyme-A dehydrogenase 
(HOAD; E.C. 1.1.1.35): 50 mM imidazole, pH 8.0, 
0.2 mM NADH, 1 mM KCN, 0.1 mM acetoacetyl 
CoA (omitted for control);

5) Hydroxybutirate dehydrogenase (3-HBDH; E.C. 
1.1.1.30): 50 mM imidazole, pH 8.0, 0.1 mM 
NADH, 2 mM acetoacetate (omitted for control);

6) Succinyl coenzyme-A ketotransferase (SKT; E.C. 
2.8.3.2): 50 mM imidazole, pH 8.0, 5 mM MgCl

2
, 

0.1 mM acetoacetyl CoA. Reactions were initiated 
with the addition of 1 mM succinate and monitored 
at 310 nm;

7) Isocitrate dehydrogenase (IDH; E.C. 1.1.1.41): 
75 mM TRIS-HCl, pH 7.4, 0.4 mM NADP+. 
Reactions were initiated with the addition of 
0.6 mM Threo L-isocitrate;

8) Glutamate dehydrogenase (GDH; E.C. 1.4.1.3): 
50 mM imidazole, pH 7.2, 250 mM ammonium-
acetate, 0.1 mM EDTA, 1 mM ADP, 0.1 Mm NADH, 
10 mM 2-oxoglutarate (omitted for control); and

9) Alanine aminotransferase (AlaAT; E.C. 
2.6.1.2): 50 mM imidazole, pH 7.2, 200 mM 
L-alanine, 0.2 mM NADH, 0.05 mM pyridoxal 
phosphate, excess lactate dehydrogenase, 10 mM 
2-oxoglutarate (omitted for control).

2.3. Low/High (LDH) and MDH/LDH ratios

The low and high (L/H) ratios were calculated in or-
der to obtain the lactate dehydrogenase inhibition values. 
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Figure 1. Enzyme activities of lactate dehydrogenase (LDH) 
and hexokinase (HK) in skeletal muscle (solid bars) and car-
diac muscle (open bars) in hatchlings of three Amazonian 
freshwater turtles. Activities are presented as mean ± SEM. 
PS = P. sextuberculata; PU = P. unifilis; PE = P.  expansa.
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to amino acid and ketone body metabolism are listed in 
Table 4.

Measurements of metabolic enzymes should indicate 
the general framework of energy metabolism and their 
relationship with animal lifestyle. Indeed, maximum 
in vitro activities of key enzymes related to several meta-
bolic pathways have been established for a number of 
different vertebrate species (Monn and Mommsen, 1987; 
Driedzic and Almeida-Val, 1996). However, little data is 
available for reptiles in general and the results presented 
herein are the first of this sort for these Amazonian fresh-
water turtles.

3.1. Anaerobic glycolysis

Several freshwater turtles are the most anoxia-tol-
erant vertebrate species known. Some turtle species are 
able to survive four months of exposure to anoxic condi-
tions at low temperature during hibernation (Herbert and 
Jackson, 1985). One key to the prolonged anoxic sur-
vival in these animals is the matching of ATP production 
and utilization during submergence to maintain essential 
transmembrane ion gradients that are greater than those 
presented during normoxia (Lutz and Nilsson, 1997). 
Some metabolic mechanisms include: i) stimulation of 
glycogenolysis, providing substrate for anaerobic glyco-
lysis and increasing ATP production to meet utilization; 
ii) regulation of the absolute activities in the pathways 
of both aerobic and anaerobic metabolism; and iii) regu-
lation of the ratios of glycolytic/oxidative capacities on 
a tissue-by-tissue basis (Almeida-Val and Hochachka, 
1995; Storey, 1996).

sented in Table 2. The glycolytic potential based on the 
low/high (LDH) and MDH/LDH (malate dehydroge-
nase/lactate dehydrogenase) ratios for muscle and heart 
are shown in Figure 3. A summary of low/high (LDH) 
and MDH/LDH ratios for liver and brain is presented 
in Table 3. Enzyme activities from four tissues related 

Table 1. Enzyme levels of lactate dehydrogenase (LDH) in 
the liver and brain of hatchlings of three Amazonian fresh-
water turtles. Activities are presented as mean ± SEM.

LDH activities (U.g–1)
Liver Brain

P. sextuberculata 149.1 ± 36.5 58.3 ± 7.7

P. unifilis 163.8 ± 21.0 59.3 ± 7.4

P. expansa 143.8 ± 51.3 55.1 ± 8.2
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Figure 2. Measurements of key enzymes in several meta-
bolic pathways related to oxidative metabolism in skeletal 
(solid bars) and cardiac (open bars) muscles in three hatch-
lings of Amazonian freshwater turtles from Purus river.
fari Biological Reserve (Purus River, Amazonas, Brazil). 
PS = P. sextuberculata; PU = P. unifilis; PE = P.  expansa.

Table 2. Enzyme activities of malate dehydrogenase (MDH), 3-hydroxyacyl Coenzyme-A dehydrogenase (HOAD), and 
isocitrate dehydrogenase (IDH) in liver and brain of hatchlings of Amazonian freshwater turtles from Purus river.

Tissues/Species MDH HOAD IDH
Liver

P. sextuberculata 132.4 ± 27.6 33.5 ± 8.4 25.0 ± 0.9

P. unifilis 117.0 ± 46.1 11.1 ± 3.4 26.6 ± 8.1

P. expansa 104.9 ± 4.9 10.5 ± 4.0 NA

Brain

P. sextuberculata 102.3 ± 5.6 NA 6.3 ± 3.4

P. unifilis 123.7 ± 34.9 NA 3.6 ± 0.4

P. expansa 107.1 ± 6.4 1.4 ± 0.2 3.3 ± 0.4
Enzyme activities (U.g–1 = µmoles/g wet tissue/min) are presented as mean ± SEM; NA, not assayed.
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LDH ratio suggest that during diving or anoxia the ATP 
production is supported by carbohydrate breakdown and 
lactate production. However, glycogen is likely to be the 
primary source of fuel, since HK activity is relatively 
low in the three freshwater turtles species sampled.

Its has been suggested that HK, LDH, and their ratios, 
in concert with MDH/LDH ratio, are important markers 
of glycolysis, indicating that carbohydrate breakdown 
occurs under anaerobic pathways (Almeida-Val et al., 
1994). Interestingly, in all studied hatchling turtles, the 
LDH enzyme profiles are especially enhanced in the liver, 
probably related to anaerobic energy production. The high 
level of LDH activity and their insensitivity to pyruvate 
inhibition may indicate that M-type (muscular-like iso-
zyme) subunits predominate in the hepatic tissue. In fact, 
in all analyzed species the liver glycolytic profile is meta-

The energy enzyme profiles in the different tissues of 
hatchlings exhibited high glycolytic anaerobic capacities 
for all three Amazonian freshwater turtle species stud-
ied herein. The high levels of LDH and the low MDH/

Table 3. Glycolytic potential based on Low/High ratio 
(LDH) and MDH/LDH ratio in liver and brain tissues of 
hatchlings of three freshwater turtles from the Abufari 
 Biological Reserve (Purus River, Amazonas, Brazil). 

Low/High 
ratio

MDH/LDH 
ratio

Liver

P. sextuberculata 1.0 ± 0.3 0.9 ± 0.3

P. unifilis 1.1 ± 0.3 0.7 ± 0.4

P. expansa 1.0 ± 0.4 0.8 ± 0.4

Brain

P. sextuberculata 2.6 ± 0.6 1.8 ± 0.3

P. unifilis 2.5 ± 0.3 2.1 ± 0.5

P. expansa 3.9 ± 2.4 1.9 ± 0.2

Table 4. Enzyme activities (U.g–1) from four tissues related to amino acid and ketone body metabolism in hatchlings of 
Amazonian freshwater turtles. Activities presented as mean ± SEM.

GDH ALaAT SKT 3-HBDH
Muscle

P. sextuberculata 2.4 ± 0.8 2.1 ± 0.9 3.0 ± 1.8 1.4 ± 0.5

P. unifilis 2.5 ± 0.8 1.5 ± 0.6 1.9 ± 1.0 0.6 ± 0.3

P. expansa 2.8 ± 1.9 1.9 ± 0.7 1.9 ± 1.0 0.7 ± 0.6

Heart

P. sextuberculata 4.5 ± 0.6 2.8 ± 1.1 1.1 ± 0.7 NA

P. unifilis 5.0 ± 4.2 1.9 ± 1.0 0.7 ± 0.3 NA

P. expansa 4.3 ± 1.3 2.1 ± 0.7 NA 0.7 ± 0.1

Liver

P. sextuberculata 19.5 ± 0.6 3.3 ± 0.5 NA 0.7 ± 0.2

P. unifilis 22.0 ± 0.2 2.5 ± 0.8 NA 0.4 ± 0.3

P. expansa NA 1.8 ± 0.7 NA 0.7 ± 0.4

Brain

P. sextuberculata 6.5 ± 2.8 NA 0.9 ± 0.6 NA

P. unifilis 7.9 ± 0.8 NA 0.5 ± 0.3 NA

P. expansa 6.9 ± 2.3 NA 0.3 ± 0.2 NA
For enzyme abbreviation, see Material and Methods. NA, not assayed.
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Figure 3. Glycolytic potential based on Low/High ratio 
(LDH) and MDH/LDH ratio of skeletal (solid bars) and 
heart (open bars) muscles of three freshwater turtles from 
the Abufari Biological Reserve (Purus River, Amazonas, 
Brazil). PS = P. sextuberculata; PU = P. unifilis; PE = 
P.  expansa.
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in oviparous amniotes, are the main source of metabolic 
energy during development and following hatching dur-
ing a nutritional stage termed postnatal lecithotrophy 
(Lance and Morafka, 2001). Total TAG was the major 
lipid class in the residual yolk (61%) and in hatchlings 
(52%) of Emydura macquarii, an omnivore Australian 
freshwater turtle (Thompson et al., 1999). Plasma TAG 
content in P. sextuberculata ranged from 100 to over 
400 mg.dL–1 (Data not shown) and it is very similar to 
the values found by Finkler et al. (2002) in the carcass 
and residual yolk of Chelydra serpentina hatchlings. It 
is clear that lipids are the main energy source during de-
velopment. However, protein catabolism may represent 
17.6% of energy budget in Emydura macquarii during 
development (Thompson et al., 1999) and it is essential 
to the growth of Trachemys scripta (Avery et al., 1993). 
Thus, the importance of protein metabolism and amino 
acid oxidation of the studied species is an issue that re-
quires further investigation.

We observed a strong positive correlation between 
LDH and MDH activities (r = 0.96, P = 0.00001) in 
P.  expansa white muscle and more moderate but signifi-
cant correlation between the two (r = 0.67, P = 0.007) 
in P. unifilis white muscle. This indicates that ATP pro-
duction under aerobic conditions is usually supported by 
carbohydrate oxidation. In addition, MDH and IDH lev-
els in P. expansa displayed a strong positive correlation 
(r = 0.82, P = 0.002). These results indicate that the car-
bohydrate fluxes are driving the storage of large amounts 
of lipids. Both species are typically herbivores consum-
ing large amounts of aquatic macrophytes (Fachin-Teran 
et al., 1995).

In summary, all three Amazonian freshwater turtles 
analyzed show a metabolic organization to support high 
anaerobic capacities. In all species, the liver presents an 
unusual LDH activity and insensitivity to pyruvate in-
hibition. The low level of HK activity indicates a car-
bohydrate fuel preference for glycogen than that for 
glucose. However, in the wild, the diets of P. expansa 
and P.  unifilis are based primarily on plant material. The 
glycolytic potential is similar to all sampled species, but 
amino acid and ketone bodies metabolism are consistent 
with high protein diet in P. sextuberculata, probably due 
to a mixed diet based on animal and plant material dur-
ing early life time. Since hatchlings of P. expansa and 
P. unifilis collected and distributed by IBAMA from the 
Abufari Reserve are the main source animals for pro-
duction in captivity in the state of Amazonas (Brazil), 
these data have important implications for providing the 
dietary needs of captive animals. They might provide in-
sights for the formulation of specific diets more suitable 
for the metabolic needs of hatchlings, at least in the first 
two or three months of life in captive conditions. 
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bolically very similar to the anaerobic potential of white 
muscle. This metabolic organization is consistent with 
animal lifestyle. According to local people, these fresh-
water turtles are able to submerge for long time periods. 
During forced diving, the motion in P. expansa was sus-
pended after four hours (Duncan, personal observation). 
Furthermore, metabolic depression (Lutz and Nilsson, 
1997; Hochachka and Lutz, 2001), cardiodynamic func-
tion (Farrell et al. 1994; Wasser et al., 1997), anaerobic 
activation (Watson et al., 1994; Storey, 1996) and acid-
base balance (Wasser et al., 1997; Jackson, 2000) are 
recognized physiological and biochemical mechanisms 
employed by turtles which may account for the ability of 
these animals to tolerate long term periods of anoxia. We 
believe that activation of anaerobic glycolysis in the liver 
is a key factor for surviving prolonged apnea. 

3.2. Oxidative metabolism

Although the three species studied show similarities 
in their glycolytic anaerobic capacity, there are some 
differences regarding the organization of oxidative me-
tabolism. All analyzed tissues of P. sextuberculata dis-
played vigorous activities of the citric acid cycle (MDH 
and IDH) and of fatty acid (HOAD), ketone body (SKT 
and 3-HBDH) and amino acid oxidation (AlaAT). The 
enzyme scan suggests that hatchlings of this species have 
an aerobic potential substantially fueled by fatty acid and 
amino acid metabolism. 

Multivariate regression analysis revealed shown 
positive correlations between IDH and AlaAT (r = 0.59, 
P = 0.026), and between MDH and AlaAT (r = 0.63, 
P = 0.019) in the muscle of P. sextuberculata. Protein 
catabolism produces ketogenic amino acids, such as 
alanine, that may be used to produce ketone bodies, an 
important fuel to organs like the brain and the heart dur-
ing starvation. In a temperate freshwater turtle, Chrysemis 
picta bellii, heart mitochondria oxidize ketone bodies at 
high rates in a manner similar to pyruvate (Almeida-Val 
et al., 1994). The relationship between AlaAT and citric 
acid enzymes may indicate that the citric acid cycle oper-
ates from amino acid fuel. For some aquatic vertebrate, 
like fish, alanine might be produced from glutamate and 
pyruvate by transamination, and ammonia is probably 
liberated from glutamate by oxidative deamination (Jürss 
and Bastrop, 1995). As noted, liver GDH and AlaAT ac-
tivities are sufficiently high for this pathway. This meta-
bolic organization was likely designed to improve amino 
acid oxidation for a high protein diet. Indeed, field ob-
servations note a highly carnivorous diet for this species, 
consisting largely of small snails (Fachin-Teran et al., 
1995).

We observed that some animals in captivity do not 
eat plant material and died after two months when the 
yolk was completely consumed. Residual yolk in rep-
tiles and birds has long been recognized as critical to 
the survival of neonates. Lipid contents in hatchling tur-
tles reach around 30% (Rowe et al., 1995; Nagle et al., 
1998). Triacylglycerols (TAG), the principal yolk lipid 
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