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Abstract

The aim of this study was to determine the major nutritive components present in fresh eggs of the freshwater turtle, Emydura
macquarii, and to investigate the utilisation of these components during embryonic development. Comparison of the compositions
of the initial egg contents (yolk plus albumen), the hatchling and the residual yolk indicated that embryonic development was
accompanied by the loss of approximately 15% of the initial dry matter, 25% of the energy content, 8.8% of the protein and 41%
of the lipid. Thus, in addition to oxidation of fatty acids, some of the energy consumed during development (17.6%) was derived
from catabolism of protein. A feature of the yolk lipids was the presence of high proportions of a-linolenic acid (18:3n-3),
particularly in the triacylglycerol and a high concentration of a-tocopherol, similar to than in the yolk of birds. The yolk
phospholipid contained a high concentration of arachidonic acid (20:4n-6) and eicosapentaenoic acid (20:5n-3) but a relatively low
amount of docosahexaenoic acid (DHA) (22:6n-3). By contrast, the phospholipid of the hatchling was enriched in DHA but
contained only a small concentration of eicosapentaenoic acid, suggesting the possible conversion of eicosapentaenoic acid to
DHA by the embryo. The amount of calcium recovered in the hatchling was almost twice that of the initial egg contents
suggesting mobilisation of calcium from the shell. © 1999 Published by Elsevier Science Inc. All rights reserved.
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1. Introduction

Lecithal eggs of amniotes contain all the organic
nutrients required for complete development at the time
of oviposition [48]. Most of these nutrients are con-
tained within the yolk, although some are contained in
the albumen fraction of those species with an egg
‘white’ and some inorganic ions may be derived from
the eggshell [24]. Omission of any one important com-
ponent of the yolk would compromise the development
of the embryo and the egg would fail.

Recognition of the importance of the composition of
egg contents has led to a plethora of studies of the
composition of egg yolk in domestic birds, most impor-
tantly the chicken. Comparisons of egg contents of
various species of birds have shown some components
to be highly conserved among species, whereas others
are strongly influenced by the diet of the mother [34].
Recent studies in birds have focused on the importance
of various egg components to the developing embryo
and on the mechanisms that transport nutrients from
the yolk to their sites of utilisation in the embryonic
tissues [34].

Unfortunately, the detailed data on the contents of
yolks of some birds does not extend to other amniote
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taxa. Thus, it is not yet possible to identify fundamental
differences and similarities among taxa. Some data are
available for fatty acid compositions in eggs of Lepi-
dosaurs [6,44] and alligators [16–19,35]. The lipid and
fatty acid composition of eggs and hatchlings from
painted, snapping and Blanding’s turtles have also been
characterised [29]. Lipid-soluble vitamins and
carotenoids have not previously been measured in eggs
of turtles. The energy content of the yolks of some
reptiles, including turtles, is available [1], but there is
little information on the energy content of the hatch-
lings [9,49]. Calcium and nitrogen metabolism has been
studied in some reptilian embryos, including turtles
[9,21,24–26]. The concentrations of other inorganic
ions in yolk and hatchlings is not well characterised in
turtles. Each of these specific contributions to our
understanding of embryonic growth and metabolism in
reptiles has been done in more or less isolation from
other aspects.

In an attempt to provide information for future
comparison of compositions of eggs of major amniote
taxa, we here provide data on the lipid composition and
on the protein, ionic and energy composition of the
eggs and hatchlings of one species of turtle, the Aus-
tralian Murray River short-necked turtle, Emydura
macquarii. By comparing the features of eggs and
hatchlings, we are able to interpret some aspects of the
metabolism of these nutrients during development. E.
macquarii is a freshwater turtle common in south-east-
ern Australia. It is omnivorous, consuming aquatic
vegetation, invertebrates and carrion [36]. The turtles
reproduce annually, depositing eggs in shallow nests
along the banks of rivers and lagoons [43].

2. Materials and methods

Gravid female turtles were collected in baited traps in
the Murray River near to Albury in New South Wales
(146° 90% E, 36° 90% S) and taken to a nearby field
station. They were injected intra-peritoneally with 10
i.u. of synthetic oxytocin (Syntocin, Biersdorf) to in-
duce oviposition. Eggs were kept in moist sand in a
cool room to delay embryonic development until trans-
ported to the University of Sydney. Ten eggs, each
from different clutches, were selected at random and
stored frozen at -20°C for about 2 weeks prior to lipid
analysis. Another five eggs were frozen for later analy-
sis of energy, protein and inorganic ion contents. The
remaining eggs were incubated at 25°C in moistened
vermiculite with a water potential in excess of −100
kPa. All eggs had well calcified shells and all clutches
produced some hatchlings. Ten hatchlings were killed
on the day of hatching; their residual yolks were dis-
sected from the abdomen so that the hatchling and
residual yolks could be weighed separately. Five of the

hatchlings were used for lipid determinations and five
were used for other analyses.

Egg contents were excised from fresh eggs, weighed
and homogenised. It was not possible to keep the yolk
and albumen fractions separate, so they were combined
as the fresh egg contents. Total lipid was extracted from
the yolks and hatchlings by homogenisation in an
excess of chloroform-methanol (2:1, vol/vol) with sub-
sequent washing of the organic phase with 0.88% (wt/
vol) KCL [2]. The amount of total lipid in the samples
was determined gravimetrically on a portion of the
chloroform extract after evaporation of the solvent.
The major lipid classes in the extracts (triacylglycerol,
phospholipid, cholesterol, cholesteryl ester, free fatty
acid) were isolated by thin-layer chromatography on
silica gel G using a solvent system of hexane-diethyl
ether-formic acid (80:20:1, by vol); visualisation of the
bands and elution of the lipid classes from the silica
were performed as described previously [19]. The iso-
lated phospholipid fraction of the initial yolks was
further fractionated by thin-layer chromatography on
silica gel D using a solvent system of chloroform-
methanol-acetic acid-water (25:15:4:2, by vol). The ma-
jor phospholipid classes present (phosphatidyl-choline,
phosphatidyl-ethanolamine, phosphatidyl-serine) were
visualised and eluted from the silica [19]. The isolated
acyl-containing lipid and phospholipid classes were
transmethylated to form fatty acid methyl esters as
previously described [19]. The fatty acid methyl esters
were analysed by gas-liquid chromatography using a
capillary column (Carbowax, 30 m×0.25 mm, film
thickness 0.25 mm; Alltech, Carnforth, UK) in a
CP9001 Instrument (Chrompack, Middleburg, The
Netherlands) connected to an EZ Chrom Data System
(Scientific Software Inc., San Ramon, CA, USA). The
Data System enabled the expression of the fatty acid
compositions in terms of wt% and also enabled the
calculation of the amount of each acyl–lipid and phos-
pholipid class from which the methyl esters were
derived. The identification of the peaks was confirmed
by comparison with the retention times of standard
fatty acid methyl ester mixtures (Sigma Chemicals,
Poole, UK). Free cholesterol was determined using an
enzymatic-colourimetric assay kit (Boehringer, Lewes,
UK).

The yolk concentrations of vitamin E fractions and
of vitamin A were measured using the method of Gaal
et al. [5]. In brief, the samples were saponified with
ethanolic KOH in the presence of pyrogallol and the
lipid-soluble vitamins were extracted from the mixture
with petroleum spirit. The extract was dried under N2,
redissolved in methanol and injected onto a Spherisorb
type S3ODS2, 3m C18 reverse phase HPLC column,
150×4.6 mm (Phase Separation Ltd., Clwyd, U.K.).
Chromatography was performed using a mobile phase
of methanol–water (97:3, vol/vol) at a flow rate of 1.1
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Table 1
Mean9S.E.M. of dry mass, ash and energy content of eggs, hatchlings and residual yolks of E. macquarii

Total ash (mg) Energy density (kJ g−1 ash-free)Sample Dry mass (mg) Ash (%) Total energy (kJ)

75.793.5 39.391.728.390.25.290.1Egg contents 1458.4966.7
17.790.923.490.2Hatchling 838.9931.4 10.290.3 85.391.7

17.095.5 27.990.6Residual yolk 397.69119.7 10.993.44.190.4

N=5 in each case.

ml min−1. Fluorescence detection of the vitamin E
forms utilised excitation and emission wavelengths of
295 and 330 nm, respectively. Fluorescence detection of
vitamin A used excitation and emission wavelengths of
330 and 480 nm, respectively. Calibration was per-
formed using standard solutions of the vitamin E forms
and of all-trans retinal in methanol.

For measurement of carotenoids, the egg contents
were homogenised in 1 vol of H2O and 2 ml of the
homogenate was mixed with 6 ml of ethanol–water
(2:1, vol/vol). Hexane (5 ml) was then added and the
mixture was shaken vigorously for 5 min. The hexane
phase, containing the carotenoids, was separated by
centrifugation and collected. Analysis of the
carotenoids extracted from the yolk was performed by
HPLC using a Spherisorb type S30DS2, 3m C18 reverse
phase column, 250×4.6 mm (Phase Separations,
Clwyd, UK) with a mobile phase of acetonitrile–
dichloromethane–methanol (7:2:1, by vol) using UV
detection. Carotenoid standards (lutein, zeaxanthine,
b-crypoxanthin, lycopene and b-carotene (Fluka,
Gillingham, UK, Apin, Abingdon, UK and Hoff-
mann–La Roche, Basel, Switzerland) were used for
peak identification and calibration.

Fresh eggs, hatchlings and residual yolks were
lyophilised to determine water contents and the speci-
mens were homogenised. Dried sub-samples were then
ashed in a muffle furnace at 500°C. Ash was prepared
for analysis of ions by digestion in 3 ml of concentrated
sulfuric acid at 140°C overnight. Excess sulphuric acid
was evaporated and 5 ml of HCl–water (1:1, vol/vol)
added. Volume was made up to 100 ml in a volumetric
flask with water to give 0.25 M HCl and the samples
were stored in sodium-free plastic bottles. All glass and
plastic ware had been washed in 1% nitric acid.

Concentrations of Na and K were analysed using an
atomic absorption spectrophotometer (GBC 906AA). 1
ml of sample was added to 1.5 ml of caesium chloride
in acid-washed atomic absorption spectrophotometer
tubes. Known concentrations of Ringers solution con-
taining NaCl and KCl were added to 5.9 mM CsCl2 to
make up 2.5 ml to generate a standard curve for
comparison with the unknown samples. Concentrations
of Na and K in the samples were automatically calcu-
lated with reference to the standard curve. Concentra-
tions of Ca and Mg were measured using an Induction

Coupled Plasma Quantometric Analyser (Applied Re-
search Laboratories, Sunland, California). The sample
(2 ml in 0.25 M HCl) was introduced to the ICP and
the concentrations of Ca and Mg compared to commer-
cial standards.

Dried sub-samples of egg contents, hatchlings and
residual yolks were pressed into pellets of :10 mg and
burned in a Phillipson Microbomb Calorimeter. The
calorimeter was calibrated using benzoic acid periodi-
cally throughout these analyses.

Further dried sub-samples were used to determine the
total nitrogen content of the samples using an auto-
mated Kjeldahl procedure (Tecator System Digestion
Unit 1009 and Kjeltec System 1026 Distilling Unit). A
dried sample was added to a glass tube together with a
Kjeldahl catalyst tablet (High Selenium, 1.0 g sodium
sulphate anhydrous and 0.05 g selenium, Labchem A,
Cat.c 2206–1000) and 5 ml of concentrated (98%)
sulfuric acid. The mixture was heated to 400°C for 90
min and left to cool slowly before being introduced to
the distillation procedure. NaOH in water (40% wt/vol)
was added automatically prior to distillation. The distil-
late was collected in a flask containing 25 ml of 4%
(wt/vol) boric acid, automatically titrated with 1M HCl
and the nitrogen content of the original sample calcu-
lated using the method of Clare and Stevenson [3].
Protein content was calculated from the nitrogen values
using a conversion factor of 6.25 [41].

3. Results

The residual yolks were relatively large, making up
32% of the combined total hatching dry weight of the
neonate. Approximately 27% of the dry mass of the
initial egg contents was recovered in the residual yolk
whereas 57% was recovered in the hatchling (Table 1).
About 15% (220 mg) of the dry matter initially present
in the egg was lost during development. The energy
density of the hatchlings was lower than that of the egg
contents as a result of the higher proportion of ash
(Table 1) and the lower proportion of lipid (Table 2) in
the hatchling than in the egg. About 10.7 kJ of energy
was lost during incubation (Table 1), corresponding to
the 220 mg of dry mass not accounted for in the
hatchling plus residual yolk. On the basis of the mea-
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Table 2
Mean percentage content9S.E.M. of protein and lipid in dried eggs,
hatchlings and residual yolk of E. macquarii

Lipid (%)Protein (%)Sample

62.090.7 31.490.9Egg contents
15.490.971.791.1Hatchling

56.298.5 35.291.8Residual yolk

N=5 in each case.

Table 4
Proportions9S.E.M. (as a percentage) of major components that
make up total lipids in fresh eggs, hatchlings and their residual yolks
of E. macquarii

Hatchling Residual yolkLipid Egg

73.691.3Triacylglycerols 52.491.7 61.091.7
9.291.612.291.3Free fatty acids 0.990.4

21.491.0Phospholipids 21.490.9 24.892.0
4.390.6Cholesteryl esters 0.890.1 6.590.1

7.591.1Free cholesterol 0.790.23.390.4

N=5 in each case.
surements of total nitrogen, the proportion of protein
in the hatchlings is higher than in the fresh egg (Table
2). About 8.8% (79.2 mg) of the protein present in the
fresh egg was lost during development compared to
41% (188.6 mg) of the lipid. Fresh eggs contained
458913 mg of lipid, some 31.4% of the dry fresh egg
contents. By assuming that the energy density of lipid is
39.4 kJ g−1 and of protein is 20.1 kJ g−1 [30], the loss
of energy attributable to our estimates of loss of protein
and lipid (Table 2) is 9.0 kJ, close to the measured
estimate of 10.7 kJ (Table 1).

The hatchlings had a higher concentration of inor-
ganic material (ash) than the fresh eggs (Table 1). The
amount of calcium present in the hatchlings was almost
twice that in the initial egg contents (Table 3). There
was less of the other ions measured in the hatchlings
than in the fresh eggs, with a large proportion of the
initial sodium content being recovered in the hatchling,
but only half of the potassium and one third of the
magnesium being recovered (Table 3).

Triacylglycerol was the major lipid class, forming
about 70% of total egg lipid, with phospholipid forming
about 20% (Table 4). The proportion of free cholesterol
in eggs of E. macquarii was quite low, at 3.3% (Table
4). Although oleic acid (18:1n-9) was the major compo-
nent of the triacylglycerol fraction, the presence of a
very high proportion of a-linolenic acid (18:3n-3) was
notable (Table 5). Significant amounts of the long-chain
polyunsaturates, arachidonic (20:4n-6), eicosapen-
taenoic (20:5n-3), docosapentaenoic (22:5n-3) and do-
cosahexaenoic (22:6n-3) acids, were also detected in the
triacylglycerol fraction.

Palmitic acid (16:0) was the major component of the
phospholipid fraction, which also contained a signifi-

cant proportion of 18:3n-3 (Table 6). A key feature of
the phospholipid was the presence of high proportions
of both 20:4n-6 and 20:5n-3. Significant proportions of
22:5n-3 and 22:6n-3 were also present in the phospho-
lipid. Phosphatidyl-choline was the major class of phos-
pholipid present although phosphatidyl-ethanolamine
contained higher proportions of C20-22 polyunsaturates
and phosphatidyl-serine contained a very high propor-
tion of 20:4n-6 (Table 7).

Like the phospholipid, the cholesteryl ester of the
initial yolk was also characterised by a high proportion
of 18:3n-3 and a significant amounts of 20:4n-6 (Table
9). The major component of the free fatty acid fraction
was 18:3n-3 (Table 8).

a-tocopherol was the main form of vitamin E present
in the eggs with a much lower concentration of g-toco-
pherol. Other forms of vitamin E such as a- and
g-tocotrienol and d-tocopherol were not detected. Vita-
min A was also present in the yolk as were carotenoids,
which consisted of lutein/zeaxanthine and b-carotene
(Table 10).

The main changes that occurred in the lipid profile of
the yolk during embryonic development, as demon-
strated by the differences between the fresh egg and the

Table 5
Mean percentage (9S.E.M.) of components making up the triacyl-
glycerol fraction of yolks from fresh eggs, hatchlings and residual
yolks of E. macquarii

HatchlingFresh yolk Residual yolk

Fatty acid (%w/w)
14:0 1.190.11.690.1 1.490.1

17.890.316:0 18.690.8 16.990.9
16:1n-7 9.290.3 7.090.3 6.390.3

5.990.418:0 6.890.74.890.1
24.092.0 25.392.118:1n-9 24.891.1

4.090.2 3.790.818:1n-7 3.790.7
9.590.59.890.318:2n-6 9.390.6

12.591.919.290.818:3n-3 13.792.2
1.890.120:4n-6 1.590.12.690.2
1.690.120:5n-3 1.590.1 0.990.2
0.990.1 0.890.11.390.122:5n-3
0.890.122:6n-3 1.290.1 0.790.1

N=5 in each case.

Table 3
Mean contents9S.E.M. (mg) of calcium, potassium, magnesium and
sodium in the fresh egg contents and hatchlings of E. macquarii

Fresh egg Hatchlings

7.1890.664.8890.40Calcium
0.3290.02Potassium 0.1590.01

Magnesium 0.7090.13 0.2090.02
0.1490.01Sodium 0.1990.02

N=5 in each case.
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Table 6
Mean percentage (9S.E.M.) of components making up the phospho-
lipid fraction of yolks from fresh eggs, hatchlings and residual yolks
of E. macquarii

Hatchling Residual yolkFresh yolk

Fatty acid (%w/w)
0.390.00.690.014:0 0

25.390.3 18.190.516:0 22.191.1
1.190.1 1.890.116:1n-7 1.390.2

13.390.4 10.190.59.690.218:0
11.990.8 14.791.318:1n-9 14.390.5

2.290.44.790.618:1n-7 1.890.1
10.890.3 6.190.318:2n-6 9.390.5

6.990.3 2.490.318:3n-3 5.390.7
12.190.815.490.420:4n-6 12.090.4

6.690.1 2.190.220:5n-3 4.890.4
3.090.23.490.322:5n-3 3.390.1

6.890.3 4.190.322:6n-3 3.890.2

N=5 in each case.

Table 8
Mean percentage (9S.E.M.) of components making up the
cholesteryl ester fraction of yolks from fresh eggs, hatchlings and
residual yolks of E. macquarii

Residual yolkHatchlingFresh yolk

Fatty acid (%w/w)
014:0 1.190.1 1.090.1

16:0 12.290.5 15.390.6 11.090.5
16:1n-7 7.990.4 4.990.3 4.390.1

4.390.218:0 3.490.3 4.090.1
22.991.021.291.418:1n-9 32.991.2

018:1n-7 3.290.5 3.590.4
18:2n-6 14.190.5 11.190.7 7.990.9
18:3n-3 23.491.1 9.691.6 9.091.6

020:4n-6 5.590.2 4.390.6
3.790.4 3.090.120:5n-3 4.090.3

022:5n-3 1.090.1 1.590.4
0 1.690.1 2.590.522:6n-3

N=5 in each case.

residual yolk, were a reduction in the proportion of
triacylglycerol, an increased presence of free fatty acids,
and a reversal in the relative proportions of free and
esterified cholesterol with the esterified form predomi-
nant in the residual yolk. Triacylglycerol was also the
major lipid class in the hatchling, which also contained
elevated proportions of free fatty acids and of free and
esterified cholesterol (Table 4). The fatty acid composi-
tions of the triacylglycerols of the residual yolk and of
the hatchlings were generally similar to that of the
initial yolk, apart from significant reductions in the
proportions of 18:3n-3 (Table 5).

The phospholipid of the hatchlings differed from that
of the initial yolk in several ways (Table 6). For exam-
ple, the proportions of 18:2n-6 and 18:3n-3 were signifi-
cantly lower in the hatchling phospholipid and the

proportion of 20:4n-6 was higher. Also, phospholipid in
hatchlings was relatively depleted of 20:5n-3 but rela-
tively enriched in 22:6n-3 compared with the initial
yolk. The fatty acid profiles of the phospholipids of the
initial and residual yolks were very similar (Table 6).

The fatty acid compositions of the cholesteryl ester of
the residual yolk and the hatchling were similar to each
other but differed from that of the initial yolk in several
details (Table 8). The proportions of 18:1n-9, 18:2n-6
and particularly 18:3n-3 in cholesteryl ester decreased
markedly during development whereas the proportions
of the C20–22 polyunsaturates increased. The free fatty
acid fraction of the residual yolk and particularly of the
hatchling was relatively enriched in C20–22 polyunsatu-
rates and relatively depleted of 18:3n-3 compared with
the initial yolk (Table 9).

Table 9
Mean percentage (9S.E.M.) of components making up the free fatty
acid fraction of yolks from fresh eggs, hatchlings and residual yolks
of E. macquarii

Fresh yolk Residual yolkHatchling

Fatty acid (%w/w)
14:0 1.290.10.790.00

18.191.3 15.390.716:0 13.890.8
16:1n-7 5.791.0 4.290.3 6.090.5
18:0 7.990.9 9.990.4 6.390.5
18:1n-9 20.492.116.591.423.691.7

5.090.9 5.791.31.490.618:1n-7
18:2n-6 11.590.7 9.790.29.390.5

13.892.16.790.918:3n-3 25.491.9
5.290.720:4n-6 1.790.6 12.390.9
2.090.220:5n-3 0.890.4 2.090.1
1.790.22.990.20.490.222:5n-3

3.990.2 2.390.30.390.122:6n-3

N=5 in each case.

Table 7
Fractions of phospholipids in fresh eggs of E. macquarii

PEPC PS

Fatty acid (%w/w)
16:0 4.990.528.890.3 7.290.4
16:1n-7 0.590.21.190.1 –

18.790.318:0 30.491.08.590.2
16.790.618:1n-9 16.690.514.790.6

2.190.13.790.118:1n-7 1.790.1
9.190.818:2n-6 8.790.311.490.3

8.790.46.690.318:3n-3 4.690.3
22.790.820:4n-6 15.490.411.090.3

8.690.36.590.2 3.090.320:5n-3
22:5n-3 3.090.1 5.190.2 1.890.5

2.290.75.990.33.390.122:6n-3

17.191.370.491.8% of PL 10.191.3

PC, Phosphatidyl-choline; PE, phosphatidyl-ethanolamine; PS, phos-
phatidyl-serine.
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Table 10
Concentrations (mg g−1 wet mass of egg contents) of vitamin A,
major classes of vitamin E and carotenoids in fresh eggs of E.
macquarii

72.9910.2a-tocopherolVitamin E:
g-tocopherol 3.490.2

2.190.1Vitamin A:
Lutein+zeaxanthine 5.190.4Carotenoids:

4.790.3b-carotene

N=5.

expenditure per g of yolk-free dry mass of hatchling
(12.8 kJ g−1) is just slightly higher than the average for
reptiles and higher than that previously reported for E.
macquarii [47]. Some of the higher estimate can be
attributed to the omission of the extra-embryonic fluids
lost at hatching in our study of E. macquarii.

We have used total nitrogen, as measured using the
Kjeldahl method, as an index of the protein content of
the fresh eggs, residual yolks and the hatchlings of E.
macquarii (Table 2). For fresh egg contents, such an
assumption is probably valid. We have assumed that
nitrogenous waste, presumably in the form of urea [21]
produced by the embryo during development, was se-
questered into the allantoic cavity [11] and was lost at
the time of hatching. Thus little, if any, of the nitrogen
measured in the hatchling would represent urea or
other forms of nitrogenous waste, and our assumption
that the estimate of total nitrogen is indicative of
protein content is appropriate. Such an assumption
could over-estimate the protein content of hatchlings
and thus our estimate of loss of protein during develop-
ment would, if anything, be conservative. The loss of
8.8% of the protein initially present in the egg during
development suggests that protein may provide a sub-
strate for some of the energy metabolism during devel-
opment in E. macquarii, unlike birds where almost all
the energy production during development is derived
from the oxidation of lipids [12,27]. Verification of the
possibility that significant amounts of protein may be
catabolised during development in E. macquarii awaits
future studies on embryonic gas exchange (respiratory
exchange ratios) and nitrogenous waste production. A
similar inconclusive inference that the catabolism of
protein may make some contribution to the energy
requirements of development has been made for
Crocodylus johnstonii [11] and lizards [45].

Notwithstanding the possible contribution from
protein catabolism, it is clear that lipid is the main
energy source during the development of E. macquarii
with 41.2% of the lipid originally present in the egg
being lost, probably as a result of oxidation for energy,
during development. It can be calculated that 17.6% of
the energy costs of development are provided from the
oxidation of protein, with the remainder derived pri-
marily from the catabolism of lipid. A similar estimate
of 12% contribution of energy from consumption of
protein in the snapping turtle, C. serpentina [21] and
gives us confidence that protein does contribute to the
energy consumed during embryonic development in
turtles.

In common with other turtles and crocodilians [8,24],
embryos of E. macquarii contain more calcium than is
present in the egg contents at oviposition (Table 3). The
extra calcium is derived from the inner part of the
eggshell [24] and there is some evidence for erosion of
the mammary cones during development in eggshells of

4. Discussion

4.1. Utilisation of egg components during de6elopment

Our study is the first to analyse the changes in so
many of the important components of the egg during
the embryonic development of a single species of turtle.
Previously, there has been only limited data available
on the energy density of turtle eggs and even less on the
energy densities of hatchlings [49]. The energy density
of fresh egg contents for E. macquarii is almost identi-
cal to, and within the range for, other turtles ([28,33];
and summarised by [1]). Ash-free energy densities for
eggs and hatchlings of Emydura signata, Chelodina ex-
pansa (26.6 and 27.8 kJ g−1 for eggs and 23.1 and 24.1
kJ g−1 for hatchlings) (Booth, unpublished data),
Chelydra serpentina [49] and Trionyx triunguis [1] are
very similar to the energy densities in E. macquarii
(Table 1). Unfortunately, data for energy densities of
eggs of the flat-backed turtle, Natator depressa, [32]
(30.2 kJ g−1) are not ash-free and ash contents of the
eggs are not known. Regardless of the ash content, the
energy densities of eggs of N. depressa are higher than
reported for any other reptile [1]. However, high energy
densities may be characteristic of sea turtles, with en-
ergy densities of both yolk-free hatchlings (28.1 kJ g−1)
and residual yolks (33.3 kJ g−1) for Caretta caretta
being higher than for other turtles [9]. Unfortunately,
Kraemer and Bennett [9] do not report energy density
of fresh eggs for C. caretta. One previous study [49]
reports energy densities for residual yolks for a fresh-
water turtle, C. serpentina. Like E. macquarii, the en-
ergy density of residual yolk in C. serpentina lies
between that of the egg contents and the hatchling,
although it is a little lower than in E. macquarii. The
higher lipid to protein ratio in fresh eggs (1:2.0) and
residual yolks (1:1.6) than in hatchlings (1:4.7) (Table 2)
accounts for the higher energy densities in fresh eggs
and residual yolks than hatchlings.

The difference between the energy content of fresh
eggs and hatchlings plus residual yolk can be largely
accounted for by energy expended during embryonic
development [45]. Thus, :10.7 kJ, or about one quar-
ter of the energy contained in the fresh egg, is con-
sumed during incubation. The calculated energy
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E. macquarii [42] and other species [23]. Other inorganic
ions (K, Mg, Na) are quantitatively less important than
calcium in the eggs and hatchlings (Table 3) and there
is less in hatchlings than in fresh eggs. Thus, the egg
contents are able to provide all the embryonic require-
ments for these ions. Presumably, the ions that were
present in the fresh egg, but were unaccounted for in
the hatchling, were either sequestered into the extra-em-
bryonic fluids and lost during hatching or retained in
the residual yolk and not measured during our study.

Vitamin E in the egg consists mainly of a-tocopherol
(95.5%) and small proportion of g-tocopherol. To-
cotrienols were not detected. In contrast, eggs of chick-
ens contain a range of tocopherols and tocotrienols,
originating from grain in the diet [39]. The profile of
vitamin E in eggs of E. macquarii is consistent with the
lack of grain in the diet of these turtles [36]. Consider-
ing that our measured concentrations of vitamin E were
made in homogenised whole egg contents (not just
yolk), the concentration of a-tocopherol is similar to
that in the egg yolk of vitamin E-supplemented chick-
ens, and more than twice as high as in the egg yolks of
turkeys, ducks and geese [37].

Eggs of E. macquarii contain a high proportion of
b-carotene (48% of total carotenoids) which is different
from chicken eggs where lutein makes up about 90% of
total carotenoids [38]. Even the egg yolks of free-range
hens that are consuming lutein and b-carotene in al-
most equal proportions (from fresh green grass), have a
very low proportion of b-carotene (2–5%) (Surai,
Speake, and Noble, unpubl. data). The ability of fresh
water turtles to accumulate b-carotene in the egg yolk
may be a result of lower efficiency of its conversion to
vitamin A or other metabolic differences between the
species, an issue that requires further investigations.

4.2. Changes in lipid and fatty acid profiles during
de6elopment

The proportions of total lipid in the dry mass of the
initial and residual yolks and the hatchlings of E.
macquarii are similar to those of the painted turtle
(Chrysemys picta) [29]. However, much smaller propor-
tions of total lipid occur in snapping (C. serpentina)
and Blanding’s turtles (Emydoidea blandingii ) where
lipids form only 14% of the initial yolk dry mass and
less than 2% of the hatchling dry mass [29]. The differ-
ences between C. picta and the other two species were
thought to result from the need for hatchlings of C.
picta to overwinter in the nest i.e. it requires sufficient
energy reserves to be sustained throughout the winter,
whereas C. serpentina and E. blandingii emerge from
nests in autumn and begin to feed before winter. E.
macquarii also emerges from the nest in late summer or
early autumn, but has similar energy reserves to C.
picta. Hatchling E. macquarii begin to feed about two

weeks after hatching in the laboratory, but there are no
data on their feeding prior to winter in the field. Thus,
we are unable to judge whether the relatively large
energy reserves at hatching sustain them through the
first winter. Alternatively, hatching with large reserves
of yolk may imply that hatchling E. macquarii experi-
ence habitats that are relatively poor in nutrients [4].
The proportion of total egg yolk lipid used for energy
during development (41%) in E. macquarii is very simi-
lar to that reported for C. picta (45%), whereas much
greater proportions are used during development in C.
serpentina (69%) and E. blandingii (87%) [29].

The relative proportions of triacylglycerol, phospho-
lipid and cholesteryl ester in the initial egg contents of
E. macquarii (Table 4) are very similar to those previ-
ously reported for the chicken (Gallus gallus domesti-
cus) and the alligator (Alligator mississippiensis) [15].
These proportions differ, however, from those reported
for the lizard, Sceloporus jarro6i, where triacylglycerol
makes up 87% of the egg lipid, with only 9% of
phospholipid [6]. The proportion of free cholesterol in
the eggs of E. macquarii is somewhat lower than in the
eggs of the chicken and the alligator [15].

The fatty acid compositions of the lipid classes
present in the fresh eggs of E. macquarii differed
markedly in several respects from those of the alligator
(A. mississippiensis), a lizard (S. jarro6i ) and the do-
mestic chicken (G. g. domesticus). A striking feature of
the lipids of E. macquarii is the presence of very high
proportions of 18:3n-3 in the triacylglycerol, cholesteryl
ester, phospholipid and free fatty acid fractions of the
yolk. For example, the triacylglycerol of E. macquarii
eggs contains 19% (wt% of total fatty acids) 18:3n-3
compared with about 1% in the chicken and in S.
jarro6i and 4% in the alligator [6,15]. Although
cholesteryl ester is only a minor component of the
initial yolk, 18:3n-3 forms 23% of the fatty acids of the
cholesteryl esters in yolks of E. macquarii compared
with less than 1% in the chicken and alligator. More-
over, the proportion of 18:3n-3 in the phospholipid
fraction of E. macquarii eggs is 7% compared with less
than 0.5% in the chicken and about 3% in the alligator
[15].

Another highly characteristic feature of the eggs of E.
macquarii is the profile of the C20–22 polyunsaturates in
the phospholipid fraction. In common with the alligator
[16], the phospholipid of the eggs of E. macquarii
contain a high proportion of 20:4n-6; approximately
twice as high as in the egg of the domestic chicken.
However, in marked contrast to both the alligator and
the chicken, the phospholipid in eggs of E. macquarii
contains a high concentration of 20:5n-3, but a low
concentration of 22:6n-3. Thus, 20:5n-3 forms nearly
7% (by wt) of the fatty acids in yolk phospholipids of
E. macquarii, while being generally undetectable in
yolks of alligators and chickens [15]. On the other
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hand, the phospholipid in eggs of alligators contains
more than 10% (wt/wt of fatty acids) 22:6n-3 compared
with about 5% in the chicken and only 3.8% in E.
macquarii. The phospholipid in E. macquarii also con-
tains a significant proportion of 22:5n-3, in common
with the alligator but in contrast with the chicken
where 22:5n-3 is not generally detected [16].

The fatty acid composition of eggs of E. macquarii
can be explained, to a large extent, by the maternal
diet. These freshwater turtles are omnivores, consuming
a mixed diet of algae, fish and invertebrates [36]. The
lipids of freshwater algae, in common with the leaves of
higher plants, are highly enriched in 18:3n-3 [40], thus
explaining the preponderance of 18:3n-3 in the egg
lipids of E. macquarii. The profile of vitamin E forms
and carotenoids in the Emydura yolk is also consistent
with the consumption of algae. It should be noted,
however, that C. serpentina and E. blandingii are less
herbivorous than C. picta, yet accumulate more 18:3n-3
in their yolks [29]. The chicken and other domestic
birds are usually fed a grain-based diet in which the
major polyunsaturate is 18:2n-6, which is reflected in
the fatty acid composition of the yolk. However, we
have recently shown that eggs obtained from ostriches,
pheasants and geese living in the wild contain lipids
highly enriched in 18:3n-3 as a result of the consump-
tion of grasses and leaves by the maternal birds [20,34].
It may be pertinent that the eggs of wild ostriches have
a much greater proportion of 18:3n-3 in yolk lipid and
also much higher hatchabilities compared with those
from ostriches in captivity [20]. However, the impor-
tance of 18:3n-3 for the development of E. macquarii is
not known. The high concentration of 20:5n-3 in the
lipids of the eggs of E. macquarii lipids may be partly
explained by the consumption of freshwater fish which
are generally a rich source of 20:5n-3 [7]. The consump-
tion of a range of invertebrates by the turtles could
explain the high concentration of 20:4n-6 in the egg
lipids and could also contribute to the 20:5n-3 content
[50]. However, the relatively low proportion of 22:6n-3
in eggs of E. macquarii seems surprising in the light of
the high dietary intake of freshwater fish by the mother.

Docosahexaenoic acid (22:6n-3) has an important
role in the development and function of the brain and
retina of vertebrates and it is incorporated into the
phospholipids of these tissues in high concentrations
during embryonic and neonatal life [13]. The chicken
embryo ensures an adequate supply of 22:6n-3 to the
developing neural tissues by preferential uptake from
the yolk by the yolk sac membrane and the selective
delivery to the embryonic tissues [10,14,34]. In alligator
embryos, by contrast, there is no clear evidence for the
specific preferential uptake of 22:6n-3 from the yolk
lipids during development. Instead, it appears that there
is a preferential uptake of total phospholipid from the
yolk, particularly during the later stages of embryonic

development in alligators [16,17]. The high concentra-
tion of 22:6n-3 in the phospholipid of alligator yolk
effectively results in preferential delivery to the embryo,
albeit by a less specific mechanism than occurs in the
chicken. In contrast to both the chicken and the alliga-
tor, there was no evidence in E. macquarii for the
preferential transfer of 22:6n-3 from the yolk to the
embryo. Comparison of the initial and residual yolks
indicates that neither phospholipid as a proportion of
total yolk lipid nor the proportion of 22:6n-3 within the
phospholipid declines during development. In spite of
the lack of evidence for preferential transfer, the pro-
portion of 22:6n-3 in the phospholipid of the hatchling
is much greater than in the yolk. Although there are
several possible explanations for the proportionate in-
crease in 22:6n-3 (e.g. differential utilisation of particu-
lar fatty acids for b-oxidation, acyl-substrate specificity
of the acyltransferases of tissue phospholipid biosynthe-
sis, synthesis of 22:6n-3 from 18:3n-3), an attractive
theory is that the high concentration of 20:5n-3 in the
yolk lipid may be used as a precursor for the biosynthe-
sis of 22:6n-3. Such biosynthesis could occur in the yolk
sac membrane, the embryonic liver or in the neural
tissues themselves. It may be significant that the com-
bined proportions of 20:5n-3 and 22:6n-3 in the yolk
phospholipid of E. macquarii is equivalent to the pro-
portion of 22:6n-3 in the yolk phospholipid of the
alligator.

Polyunsaturated phospholipids are likely to be im-
portant in maintaining an optimal membrane fluidity in
embryos of E. macquarii which develop at considerably
lower temperatures than avian embryos. The influence
of different developmental temperatures on fatty acid
composition and fluidity of isolated membranes from
the embryonic tissues of turtles and birds requires more
detailed measures of these parameters, but may help to
explain some of the inter-taxon differences observed in
fatty acids profiles of phospholipids.

The proportion of cholesteryl ester in the yolk lipid
of E. macquarii increases dramatically during develop-
ment in parallel with a decreased proportion of free
cholesterol. Similar changes have been reported for
both the chicken and the alligator and largely result
from the rapid esterification of yolk-derived cholesterol
in the yolk sac membrane [15]. Thus, very high activi-
ties of acyl CoA:cholesterol acyltransferase are ex-
pressed in the yolk sac membrane of both chickens [31]
and alligators [46]. The esterification of cholesterol in
these species specifically produces cholesteryl oleate, a
feature not shared by E. macquarii since the proportion
of 18:1n-9 in the yolk cholesteryl ester actually declines
during development.

It is clear that the newly-hatched E. macquarii is
endowed with a generous store of nutrients to facilitate
the transition from in o6o to ex o6o life. Firstly, the
hatchling possesses a relatively large residual yolk, rich
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in protein and lipid, internalised within the body cavity
which can sustain the hatchling until it is able to feed
[22]. In addition, the body of the hatchling contains
considerable stores of triacylglycerol, presumably
present in adipose tissue or as intramuscular fat.

In summary, the lipid compositional changes which
accompany the development of Emydura show many
similarities with those of other reptiles and birds but
also exhibit some unique features. These differences
may provide insights into the range of developmental
strategies which have evolved to ensure the delivery of
the appropriate lipid components to particular differen-
tiating tissues.
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