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The content (% wet mass) in water, ash, lipid, crude protein, DNA and RNA of different

tissues was determined during sexual maturation of bonitos Sarda sarda from the Aegean Sea.

A total of 220 specimens were collected in the following stages of sexual maturity: immature,

resting, developing, mature, spawning and spent. Highest lipid levels in the white muscle, red

muscle and liver were measured in immature specimens, while lowest levels were found in

spawning bonitos. The gradual percentage of lipid reduction from immature to spawning

bonitos was relatively higher in the liver (females 71�2% and males 64�4%) than in the white

(females 59�2% and males 53�5%) and red (females 62�1% and males 51�7%) muscle. Lipid

levels in the gonads increased gradually from the immature to spawning stage. The decrease of

lipid in the somatic tissues was more intense in females than in males, and gonadal lipid

content was higher in females than in males. There was a strong reverse correlation between

water and lipid percentage in all tissues. Protein content decreased significantly only in

spawning bonitos. The percentage of protein reduction from immature to spawning stage was

relatively higher in males than in females in both white (females 3�4% and males 4�6%) and

red (females 4�6% and males 5�1%) muscles. Protein content in the liver was significantly

lower than in the other tissues, being highest in mature females. Gonadal protein content in

females increased with maturation and decreased after spawning. The content in ash exhibited

considerable stability. The RNA:DNA ratio exhibited a similar pattern of variation in both

muscles. The RNA:DNA ratio increased during gonadal development gradually from the

developing to spent stage. It was concluded that in S. sarda during gonadal development, there

was an increase in gonadal lipid accompanied by a decrease in somatic tissue lipid reserves.

Thus, reproductive inactive bonitos have more lipid in their edible part and a higher

nutritional value than active ones. # 2006 The Authors
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INTRODUCTION

The bonito Sarda sarda (Bloch) is an epipelagic, neritic, schooling scombrid of
the Atlantic Ocean, the Mediterranean Sea and the Black Sea and is a commer-
cially important species. Females and males attain sexual maturity at the end of
the first or second year of their life. The spawning grounds of this species in the
eastern Mediterranean Sea are obscure. Very small preadults were found in the
Black Sea, the Sea of Marmara and the Aegean Sea (Serbetis, 1955). Fertilized
eggs have only been found in the Black Sea and the Sea of Marmara (Demir,
1963). Seasonal migration between the Aegean Sea and the Sea of Marmara
has been verified by tagging experiments (Demir, 1963), but there are schools
of bonito that remain the entire year in Greek waters (Yoshida, 1980). Demir
(1963) believes that spawning in the Aegean Sea lasts from mid-May to the end
of July. Genetic research has shown that the Aegean Sea population has little if
any gene flow with the populations of the Ionian and the Ligurian Sea (Pujolar
et al., 2001).
Catches in Greek seas range around 2000 t per year (ICCAT, 2000). Accord-

ing to ICCAT (2000), very little is known about the biology of S. sarda and
other small tuna species. Scientific studies on these species are rarely under-
taken, largely because of difficulties in sampling landings from artisanal fisher-
ies, which constitute a high portion of the fisheries exploiting small tuna
resources. ICCAT (2000) recommends that studies should be carried out at
the local or sub-regional level.
Studies on the biochemical composition of wild fish populations are rarely

undertaken due to the difficulties in sampling, preservation of the samples
and availability of a wide range of specimens from different ages, sizes, sexes
and seasons from unpredictable catches of professional fisheries. The knowl-
edge on biochemical composition of fishery species has fundamental impor-
tance in the application of different technological processes (Stansby, 1967;
Connell, 1975; Huss, 1988). Moreover, biochemical composition is important
as an aspect of quality of raw material, sensory attributes and storage stability
(Sikorski, 1994) and is often dependent on sex (De Metrio et al., 1989) and
stage of sexual maturity (Connell, 1975; Huss, 1988, 1995).
The lipid and protein balance is important in assessing the flesh quality and

as an indicator of seasonal cycles of reproduction and feeding (Clay, 1988).
During starvation periods, the fish uses the energy depots in the form of lipids
and also may utilize protein, thus depletion of these reserves results in a general
diminution of biological condition (Huss, 1995). It also seems likely that prin-
cipal constituents of developing gonads arise, at least in part, from other tissues
of the body (Takama et al., 1985).
Other biochemical measures, including the ratio of muscle RNA to DNA,

have been strongly correlated with nutritional status in fishes (Lowery & Som-
ero, 1990; Ferron & Leggett, 1994). Sex and stage of gonadal maturity, among
other factors, were reported to affect nucleic acid levels in the different tissues
examined (Buckley et al., 1999).
Karakoltsidis et al. (1995) detected seasonal variations in the proximate bio-

chemical composition of muscles of the bonito, but they did not analyse the
effects of sex and stage of sexual maturity.
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The objective of this study was to investigate the biochemical composition
(water, ash, protein and lipid, and the RNA:DNA ratio) of the different tissues
of S. sarda from the Aegean Sea and to detect eventual variations in relation to
the stage of sexual maturity.

MATERIALS AND METHODS

A total of 220 bonitos were sampled in the Aegean Sea from 1997 to 2003. Samples
were obtained from commercial fisheries. Bonitos of different sizes were sampled
throughout the year in order to collect specimens from all stages of sexual maturity.
All samples were frozen immediately and kept frozen at �80° C until analyses. For
each fish, total body mass in g (without removing the viscera) and fork length (LF)
in cm were measured. Each specimen was dissected, and organs including white muscle,
red muscle, liver and gonads were taken. The gonadal mass (MG) in g was also mea-
sured. The sex and stage of sexual maturity was identified macroscopically for all indi-
viduals. For the validation of the stages of sexual maturity, a number of samples were
also examined histologically. A generalized classification of stages in fishes by Nikolsky
(1963) was adopted: I ¼ immature, II ¼ resting, III ¼ developing, IV ¼ mature, V ¼
spawning and VI ¼ spent. The number of bonitos in each stage of sexual maturity, the
mass and LF and the months of capture are shown in Table I.

For biochemical analysis, each tissue of each sample fish was homogenized. Dry mat-
ter was obtained by drying in an oven at 105° C for 24 h and ash by incineration in
a muffle furnace at 550° C for 24 h. The rest of the homogenate was freeze-dried for
lipid, protein, DNA and RNA analyses.

Total lipid was extracted using the method of Folch et al. (1957), which does not
underestimate the lipid content of tissues containing >2% lipid (Iverson et al., 2001).
Crude protein (nitrogen � 6�25) was determined using the method of Hach et al.
(1985), a modified Kjeldahl procedure that uses H2SO4 and hydrogen peroxide for

TABLE I. Number of samples (N), months of capture, mean � S.E. values and range of
total body mass and fork length of Sarda sarda at different stages of sexual maturity

(SSM)

Total body mass (g) LF (cm)

SSM N Months Mean � S.E. Range Mean � S.E. Range

IM 20 1, 2, 10 330 � 318 280–460 29�5 � 0�3 27�0–32�8
FII 20 2, 3, 8, 9, 10, 11, 12 1286 � 171 329–2800 42�9 � 1�0 29�0–62�0
FIII 20 3, 4 1681 � 114 970–2300 49�7 � 1�1 42�5–56�0
FIV 20 4, 5, 6 1536 � 87 110–2100 48�3 � 0�9 42�5–54�0
FV 20 5, 6 2067 � 161 901–2800 53�8 � 1�7 41�0–64�5
FVI 20 6, 7, 8 1006 � 86 589–1700 40�4 � 1�2 34�5–49�5
MII 20 2, 3, 4, 8, 10, 11, 12 1451 � 229 332–3800 44�8 � 2�3 29�0–61�7
MIII 20 4 1009 � 114 437–2050 41�3 � 1�2 35�0–53�2
MIV 20 4, 5, 6 2061 � 110 1036–2500 53�1 � 1�3 41�5–59�0
MV 20 5, 6 1928 � 117 1062–2800 51�5 � 1�2 41�5–62�0
MVI 20 6, 7, 8 1869 � 209 1016–5400 49�7 � 1�4 42�5–72�5

Months: 1, January; 2, February; 3, March; 4, April; 5, May; 6, June; 7, July; 8, August; 9,

September; 10, October; 11, November; 12, December. Maturity: I, immature; II, resting; III,

developing; IV, mature; V, spawning; VI, spent. Sex: F, female; M, male.
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sample decomposition without added salts or metal catalysts. DNA and RNA determi-
nation was performed in the white and red muscle according to the microanalytical
method of Holland & Gabbott (1971), modified by Holland & Hannant (1973), which
uses colorometric procedures. From standard curves, the concentration of RNA (yeast
RNA) and DNA (calf thymus DNA) was determined. All biochemical analyses were
performed in triplicate.

In the white muscle, red muscle and liver, regression analysis was performed in order
to investigate relationships of the biochemical variables with total wet mass (MT) and
LF within each stage of sexual maturity. In gonads, regression analysis was performed
in order to investigate relationships between the biochemical variables and the MG

within each stage of sexual maturity. A Kruskal–Wallis test was performed for the com-
parison of medians among different tissues, as well as for the comparison of medians
among stages of sexual maturity within each tissue. Differences were considered signif-
icant when P < 0�05. Means � S.E. are presented. The least-squares method was used to
obtain the regression curves for the percentage of lipid content as a function of the per-
centage of water content for each tissue. Statistical analysis was performed using the
Statgraphics statistical package.

RESULTS

In the white muscle, red muscle and liver, biochemical variables were not sig-
nificantly related with MT or LF within each stage of sexual maturity (P > 0�05).
In gonads, biochemical variables were not significantly related with MG within
each stage of sexual maturity (P > 0�05).
The water content (% wet mass) of the white muscle, red muscle, liver and

gonad was 74�21 � 0�16%, 68�87 � 0�28%, 64�61 � 0�46% and 71�72 �
0�26%, respectively (Fig. 1). Water content was significantly higher in the white
muscle and gonads than in the red muscle and liver (Kruskal–Wallis, d.f. ¼ 219,
P < 0�001).
The water content of the somatic tissues (white muscle, red muscle and liver)

of bonitos was influenced by the stage of sexual maturity in both sexes (Krus-
kal–Wallis, d.f. ¼ 219, P < 0�001), being lowest in immature bonitos. In both
females and males, the water content of somatic tissues increased with matura-
tion of gonads (stages III, IV and V) and decreased after spawning (stage VI)
(Table II and Fig. 2).

FIG. 1. Content (% wet mass) in water, lipid, crude protein and ash of the white muscle (n), red muscle

(u), liver ( ) and gonads ( ) of Sarda sarda. Mean values with different lower case letters are

significantly different (P < 0�05).
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The water content of the gonads of bonitos in both sexes was influenced by the
stage of sexual maturity (Kruskal–Wallis, d.f. ¼ 219, P < 0�001). In both females
and males, the water content of the gonads decreased with maturation (stages III,
IV and V) and increased after spawning (stage VI) (Table II and Fig. 2). The var-
iation between stages was less in males than in females, and male gonads of most
stages had higher water content than the respective female ones (Table II and
Fig. 2). In immature specimens, water content in their gonads was comparable
to that observed in females and males of stage II (Table II and Fig. 2).
The lipid content (% wet mass) of the white muscle, red muscle, liver and

gonads was 6�85 � 0�15, 12�42 � 0�27, 14�72 � 0�43 and 8�98 � 0�23%, respec-
tively (Fig. 1). Lipid content was significantly lower in the white muscle and go-
nads than in the red muscle and liver (Kruskal–Wallis, d.f. ¼ 219, P < 0�001).
The lipid content of the somatic tissues of bonitos was influenced by the

stage of sexual maturity in both sexes (Kruskal–Wallis, d.f. ¼ 219, P <
0�001), being highest in immature bonitos. In both females and males, the lipid
content of the somatic tissues decreased with the maturation of gonads (stages
III, IV and V) and increased after spawning (stage VI) (Table II and Fig. 3).
Lipid content in the muscles of mature, spawning and spent bonitos (stages
IV, V and VI, respectively) was lower in females than in males, particularly
in the red muscle. Lipid content in the liver was lower in females than in males,
only in mature bonitos (stage IV). Furthermore, the percentage of lipid reduc-
tion from immature to spawning bonitos was relatively higher in the liver (fe-
males 71�2% and males 64�4%) than in the white (females 59�2% and males
53�5%) and red (females 62�1% and males 51�7%) muscle.
The lipid content of the gonads of bonitos in both sexes was influenced by

the stage of sexual maturity (Kruskal–Wallis, d.f. ¼ 219, P < 0�001), being low-
est in immature bonitos. In females, the lipid content of the gonads increased
with maturation (stages III, IV and V) and decreased after spawning (stage VI)
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FIG. 2. Medians (box and whiskers plots) of the water content in the (a) white muscle, (b) red muscle, (c)

liver and (d) gonads of Sarda sarda at different stages of sexual maturity (see Table I). Scale differs

among graphs.
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(Table II and Fig. 3). A similar trend was observed in the gonads of male bonitos,
although the variation between stages was less, and male gonads of most stages
had lower lipid content than the respective female ones (Table II and Fig. 3).
There was a strong negative correlation between the lipid and the water con-

tent in all four tissues examined (Fig. 4).
The crude protein content (% wet mass) of the white muscle, red muscle,

liver and gonads was 17�59 � 0�04, 17�44 � 0�05, 11�10 � 0�03 and 18�50 �
0�09, respectively (Fig. 1). Protein content was significantly lower in liver than
in all other tissues examined (Kruskal–Wallis, d.f. ¼ 219, P < 0�001).
The protein content of the somatic tissues of bonitos was influenced by the

stage of sexual maturity (Kruskal–Wallis, d.f. ¼ 219, P < 0�001). The protein
content of the white and red muscle was significantly lower in spawning fe-
males and males than in immature, resting, developing and spent ones (Table
II and Fig. 5). Protein content decreased significantly only in spawning bonitos.
The percentage of protein reduction from immature to spawning stage was rel-
atively higher in males than in females in both white (females 3�4% and males
4�6%) and red (females 4�6% and males 5�1%) muscles. The protein content of
the liver was significantly higher in mature females (stage IV) than in resting,
developing and spent ones (stages II, III and VI, respectively) and was almost
stable in males (Table II and Fig. 5).
The protein content of the gonads of female bonitos was influenced by the

stage of sexual maturity (Kruskal–Wallis, d.f. ¼ 219, P < 0�001). Specifically,
it increased with maturation (stages IV and V) and decreased after spawning
(stage VI) (Table II and Fig. 5).
The ash content (% wet mass) of the white muscle, red muscle, liver and go-

nads was 1�08 � 0�00, 1�08 � 0�00, 0�05 � 0�00 and 0�05 � 0�00, respectively
(Fig. 1). Ash content did not differ significantly in the two muscles. Liver
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muscle, (c) liver and (d) gonads of Sarda sarda at different stages of sexual maturity (see Table I).
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and gonads had significantly lower ash content than both muscles (Kruskal–
Wallis, d.f. ¼ 219, P < 0�001). The ash content of the white muscle, red muscle,
liver and gonads of bonitos was not influenced by the stage of sexual maturity
(Kruskal–Wallis, d.f. ¼ 219, P > 0�05).
The DNA content (% wet mass) of the white and red muscle was 0�57 � 0�00

and 0�57 � 0�00, respectively. The RNA content (% wet mass) of the white
and red muscle was 0�69 � 0�00 and 0�70 � 0�00, respectively. Both DNA and
RNA content did not differ significantly between the white and the red muscle
(Kruskal–Wallis, d.f. ¼ 219, P > 0�05).
The RNA:DNA ratio of both white and red muscle was influenced by the stage

of sexual maturity in both sexes (Kruskal–Wallis, d.f. ¼ 219, P < 0�001). Specif-
ically, the RNA:DNA ratio increased gradually from stage III to VI (Fig. 6).

DISCUSSION

There are a number of classifications that divide fishes into groups according
to their lipid content. According to Ackman (1989), S. sarda belongs to the
group of high-fat fishes having an average muscle lipid content of 8–15%.
Tanakol et al. (1999) came to the same conclusion after measuring the lipid
content of the edible muscle of one specimen of S. sarda caught in the Sea
of Marmara and compared it with other species from the same area. The high
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lipid content in the tissues of the bonito may be attributed to its diet, which
consists mainly of small pelagic fish species like sardines Sardina pilchardus
(Walbaum) and European anchovies Engraulis engrasicholus L. (Demir, 1963).
The above species are also found to be rich in lipid (Tanakol et al., 1999).
Lipid content is measured in many other species of the Scombridae, like yel-

lowfin tuna Thunnus albacares (Bonnaterre) (Saito et al., 1996), albacore Thun-
nus alalunga (Bonnaterre) (Murase & Saito, 1996), northern bluefin tuna
Thunnus thynnus L. (Clay, 1988), Pacific bluefin tuna Thunnus thynnus orientalis
(Temminck & Schlegel) (Murai et al., 1982), kawakawa Euthynnus affinis (Cantor)
and striped bonito Sarda orientalis (Temminck & Schlegel) (Saito et al., 1999)
(Table III). In almost all these species, lipid content in all tissues was lower than
that of the S. sarda.
Scombrids stand out from most other fishes by their ability to cruise at rel-

atively high speeds and migrate long distances. To sustain fast, continuous
locomotion, they have evolved a suite of morphological specializations that

 P
ro

te
in

Stages of sexual maturity

(a)

14

15

16

17

18

19

20 (b)

13

14

15

16

17

18

19

(c)

9

10

11

12

13 (d)

15

17

19

21

23

25

27

IM FII FIII FIV FV FVI MII MIIIMIV MV MVIIM FII FIII FIV FV FVI MII MIII MIV MV MVI

IM FII FIII FIV FV FVI MII MIIIMIV MV MVIIM FII FIII FIV FV FVI MII MIII MIV MV MVI

FIG. 5. Medians (box and whiskers plots) of the crude protein content (% wet mass) in the (a) white

muscle, (b) red muscle, (c) liver and (d) gonads of Sarda sarda at different stages of sexual maturity

(see Table I). Scale differs among graphs.

Stages of sexual maturity

R
N

A
:D

N
A

0·5

0·7

0·9

1·1

1·3

1·5

1·7

0·5

(a) (b)

0·7

0·9

1·1

1·3

1·5

1·7

IM FII FIII FIV FV FVI MII MIII MIV MIII MIVMV MVI IM FII FIII FIV FV FVI MII MV MVI

FIG. 6. Medians (box and whiskers plots) of the RNA:DNA ratio in the (a) white and (b) red muscle of

Sarda sarda at different stages of sexual maturity (see Table I). Scale differs among graphs.

BIOCHEMICAL COMPOSITION OF THE ATLANTIC BONITO 355

# 2006 The Authors

Journal compilation # 2006 The Fisheries Society of the British Isles, Journal of Fish Biology 2006, 69, 347–362



T
A
B
L
E
II
I.

M
ea
n
v
a
lu
es

o
f
th
e
co
n
te
n
t
(%

w
et

m
a
ss
)
in

li
p
id

a
n
d
cr
u
d
e
p
ro
te
in

o
f
th
e
w
h
it
e
m
u
sc
le
,
re
d
m
u
sc
le
a
n
d
li
v
er

o
f
sc
o
m
b
ri
d
sp
ec
ie
s

ca
u
g
h
t
in

d
if
fe
re
n
t
a
re
a
s

L
ip
id

P
ro
te
in

A
u
th
o
r

A
re
a

S
p
ec
ie
s

W
h
it
e

m
u
sc
le

R
ed

m
u
sc
le

L
iv
er

W
h
it
e

m
u
sc
le

R
ed

m
u
sc
le

L
iv
er

S
a
it
o
et

a
l.
,

1
9
9
6

E
a
st

C
a
ro
li
n
e

B
a
si
n

T
h
u
n
n
u
s
a
lb
a
ca
re
s

0
� 5

�
0
� 3

a
4
� 3

�
1
� 3

a
6
�

1
� 3

a
2
5
� 8

�
0
� 5

a

P
a
ci
fi
c
co
a
st

o
f
Ja
p
a
n

T.
a
lb
a
ca
re
s

0
� 8

�
0
� 1

a
4
� 2

�
1
� 4

a
1
� 5

�
1
� 3

a
2
5
� 6

�
0
� 9

a

M
u
ra
se

&
S
a
it
o
,

1
9
9
6

Ja
p
a
n
es
e
co
a
st

T
h
u
n
n
u
s
a
la
lu
n
g
a

1
� 5

�
1
� 9

a
2
� 3

�
0
� 8

a
8
� 7

�
4
� 6

a
2
7
� 7

�
1
� 1

a
2
4
� 7

�
1
� 5

a

E
m
p
er
o
r
S
ea
m
o
u
n
t

C
h
a
in

T.
a
la
lu
n
g
a

8
� 5

�
3
� 3

a
7
� 6

�
2
� 7

a
2
1
� 6

�
3
� 8

a
2
6
� 2

�
1
� 2

a
2
2
� 1

�
1
� 9

a

C
la
y
,
1
9
8
8

G
u
lf
o
f
S
t
L
a
w
re
n
ce

T
h
u
n
n
u
s
th
yn
n
u
s

1
7
�

8
a

1
8
�

2
a

M
u
ra
i
et

a
l.
,

1
9
8
2

Ja
p
a
n
es
e
co
a
st

T
h
u
n
n
u
s
th
yn
n
u
s

o
ri
en
ta
li
s

0
� 6

�
0
� 0

a
1
� 7

�
0
� 1

a
4
� 0

�
2
� 6

a
2
4
� 9

�
0
� 2

a
2
0
� 3

�
0
� 5

a
2
0
� 1

�
1
� 1

a

S
a
it
o
et

a
l.
,

1
9
9
9

E
a
st

C
h
in
a
S
ea

E
u
th
yn
n
u
s
a
ffi
ni
s

5
� 5

�
1
� 1

b
1
4
� 1

�
2
� 9

b

E
a
st

C
h
in
a
S
ea

S
a
rd
a
o
ri
en
ta
li
s

3
� 3

�
0
� 4

b
1
2
� 3

�
1
� 0

b

S
a
it
o
et

a
l.
,

1
9
9
7

P
h
il
ip
p
in
e
S
ea

K
a
ts
u
w
o
n
u
s
p
el
a
m
is

0
� 6

�
0
� 1

b
4
� 0

�
0
� 6

b
1
0
� 9

�
2
� 3

b

E
a
st

C
h
in
a
S
ea

K
.
p
el
a
m
is

0
� 7

�
0
� 1

b
3
� 5

�
0
� 1

b
5
� 7

�
1
� 3

b

P
a
ci
fi
c
co
a
st

o
f
Ja
p
a
n

K
.
p
el
a
m
is

1
� 6

�
0
� 5

b
5
� 2

�
0
� 3

b
7
� 4

�
1
� 7

b

P
re
se
n
t
st
u
d
y

A
eg
ea
n
S
ea

S
a
rd
a
sa
rd
a

6
� 8

�
0
� 1

b
1
2
� 4

�
0
� 3

b
1
4
� 7

�
0
� 4

b
1
7
� 6

�
0
� 0

b
1
7
� 4

�
0
� 0

b
1
1
� 1

�
0
� 0

b

a
S
.D

.;
b
S
.E
.

356 N. ZABOUKAS ET AL .

# 2006 The Authors

Journal compilation # 2006 The Fisheries Society of the British Isles, Journal of Fish Biology 2006, 69, 347–362



distinguish them from other fishes. The bonito is among the scombrid species
with the fastest recorded cruising speeds (Altringham & Shadwick, 2001). The
high lipid content of its tissues may reflect the need for high-energy biomole-
cules to perform the energy-consuming locomotion.
The high lipid content in the liver of S. sarda could be expected because, as

Sheridan (1994) pointed out, the liver of fishes contain a considerable amount
of lipid. Lipid percentage in S. sarda was significantly higher in the red muscle
than in the white muscle, a usual characteristic in many fishes (Tocher, 2003). The
energy requirements of the red muscle in order to perform sustained swimming
are provided largely by fatty acids (Tocher, 2003). The similar lipid content in
liver and red muscle of the high-fat and active bonito is in accordance with:
high-fat fishes use their muscle as a lipid reserve (Hodder et al., 1973) and skeletal
muscle is an important storage site in active species (Braekken, 1959).
Similar fluctuations in lipid percentage among the white muscle, the red mus-

cle and the liver were also observed in the skipjack tuna Katsuwonus pelamis L.
caught in the Pacific Ocean (Saito et al., 1997). The lipid content of the gonads
of S. sarda was in similar levels with the ones measured by Hiratsuka et al.
(2004) in the gonads of K. pelamis.
The lipid to water relationship was strong in all four tissues of the bonitos.

This suggests that the equations presented in Fig. 4 could be used with confi-
dence to predict the fat levels of bonitos by a simple and low-cost water con-
tent analysis. A similar strong relationship was found in the white muscle of
T. thynnus by Clay (1988). Love (1970) stated that in high-fat fishes, the rela-
tionship between lipid and water is linear and their sum is almost always stable.
Additionally, Shearer (1994) concluded that percentages of lipid and water are
inversely related. Yeannes & Almandos (2003) stated that measuring water
content allows the estimation of flesh (edible part) lipid content for high-fat
content families like the Scombridae, with the corresponding cost savings upon
performing one instead of two analytical determinations.
The maturation and the enrichment of gonads in lipid coincided with

a decline of the lipid content in muscles and liver. The production of very large
numbers of gametes, particularly eggs, during the relative short period of re-
production is very energy intensive (Tocher, 2003). Jobling (1994) stated that
although the energetic investment in eggs is greater than that in sperm, the
energetic costs of engaging in reproductive behaviour may be markedly higher
for the males, and the overall investment in reproduction may be similar for
the two sexes. In the present study, the more intense reduction in the lipid con-
tent in the somatic tissues of females compared to males indicate that the re-
productive cost is higher in females than in males in S. sarda.
There is little information on the energetic costs of reproduction in scomb-

roids (Schaefer, 2001). Studies on other families of marine and freshwater fishes
suggest, however, that the energetic costs associated with reproduction are sig-
nificant and can have important consequences affecting growth and mortality
rates after sexual maturation (Wootton, 1990). Jobling (1994) believes that
somatic and gonadal growth can be considered to be in competition for limited
resources, and a decrease is commonly seen in somatic growth rate when fishes
mature. In the present study, lipid of the somatic tissues gradually decreased
from immature to spawning stage in order to supply gonads with lipid and
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possibly to fulfil energetic requirements associated with the period of sexual
maturation. Seasonal variations in lipid levels in fishes are fundamentally
related to the reproductive cycle since most marine fishes generally accumulate
large lipid deposits prior to gonadal development (Mourente et al., 2002). This
lipid reserve is subsequently used as metabolic energy during the spawning
migration, but in the female broodfish, it is largely mobilized and transferred
into the developing ovary (Bell, 1998). In agreement, an increased gonadal lipid
was observed in female bonitos.
The lipid reduction in the somatic tissues of fishes during gonadal develop-

ment has been described for many species, indicating an interspecific differen-
tiation in the degree of lipid utilization in muscle and liver reserves (Krivobok,
1964; Love, 1970, 1980; Lapin, 1973; Lewander et al., 1974; Shatunovsky, 1980;
Dabrowski, 1982; Henderson et al., 1984; Haug & Gulliksen, 1988; Kozlova,
1997). In S. sarda, a higher percentage of lipid reduction was observed in liver
compared to muscles, indicating the use of liver reserves in a greater extent
than the muscle reserves.
Protein content has been measured in few other species of Scombridae (Table

III). The protein content of most tissues of T. albacares (Saito et al., 1996),
T. alalunga (Murase & Saito, 1996), T. thynnus orientalis (Murai et al., 1982)
and K. pelamis (Saito et al., 1997) was found to be higher than that of the
respective tissues of the bonito. The protein content of T. thynnus (Clay,
1988), however, was similar to that of the bonito.
The protein content of the somatic tissues in S. sarda was less dynamic than

the lipid content. Similarly to the present results, Brown & Murphy (2004)
found that muscle protein was the least dynamic tissue fraction compared to
muscle lipid, liver lipid and gonadal lipid of largemouth bass Micropterus sal-
moides (Lacèpede). The protein content in the red and the white muscle
decreased only during the spawning stage in both sexes. This reduction of pro-
tein content after the depletion of lipid in the muscles may reflect a strong need
for energy supply in the gonads or the need for structural biomolecules. The
increased protein content in the liver of female bonitos may be due to vitello-
genin, a lipoprotein which is synthesized in the liver and is transported to the
ovary (Wallace, 1985). Besides, gonadal protein content increased with matura-
tion only in female bonitos.
The RNA:DNA levels of the muscles increased from developing to spawning

females and males, reflecting increased rate of protein synthesis (Buckley et al.,
1999), related to the requirements of sexual maturation and spawning. The
highest RNA:DNA ratio observed in the muscles of spent females and males
may indicate enhanced protein synthetic activity after the loss in protein during
spawning. As it is shown in Table I, spent specimens occur exclusively from
June to September, when water temperatures and food availability are high.
The elevated RNA:DNA levels in spent bonitos are possibly due to the effort
of fish to restore their energy reserves, after the exhausting function of repro-
duction, while food is still abundant. Fish RNA:DNA and food availability are
highly correlated in a wide variety of species in both laboratory and field stud-
ies (Buckley, 1980; Buckley et al., 1984; Buckley & Lough, 1987; Theilacker
et al., 1996). Buckley et al. (1999) stated that as the fish mature, seasonal cycles
of temperature and gonadal development have large effects on nucleic acid
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levels in different tissues. In addition, seasonal variations in the lipid content
were related to reproduction and food availability (Takama et al., 1985). This
may explain the increase of the lipid content in the somatic tissues of spent
bonitos.
The pattern of variation of RNA:DNA ratio is very similar for both muscles.

This similarity may reflect the similar rate of protein synthesis in both muscles.
Besides, protein content was similar in both red and white muscle of S. sarda
during sexual maturity. Stickland (1983) found a different pattern of growth
among the white and red muscle of the rainbow trout Oncorhynchus mykiss
(Walbaum). As far as is known, development of the muscles has not been stud-
ied in S. sarda. Present results, however, indicate a similar rate of development
in both muscles.
The ash content of the muscles of the bonitos was in similar levels to the

ones found by Karakoltsidis et al. (1995) and comparable to those measured
in other scombroids like T. thynnus (Clay, 1988) and T. thynnus orientalis (Murai
et al., 1982). Love (1970) stated that ash levels fall when fishes are starved or
suffering depletion. In the present study, the content in ash of all four tissues
examined did not show any significant fluctuation. Thus, the 220 bonitos from
the Aegean Sea are not considered to be under any extreme stress.
Sarda sarda during gonadal development used mainly lipid that was derived

mostly from the liver. The lipid reduction was more intense in females than in
males, particularly in muscles. Somatic protein was more conservative than
lipid, in relative terms. Scombroids are more attractive to the consumer when
they are rich in lipid. Especially in bluefin tuna, the price of its meat is depen-
dent on its lipid content. The data of the present study suggest that the edible
part of the bonito is low in lipid during spawning season. This new information
can be used for the determination of the fishing season for the species when it
is not reproductively active and has high lipid content and therefore high nutri-
tional value.

We are grateful to the Propontis Foundation for the financial support to the PhD
student N.Z. and the three anonymous reviewers for their help with the revision of this
article.
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