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SUMMARY: In some routine studies of larval condition based on RNA:DNA ratios, heads and/or guts are removed for fur-
ther age and feeding analysis. Also, during capture larvae are often found with their eyes missing. In this work we analysed
tissues effects (muscle, head, eye, gut and the whole larvae) on RNA:DNA ratios from different species (Sardina pilchardus,
Engraulis encrasicolus, Atherina presbyter and Paralichthys orbignyanus) in different developmental stages and from dif-
ferent locations. For all species and development phases, it was shown that RNA:DNA ratios in the head were significantly
lower than in muscle or gut. The comparison of RNA:DNA ratios of head with or without eyes did not show significant
differences. In a comparison of results from muscle from two tail sections, RNA:DNA ratios were higher for the anterior sec-
tion in Sardina pilchardus and Engraulis encrasicolus larvae. Caution is needed when RNA:DNA ratios are compared with
other studies employing different dissection protocols. For the species studied we propose conversion factors to be applied to
RNA:DNA ratio data when different body sections are analysed. We discuss the most appropriate tissues for assessing nutri-
tional condition in fish larvae, based on trends in concentrations of nucleic acids and ratios during starvation experiments.

Keywords: RNA:DNA, tissues, starvation, condition, Sardina pilchardus, Engraulis encrasicolus, Atherina presbyter,
Paralichthys orbignyanus.

RESUMEN: EFECTO DEL TIPO DE TEJIDO SOBRE LOS COCIENTES ARN:ADN EN LARVAS DE PECES MARINOS. — En estudios de con-
dicién nutricional larvaria basados en la relacion ARN:ADN, las cabezas y/o tubos digestivos suelen diseccionarse para
posteriores estudios de edad o alimentacién. Ademas, durante la captura algunas larvas pierden los ojos. En este trabajo
analizamos el efecto de diferentes tejidos (musculo, cabeza, ojos y tubo digestivo) sobre la relacion ARN:ADN en Sardina
pilchardus, Engraulis encrasicolus, Atherina presbyter y Paralichthys orbignyanus, en diferentes estadios de desarrollo y
en diversas regiones. En todas las especies la relacion ARN:ADN en la cabeza fue significativamente menor que para el
musculo o el tubo digestivo. La comparacién de la relacion ARN:ADN de la cabeza con o sin ojos no mostré diferencias
significativas. Al comparar dos secciones de musculo de la cola en Sardina pilchardus y Engraulis encrasicolus se observo
mayor ARN:ADN en la parte anterior que en la posterior. Es necesaria precaucién cuando se comparan ARN:ADN entre
estudios que emplean diferentes protocolos de diseccion. Proponemos factores de conversion para ser aplicados a las rela-
ciones ARN:ADN cuando se analizan diferentes secciones del cuerpo. Se discute cuales son los tejidos mds apropiados para
determinar la condicién nutricional de larvas de peces, basados en las concentraciones de dcidos nucleicos y sus cocientes
obtenidos en experimentos de inanicion.

Palabras clave: ARN:ADN, tejidos, inanicion, condicion, Sardina pilchardus, Engraulis encrasicolus, Atherina presbyter,
Paralichthys orbignyanus.

INTRODUCTION 1986; Clemmesen, 1994). Many studies have shown
evidence that the RNA:DNA ratio is one of the best

Condition indices have been widely used to indicators of the nutritional condition and growth of
assess the importance of starvation in fish larvae several marine organisms (e.g. Clemmesen, 1994;
(e.g. O’Connell, 1980; Buckley, 1984; Theilacker, Bailey et al., 1995; Folkvord et al., 1996) and, to
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date, it is the most widely used biochemical index
for determining larval condition. It is an eco-physi-
ological index that gives a measure of the synthetic
capacity of the cell and usually correlates with nutri-
tional status (Ferron and Leggett, 1994; Buckley et
al., 1999). This index is based on the assumption that
the amount of DNA, the primary carrier of genetic
information, is stable under changing environmen-
tal situations within the somatic cells of a species,
whereas the amount of RNA, directly involved in
protein synthesis, is known to vary with age, life-
stage, organism size, disease state and changing
environmental conditions (Bulow, 1970). Thus,
organisms in good condition tend to have higher
RNA:DNA ratios than those in poor condition (e.g.
Robinson and Ware, 1988; Clemmesen, 1994). In
fact RNA:DNA ratios have been used on a wide
range of marine organisms, mainly plankton, phyto-
plankton (Berdalet and Dortch, 1991), zooplankton
(e.g. Ikeda et al., 2007); larval fish (e.g. Buckley,
1984; Caldarone and Buckley, 1991; Clemmesen,
1994; Ramirez et al., 2001), juvenile and adult fish
(e.g. Goolish et al., 1984), bivalves (e.g. Grémare
and Vétion, 1994), cephalopods (e.g. Sykes et al.,
2004) and shrimps (e.g. Chicharo et al., 2007). They
have shown to reflect the nutritional status and may
be useful in monitoring their physiological state in
the field.

Many studies have now demonstrated a close
link between energy metabolism, metabolic rate
and food availability for fishes. In fact, changes in
protein synthesis directly correlate with RNA:DNA,
although this pattern depends on tissue type and the
extent of laboratory treatment (Lowery and Somero,
1990; Houlihan et al., 1986).

Some studies have advocated caution in the use
of RNA:DNA ratios on the basis of the lack of sen-
sitivity of some techniques (Grémare and Vétion,
1994) and the influence of the analytical protocol
and standard used (Berdalet et al., 2005; Caldarone
et al., 2006). It has also been pointed out that the
RNA:DNA ratio may be correlated with age, size or
developmental stage (Clemmesen, 1994; Suthers et
al., 1996; Rooker and Holt, 1996; Bergeron, 1997),
and that is influenced by temperature (Buckley et
al., 2008) and diel cycle (Rooker and Holt, 1996;
Chicharo et al., 1998). However, the effect of tis-
sue on RNA:DNA ratios in larval fish has not been
analysed. In some routine studies of larval condi-
tion based on RNA:DNA ratios, heads and/or guts
are removed for further age and feeding analysis.

Also, during capture larvae are often found with
their eyes missing. This raised the question of
whether certain tissues differ in RNA:DNA ratios
due to their metabolic differences during ontoge-
netic development.

In this work we aimed to assess tissue effects
(muscle, head, eye, gut and the whole larvae) on
RNA:DNA ratios from different species (Sardina pil-
chardus, Engraulis encrasicolus, Atherina presbyter
and Paralichthys orbignyanus), in different develop-
mental stages (pre-flexion, flexion and post-flexion),
from different locations (northwestern Mediterranean,
northeastern Atlantic and southwestern Atlantic) and
at several water temperatures (14-25°C).

MATERIALS AND METHODS
Larval source

All sampled larvae were placed on ice and imme-
diately stored frozen in liquid nitrogen. The sorting
procedure lasted less than ten minutes. In the labo-
ratory, larvae were thawed, identified, measured (to
the nearest 0.1 mm) under a dissecting microscope
equipped with an ocular micrometer and classified
according to developmental stage as pre-flexion,
flexion and post-flexion larvae. Pre-flexion and flex-
ion larvae were grouped as early stages for statistical
analysis. Detailed sampling schemes are shown in
Table 1. After tissue selection (gut, eyes, head, mus-
cle), the different body parts were freeze-dried and
stored at -80°C until analyses were carried out. All
procedures took place on ice.

Sardina pilchardus, Engraulis encrasicolus and
Atherina presbyter were captured at sea and Parali-
chthys orbignyanus larvae were reared in the labora-
tory. In the northeastern Atlantic (South Portuguese
coast) Sardina pilchardus and Atherina presbyter
larvae were collected with a light trap composed of
an acrylic pipe of 25 cm diameter and 50 cm height.
The base of the trap was a PVC box where the light
was fixed. Engraulis encrasicolus and Sardina pil-
chardus larvae from the northwestern Mediterranean
were collected by means of oblique Bongo hauls
from ca. 100 m to the surface. The cod end of one of
the nets was retrieved without previous washing of
the net in order to avoid damaging the larvae, which
were immediately sorted out and frozen in liquid
nitrogen until arrival at the laboratory, where they
were transferred to a deep-freezer (-80°C).
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TaBLE 1. — General information about sampling and experimental conditions for the studied species (H- head, M- muscle, E-eye, G-gut).

Sardina pilchardus

Engraulis encrasicolus

Atherina presbyter Paralichthys orbignyanus¢

Temperature 14-17°C 23-25°C 14°C 20°C
Geographical area North Atlantic Northwestern Mediterranean North Atlantic South Atlantic
Feeding conditions Natural Natural Natural Fed, Starved
Stages Pre-flexion Pre-flexion
Flexion Flexion

Post-flexion Post-flexion Post-flexion Post-flexion
Sampler Light trap Bongo Light trap Direct
Standard length 7.1-30.8 mm 5.7-18.1 mm 7-20.4 mm 5.6-7.5 mm
Tissues analysed H,M,E, G H, M, G H,M,E, G H,M, G

Paralichthys orbignyanus larvae were reared
at 20°C at densities of 20 individuals per litre and
were fed with algae (Nannochloropsis oculata) and
rotifers (Brachionus plicatilis). Larvae were ran-
domly assigned to two feeding treatments: fed and
completely starved. Pre-flexion larvae of both feed-
ing treatments were sampled 19 days after hatching
(DAH) for nucleic acid analyses. A second experi-
ment was carried out, and between the 25th and 28th
DAH another group of larvae, which were fed and
deprived of food, were sampled to test the effect
of food deprivation on the several tissues in post-
flexion stages.

Larvae were sampled daily from each treatment,
measured and dissected on ice, and immediately
stored at -80°C until the analyses were carried out.

Dissection method

In all species studied, the head was separated from
the rest of the body by means of a scalpel by cutting
the larvae along the cleithrum. Then the gut (includ-
ing the adjacent organs, liver and pancreas) was
separated from the rest of the tail. Eyes were easily
removed using the same scalpel. In some specimens
of Sardina pilchardus, Engraulis encrasicolus and
Paralichthys orbignyanus, the tail was divided into
two approximately equidistant anterior and posterior
sections. The dissection procedure was performed
on ice. Individual body sections were placed into
individual vials for the next freeze-drying process,
which lasted for ca. 18 h at -110°C. All sections of
fish larvae were weighed on an ultra balance with a
precision of 1 ug (Mettler Toledo MX5).

Nucleic acid concentrations were reported indi-
vidually for eyes, head, muscle and gut. The head
included the eyes. The anterior part of tail muscle

was reported as Muscle 1 and the posterior part as
Muscle 2. Body was defined as head plus muscle
and whole body as head, muscle and gut.

Analytical protocol

The analytical procedure was adapted from the
methodology presented by Caldarone et al. (2001)
and Caldarone (2005) for fish larvae, with the main
modification related to the use of 1 ml of assay
sample instead of microplate. The protocol involves
mechanical and chemical homogenization of tissues
and subsequent fluorescence-photometric measure-
ments using ethidium bromide (EB) as a specific
nucleic acid fluorochrome dye. Thawed larvae were
immersed in a solution containing Tris EDTA and
sarcosil (sodium N-lauroylsarcosine) and homog-
enised by means of mechanical shaking for 5 min-
utes in a shaking mill with different size glass beads.
Subsequently, the vials were transferred to a vortex
for 30 minutes. The samples were then centrifuged
for 15 minutes at 12000 rpm and 2°C. The concentra-
tion of sarcosil for digestion was 0.5% and the final
concentration in the reading cuvette was 0.05%.

Fluorescence was measured on a spectrofluorom-
eter (Bowman) at an excitation wavelength of 360
nm and an emission wavelength of 590 nm. Special
attention was paid to maintain constant room and
spectrophotometer temperature during the read-
ing process. A re-circulating refrigeration bath was
adapted to the spectrofluorometer to maintain con-
stant temperature. We measured endogenous fluo-
rescence (before EB addition) from the first set of
samples for each tissue, which was negligible, so it
was not considered in the calculations of nucleic ac-
1ds concentrations. Total fluorescence was first read,
and then samples were incubated with ribonuclease
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A (Type-II A) at 37°C for 20 minutes, and cooled to
room temperature before reading.

The fluorescence due to total RNA, mainly ri-
bosomal, was calculated as the difference between
total fluorescence (RNA and DNA) and the fluores-
cence measured after ribonuclease treatment, which
is assumed to be due to DNA. Since we followed a
standard protocol based on the use of EB and deter-
gent (Belchier et al., 2004; Caldarone et al., 2001;
Caldarone et al., 2006), which has been previously
used in some similar species and stages, we assume
that residual fluorescence was insignificant and did
not add DNase. Concentrations were determined by
running standard curves of DNA-EB and RNA-EB
every day with known concentrations of DNA and
RNA (Calf Thymus DNA ultrapure and 18S+28S
Ribosomal RNA from Calf Liver, from SIGMA) in
the appropriate range of concentrations. The results
were expressed as ug DNA/mg DW, ug RNA/mg
DW and RNA/DNA. The average ratio of DNA and
RNA slopes was 4.86 + 0.39.

Statistical analysis

Differences among tissues were determined by
t test (2 groups) or ANOVA (more than 3 groups)
followed by Tukey’s honestly significant difference
(HSD) test.

RESULTS

The pattern of variation in RNA:DNA values in
the head, muscle, gut, body (head and muscle) and
whole body (head, muscle and gut) obtained by com-
bining data from the four studied species showed
significant differences among tissues (p<0.001)
(Fig. 1 and Table 2), with the lowest ratios for the
head region and the highest for the gut. As a con-
sequence, when head and muscle tissues (body), or
head, muscle and gut (whole body) were considered
together, the RNA:DNA obtained had roughly inter-
mediate values. The post-hoc Tukey test indicated
that head, muscle and gut differ from each other
and also from body or whole body, while body and
whole body were not significantly different from
each other. Individual ANOVAs for each species,
i.e. Sardina pilchardus, Engraulis encrasicolus,
Atherina presbyter and Paralichthys orbignyanus,
showed similar patterns, with significant differences
among tissues (Table 3) and with the lowest ratios
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FIG. 1. — Mean values and 95% confidence intervals of DNA and
RNA content (ug/mg DW) and RNA:DNA ratios in the head,
muscle, gut, body and whole body tissues for the grouped studied
species. Different letters indicate significant differences (p<0.001)
among tissues, after one-way ANOVA followed by post-hoc Tuk-
ey’s (HSD) test. Number of samples indicated below each point. H:
Head. M: Muscle. G: Gut. B: Body (Head+Muscle). WB: Whole
Body (Head+Muscle+Gut).

TABLE 2. — Summary of the results of the one-way analysis of vari-

ance (ANOVA) for all the grouped studied species (Sardina pilchar-

dus, Engraulis encrasicolus, Atherina presbyter and Paralichthys

orbignyanus), showing the significance of the factors (tissues). DF:
degrees of freedom and MS: mean square.

DF MS F p
RNA/DNA 4 4134 78.2 <0.001
Error 676 5.3
ug DNA/mg DW 4 1827.9 56.9 <0.001
Error 601 32.1
ug RNA/mg DW 4 43223 17.9 <0.001
Error 601 241.6
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TABLE 3. — Summary of the results of the one-way analysis of variance (ANOVA) for each of the species (Sardina pilchardus, Engraulis
encrasicolus, Atherina presbyter and Paralichthys orbignyanus), showing the significance of the factors (tissues). DF: degrees of freedom
and MS: mean square.

RNA/DNA ug DNA/mg DW ug RNA/mg DW
DF MS F p DF MS F p DF MS F p
S. pilchardus
Tissues 4 245.8 423  <0.001 4 633.8 45.1  <0.001 4 4056.1 13.8  <0.001
Error 276 5.8 227 14.1 227 294.2
E. encrasicolus
Tissues 4 72.6 71.5  <0.001 4 1704.8 789  <0.001 4 3655.2 27.8  <0.001
Error 157 1.0 131 21.6 131 131.3
A. presbyter
Tissues 4 80.5 1.7 0.17 4 224.3 31.7  <0.001 4 80.5 1.7 0.17
Error 41 47.0 41 7.1 41 47.0
P. orbignyanus
Tissues 4 160.4 219 <0.001 4 105.9 11.1  <0.001 4 383.4 5.0 <0.001
Error 187 7.3 187 9.6 187 77.1
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species, while muscle showed significantly higher
values in post-flexion larvae of S. pilchardus and
E. encrasicolus than in early stages (p<0.001), and
no significant differences were found between the
two stages in P. orbignyanus (Fig. 3). Although
as development advances the absolute amount of
DNA or RNA per body section increases (reflect-

S. pilchardus  E. encrasicolus ~ A. presbyter  P. orbignyanus

FI1G. 2. — Mean values and 95% confidence intervals of DNA and

RNA concentration (ug/mg DW) and RNA:DNA ratios in the head,

muscle, gut, body and whole body tissues of Sardina pilchardus,

Engraulis encrasicolus, Atherina presbyter and Paralichthys

orbignyanus. Different letters indicate significant differences

(p<0.001) among tissues, after one way ANOVA followed by post-
hoc Tukey’s (HSD) test.
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ing growth), the tendency is not evident when these
values are standardised as a function of larval dry
weight, with a non-significant decreasing trend
in DNA/DW with development and fairly similar
concentrations of RNA/DW between the two stages
(Fig. 3 upper graph).

The analysis of eyes and the cephalic region
without eyes (performed in post-flexion Sardina pil-
chardus and Atherina presbyter larvae) did not show
significant differences in RNA:DNA. Both DNA

and RNA per mg of dry weight of eyes showed high
concentrations in contrast with the rest of the head
(Fig. 4) were noteworthy.

We also analysed the anterior (Muscle 1) and
posterior (Muscle 2) sections of the tail in post-
flexion larvae, and found significant differences in
RNA:DNA ratios, with higher values in the anterior
section for Sardina pilchardus and Engraulis encra-
sicolus larvae, while for Paralichthys orbignyanus
no differences were evident (Fig. 5).
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F1G. 3. — Mean values and 95% confidence intervals of DNA and RNA concentration (ug/mg DW) and RNA:DNA ratios in head and muscle
tissues for early stages and post-flexion larvae of Sardina pilchardus, Engraulis encrasicolus and Paralichthys orbignyanus. Different letters
indicate significant differences (p<0.001) among tissues, after multifactorial ANOVA followed by post-hoc Tukey’s (HSD) test.
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F1G. 4. — Mean values and 95% confidence intervals of DNA and

RNA concentration (ug/mg DW) and RNA:DNA ratios in eyes and

head without eyes of Sardina pilchardus and Atherina presbyter.

Significant differences (p<0.001) between body parts for each spe-
cies obtained after ¢ test indicated by *.

In order to determine which part of the body
best reflects starvation, we compared a set of larvae
subject to starvation with well-nourished larvae. Sig-
nificant differences in RNA:DNA ratios of head and
muscle of 19 DAH pre-flexion larvae fed and starved
were observed, with a similar increase in both tissues (a
factor of 3 in fed larvae). In post-flexion larvae subject
to 4-7 days of fast, although all tissues showed lower
mean values in fasted larvae, only significant differ-
ences between the same tissues were found for muscle
(Fig. 6). The percentage of decrease in RNA:DNA
index from fed to starved pre-flexion larvae was 70.5%
for head and 64% for muscle, while for post-flexion
stages it was 40% and 58%, respectively.

Based on the differences found in RNA:DNA
among tissues, for each of the four species and de-
velopmental stages studied we calculated a conver-
sion factor (c.f.) for body or whole body vs muscle
(B/M or WB/M). The conversion factor between
body and muscle RNA:DNA was ca. 0.6 in both
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F1G. 5. — Mean values and 95% confidence intervals of DNA and

RNA concentration (ug/mg DW) and RNA:DNA ratios in anterior

(Muscle 1) and posterior parts (Muscle2) of the tail for Sardina

pilchardus, Engraulis encrasicolus and Paralichthys orbignyanus.

Significant differences (p<0.001) between tail sections for each spe-
cies obtained after ¢ test indicated by *.

flexion and post-flexion Sardina pilchardus and
Engraulis encrasicolus and post-flexion Atherina
presbyter larvae. In Paralichthys orbignyanus the
B/M conversion factor increased from 0.65 in pre-
flexion to 0.75 in post-flexion larvae (Table 4). As
fluorescence readings of guts from pre-flexion lar-
vae were below the detection limit, the conversion
factor between whole body and muscle could only
be calculated in post-flexion larvae. The conversion
factor between whole body and muscle rendered
higher values than B/M, except in A. presbyter, for
which values were similar.

DISCUSSION

The most outstanding result of this work was
the fact that the RNA:DNA ratio in the head was
lower than in muscle. This was observed for the dif-
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FIG. 6. — Mean values and 95% confidence intervals of DNA and RNA concentration (ug/mg DW) and RNA:DNA ratios in head, muscle and

body tissues for pre-flexion and post-flexion larvae of Paralichthys orbignyanus from feeding treatments (fed and starved). Different letters

indicate significant differences (p<0.001) among tissues and feeding condition for every developmental stage after multifactorial ANOVA
followed by post-hoc Tukey’s (HSD) test.

TaBLE 4. — RNA:DNA conversion factor (c.f.) for body/muscle (B/M), or whole body/muscle (WB/M) for each of the four studied species.
Body = Head + Muscle; Whole body = Head + Muscle + Gut.

Early stages Post-flexion
c.f. BIM n c.f. BM n c.f. WB/M n
Sardina pilchardus 0.58 17 0.59 46 0.66 17
Engraulis encrasicolus 0.64 9 0.63 36 0.79 7
Atherina presbyter - - 0.60 10 0.57 8
Paralichthys orbignyanus 0.65 25 0.75 28 1.05 16
All species 0.62 51 0.64 120 0.77 48
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ferent species and for the different developmental
stages analysed. In spite of the balancing effect of
the combination of data from all species and all size
classes, this pattern was also significant, stressing
the consistency of these differences. Moreover, the
fact that RNA:DNA ratios of larvae collected in the
sea showed the same pattern as reared larvae also
confirmed this common behaviour.

The lower RNA:DNA ratio in the head than
in muscle could indicate that the head had lower
growth rates than muscle tissues. The lower growth
rate in the head has been related to a lower protein
synthesis, or to lower cytochrome oxidase activ-
ity (Goolish and Adelman, 1987; Houlihan and
Laurent, 1987). However, the similar RNA con-
centration in the head and in muscle observed in
the present study does not point to a lower protein
synthesis. The low RNA:DNA values found in the
head were actually due to the higher DNA concen-
trations, probably resulting from the presence of a
large number of small cells in this part of the body.
Opposite results were observed for the gut sec-
tion (the highest RNA:DNA values) which, based
on its higher RNA concentrations, seems to have
a higher potential to synthesise proteins than the
head and even than muscle. We do not believe that
the gut content was responsible for these higher
RNA concentrations, because the two species that
showed the highest RNA concentrations, Sardina
pilchardus and Engraulis encrasicolus, had an al-
most negligible amount of food in their guts, while
RNA concentrations in Atherina presbyter (which
had full guts) were not significantly different from
those in other tissues. Our results suggest that the
highest RNA:DNA values in gut may be related
to the presence of liver and pancreas, which are
attached to the gut and appeared together in the
analysed homogenate. In adult fish, in which the
liver and viscera can be dissected, higher RNA
concentrations in liver have been found than in
muscle (Bulow, 1971; Luquet, 1971), stomach and
intestine (Bulow, 1971). Generally, the liver is an
organ of high protein synthesis in well-nourished
fish (Houlihan er al., 1986) and it has been re-
ported that RNA:DNA ratios can rise more than in
white muscle during accelerated metabolic activity
(Bulow, 1987). Supporting this idea, Mukherjee
and Jana (2007) found in three adult fish species
that RNA:DNA values were higher in liver than
in muscle. Moreover, Luquet (1971), working with
adult trout, reported higher RNA:DNA in liver than
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in muscle and the lowest values for the head and
other tissues (fins, axial skeleton and skin). The
same pattern was observed by Fukuda (1993) while
studying differential tissue contents of glycogen in
Pacific herring (Clupea pallasi) larvae. Glycogen
concentration in head tissues was constant and low
during development, trunk concentration increased
but was intermediate, and the highest values were
found for the viscera. This fact was associated with
muscle development during hypertrophy and liver
energy storage to help avoid starvation.

The analysis of eyes and the cephalic region
without eyes performed in post-flexion Sardina
pilchardus and Atherina presbyter larvae did not
show significant differences in RNA:DNA. Thus,
the analysis of specimens with lost eyes is prob-
ably not a serious issue. We also found significant
differences in RNA:DNA ratios when analys-
ing different muscle tail sections in post-flexion
Sardina pilchardus and Engraulis encrasicolus
larvae. Supporting our findings, Bulow (1987)
reported in adult catfish Heteropneustes fossilis
higher DNA concentrations in the tail musculature
than the trunk region, and explained this fact as
being a consequence of the small size of tail mus-
cle cells. Therefore, according to these evidences,
RNA:DNA ratios obtained from subsamples of
larvae should be used with caution.

The lack of differences in RNA:DNA ratios be-
tween developmental stages for the head (in any of
the species) contrasts with the higher values observed
in post-flexion stages for muscle, which is mainly
due to the decreasing muscle DNA concentrations
and the similar RNA concentrations in this latter
stage. According to Malzahn et al. (2003) for larval
coregonid fish, the decreasing trend in DNA concen-
tration during development is due to a switch from
a higher proportion of hyperplasia in small fish to a
higher proportion of hypertrophy in larger fish. The
decline of DNA concentration during development
was also indicated by Buckley et al., (1999) and
Fonseca et al (2006). In addition, in agreement with
our results, Tanaka er al. (2007) found for bluefin
tuna larvae an increase in the total amount of DNA
and RNA as development advanced, but the stand-
ardised RNA and protein contents per weight unit
(mg/mg WW) showed steady concentrations during
development. In the same study, the DNA content
per unit weight began to decrease and maintained a
low level from 21 DAH. At this time, the protein—
DNA ratio showed a rapid increase associated with
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the rapid somatic growth in both length and weight,
suggesting cell enlargement (Tanaka et al., 2007).
Johnson and Hall (2004) also showed a decrease in
hyperplasia in muscle cells in larvae larger than 20
mm in clupeid species, such as herring.

Several studies have shown that starved individu-
als tend to have lower growth rates, higher mortality
rates, and lower RNA:DNA than fed controls (Dahl-
hoff, 2004). Changes in protein synthetic capacity ei-
ther measured directly or by means of an RNA:DNA
index respond to changes in food availability in the
order of days, illustrating the power of this technique
for assaying organisms in a rapidly changing natural
environment (McNamara et al., 1999). Neverthe-
less, the effect of selected tissue in detecting starved
organisms in the field has not yet been completely
clarified. In previous studies, Bulow (1971) found
for adult bluegills (Lepomis machrochirus) that
RNA:DNA ratios of liver are more sensitive to
changes in nutritional status than other tissues (i.e.
stomach, intestine, anterior and posterior trunk mus-
cle). In addition, Fukuda et al., 2001 working with
reared Paralichthys olivaceus juveniles also demon-
strated the existence of a relationship between liver
RNA:DNA values and food ration.

The starvation experiment with Paralichthys or-
bignyanus demonstrates that the early larval phases
are more susceptible to nutritional stress than post-
flexion larvae, probably due to the higher reserves
available in the latter pre-metamorphic stage. We
found that both head and muscle tissues exhibit lower
RNA:DNA ratios for the starving pre-flexion larvae,
while only muscle was significantly different for
the post-flexion larvae. Lower RNA:DNA ratios for
starved larvae were due to both a decrease in RNA
concentration and an increase in DNA concentration.
Bergeron (1997) indicated that this relative increase
in DNA concentration occurs because dry weight of
starved larvae decreases while DNA remains stable,
which seems to be the case also in our study.

The larger decrease in RNA concentration from
fed to starved larvae observed in pre-flexion com-
pared with post-flexion Paralichthys orbignyanus
could be related to a lower protein synthetic ca-
pacity caused by ribosomal degradation in these
pre-flexion larvae, as is reported to occur in early
stages of other species (Rosenlund et al., 1984;
Houlihan et al., 1986). Some studies indicate that
brain metabolic activity remains constant regard-
less of changes in environmental food quality or
quantity (Yang and Somero, 1993; Kawall et al.,

2002). Other studies indicate that, under unfavour-
able conditions, brain protein synthesis is unaf-
fected (Smith et al., 1996) or much less affected
than in white muscle (Lewis er al., 2007). It has
been reported that white muscle is the amino acid
and energy store for other tissues during starvation
periods (Love, 1970; Houlihan et al., 1986). The
present results for post-flexion larvae, in which dif-
ferences between starved and fed conditions were
detected in muscle, but not in the head, may be
explained because fasted larvae may obtain energy
by mobilising proteins from muscle, as suggested
previously in other starving fish larvae based on
histological or cell-cycle analysis (Catalan and
Olivar, 2002; Cataldn et al., 2007). This may al-
low some brain metabolic activity to be preserved
during starvation periods.

A decrease in activity due to low food availability
directly impacts on swimming performance, causing
adecline in the ability of an individual to escape from
predators or capture prey, and is therefore related to
survival. Conversely, brain metabolic activity, while
low, is conserved during starvation, presumably to
allow the individual to survive until conditions are
better for active movement and growth. Therefore,
muscle tissue seems to be better than head tissue
to reflect starvation. However, as previous major
calibration experiments described in the literature
to determine starvation and growth rates based on
RNA:DNA ratio responses of fish larvae analysed
the entire larvae, caution is needed when RNA:DNA
ratios obtained without using the entire larvae are
compared with these studies. For the species studied
we propose conversion factors to be applied to the
RNA:DNA ratio data in order to classify starving
larvae or to calculate growth rate when only differ-
ent body sections are analysed.
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