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Atlantic Bluefin Tuna Thunnus thynnus (ABFT) is considered one of the most important socio-economic
species but there is a lack of information on the physiological and molecular processes regulating its
growth and metabolism. In the present study, we focused on key molecules involved in growth process.
The aim of the present study was to associate molecular markers related to growth with canonical

procedures like morphological measurements such as curved fork length (CFL) and round weight
(RWT). The ABFT specimens (n = 41) were organized into three different groups A, B and C according
to their age. The molecular analysis of liver samples revealed that igf1, igf1r and mTOR genes, involved
in growth process, were differentially expressed in relation to the age of the fish.
In addition, during the analyzed period, faster growth was evident from 5 to 8 years of age, after that,

the growth rate decreased in terms of length yet increased in terms of adipose tissue storage, as
supported by the higher fat content in the liver.
These results are useful in expanding basic knowledge about the metabolic system of ABFT and provide

new knowledge for the aquaculture industry.
� 2018 Elsevier Inc. All rights reserved.
1. Introduction

The Atlantic bluefin tuna (Thunnus thynnus) is a fascinating
species with high commercial value around the world between
the large pelagic fish living in the Atlantic Ocean and Mediter-
ranean Sea. Most of our knowledge on the biology of Atlantic blue-
fin tuna (ABFT) started to emerge in the last decade, however, the
biological information available indicates that a substantial
amount of uncertainty still exists regarding their rate of growth
and information concerning the life cycle is also fragmented. From
the Food and Agriculture Organization (FAO) species catalogue it
emerged that, between several tuna species (Scombridae, Thunnini)
found worldwide, Atlantic Bluefin Tuna grows in a manner to be
the largest fish ever caught, with a record of an individual of
679 kg caught off Nova Scotia in 1979 (Kitagawa and Shingo,
2015). Therefore, given its relatively large body size, information
on the rapidity of ABFT growth requires deeper study. In general,
the main objective of age and growth studies in fish is to estimate
their mean size at each age class and determine their growth
parameters.

In order to provide information on growth differences during
the life of ABFT, different methods for aging analysis can be
applied, including length frequency analysis, tagging studies and
examination of body hard parts (vertebrae, spines and otoliths);
however, there are few studies on ABFT growth as a function of
length-weight or length-age relationships (Fromentin and
Powers, 2005; Mesa et al., 2005; Santamaria et al., 2009; Quelle
et al., 2016). Otoliths are one of the most widely used fish struc-
tures for conducting a broad range of studies, including age estima-
tion of teleosts. The otolith reading is based on the number of
marks, usually called annuli, which are formed each year through-
out the life of ABFT. Fisheries-based information on distribution
and biometric data of catch-at-size (CAS) and catch-at-age (CAA)
has been sufficiently accumulated in the past but scientific
researches on growth at a molecular level have been lacking due
to the absence of whole genome sequencing for ABFT.

The aim of the present study was to correlate biometric data
with the age estimated by otolith reading and with molecular
https://
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markers belonging to IGF signaling. In addition, lipid accumulation
in the liver was also analyzed. In this regard, a total of 41 speci-
mens of ABFT from the Mediterranean Sea were sampled during
the month of November when bluefin tuna were reproductively
inactive.

Based on otolith readings, we were able to generate three differ-
ent age groups (delineated as A, B and C), ranging from 5 to 13
years old, to study the length-weight relationship and the size at
age between groups, in order to generate bluefin tuna growth
curves.

In addition, we used the Atlantic bluefin tuna expressed
sequence tags (ESTs) available in public databases (e.g. SRA and
the NCBI EST) to develop sensitive RT-qPCR assays to monitor gene
expression in this species and uncover novel insights on IGF signal-
ing. This approach allowed us to gain novel information on life
cycle of ABFT in the Mediterranean Sea.

The insulin-like growth factor (IGF) system is an evolutionarily
conserved signalling pathway. Studies in several species suggest
that the IGF signalling plays a fundamental role in controlling ani-
mal development and growth.

The IGF-1 pathway is closely linked to Target of Rapamycin
(TOR) signaling and plays critical roles in the regulation of growth
factors, energy metabolism and lifespan. In response to the
stimulation of growth factors, IGF-1 induces the activation of
TOR signaling through the phosphoinositide 3-kinase (PI3K)/AKT
pathway, resulting in an increase in protein synthesis that in turn
promotes cellular mass growth. (De Paula et al., 2017; Palstra et al.,
2014; Zhang et al., 2014; Fuentes et al., 2013, 2012; Seiliez et al.,
2008).

Thus, the importance of the present study is to improve the
knowledges on ABFT growth following a molecular approach.

These results can improve knowledge of the biology of this fas-
cinating species that suffers from overfishing and thus today needs
more attention than ever for conservation and management
purposes.
Fig. 1. Example of ABFT otolith illuminated with transmitted light at 25�
magnification. A transverse section of sagitta showing the ventral ridge (longer
arm) and the dorsal ridge (shorter arm). Zone count = 10.
2. Methods

2.1. Sampling

A total of 41 Atlantic Bluefin tuna (Thunnus thynnus) samples
were obtained from capture-based tuna farming company, Fish &
Fish Co. Ltd, Malta. ABFTs were caught by Italian purse seiners dur-
ing the fishing season 2015 and sampled onboard of a Japanese
commercial vessel. The ABFTs were obtained from the same farm-
ing cage in order to guarantee the same nutritional conditions for
all the specimens sampled.

These fish, originally caught in the wild, were maintained in
cages under fattening conditions for 5 months and the sampling
activity was performed during November 2015. During the fatten-
ing period, ABFT were fed mainly with a mixed diet composed
principally of a variety of small pelagic species including: Atlantic
mackerel Scomber scombrus, Chub mackerel Scomber japonicus, and
Madeiran sardinella Sardinella maderensis. Feeding was carried out
daily to satiation and it was estimated being about 6–8% of the
ABFT biomass in the cage.

The sex of fish was also determined by visual examination of
the gonads after dissection. For each specimen, different tissue
samples were sampled as liver, gonads and pairs of otoliths.

Otolith sampling was performed following a specific procedure,
e.g. by first making a transverse cut in the upper part of the head
using a metal saw and then both otoliths were extracted from
the semicircular cavities of the inner ear situated at the base of
tuna brain.
Please cite this article in press as: Api, M., et al. Effects of age on growth in Atlan
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2.2. Age estimation using otoliths

2.2.1. Preparation and method overview
All samples were prepared as multiple transverse sections.

Sagittal otoliths were embedded in rows of five in blocks of Poly-
plex Clear Ortho Casting Resin ensuring that the primordium of
each otolith was in line. Each otolith was sectioned on the trans-
verse axis. Up to five sections, approximately 300 mm thick, were
cut through the otoliths centers with a modified high-speed
gem-cutting saw, with a 250 mm thick diamond impregnated
blade. Sections from each sample were cleaned, dried and mounted
on clear glass microscope slides (50 � 76 mm). The sections were
covered with further resin and glass coverslips were placed over
the top.

2.2.2. Age reading procedure
Otolith sections were read using a research grade Leica micro-

scope (M125) at 25� magnification. Each section of the otolith
was inspected and the section with the clearest zone pattern was
chosen for aging. The age of each sample was determined by count-
ing the number of assumed annual opaque zones along a count
path from the primordium to the otolith edge on the dorsal or ven-
tral side of the otolith to the sulcus. The same individual read all
prepared otoliths twice and then a final ‘‘agreed” zone count was
produced. To avoid the potential for biasing age estimates, all
counts were made without knowledge of fish size.

2.2.3. Data acquisition
A customized version of the image analysis system IC Capture�

was used to count and measure manually marked zones on the
otoliths and collects an image from each sampled aged.

A CCD digital camera mounted onto the dissecting microscope
(Leica MZ80) was used to display the live image on the monitor.
Using the image analysis system, the starting point (first apex),
the end point of each opaque zone and the otolith edge was
marked with a screen cursor along the preferred measurement
path. For tuna species, this is along the ventral arm. The numbers
of zones marked and the measurements from the primordium to
each subsequent mark along the transverse section was automati-
cally exported to a Microsoft database. The otolith image was auto-
matically captured. In addition, the sample was assigned a
readability score which rates the otoliths on a scale of 1–5 and
the marginal edge type was recorded. The edge type is an indicator
of the likelihood of zone formation in the next period of deposition.
An edge type 1 indicates that an opaque zone is likely to form soon;
an edge type 2 indicates that the reader thought that the opaque
zone had recently formed and edge type 3 indicates the zone is
forming on the edge (Fig. 1).
tic bluefin tuna (Thunnus thynnus). Gen. Comp. Endocrinol. (2018), https://



Table 1
List of primers used to amplify selected genes through q-PCRs.

Gene Forward 50-30 Reverse 50-30

igf-1 GCACCTGCCAAGACTAGCAA TCCGCTTTTTGTCCCGCT
igf-1r GGAGGACTCCTGGACAAACC AGGGAGGATCCAGTTCATCG
mTOR GTGCAAGGAATGCAACAGCA ACTGCAGAACCTTGGGGATG
actb TATCCTGACCCTGAAGTA CATTGTAGAAGGTGTTGATG
ef1a ATGGTCGTCACCTTTGCTCC CCACGTATCCACGACGGATT
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2.3. Morphometrical analysis

Curved fork length (CFL – a line along the contour of the body
from the tip of the upper jaw to the fork of caudal fin; cm) and total
round body weight (RWT, kg) were measured for all tuna sampled.

Following the harvesting step, for each specimens the CFL was
obtained with measuring tape to the nearest centimeter and body
weight with electronic balance.

2.4. Sequence analysis and expression of target genes

2.4.1. Thunnus thynnus cDNA sequences
Sequence similarity searching was carried out using the Basic

Local Alignment Search Tool (BLAST) software (Liebert et al.,
2000; Camacho et al., 2009). BLAST Software and Databases were
downloaded from https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_
TYPE=BlastDocs&DOC_TYPE=Download.

We searched public databases (e.g. SRA and the NCBI EST) for
Atlantic Bluefin Tuna (Thunnus thynnus) sequences. One study
based on pyrosequencing of a mixed-tissue normalized cDNA
library provided 976,904 raw sequence reads which were used to
generate 33,105 unique transcripts with a mean length of 893
bases and an N50 of 870 (Trumbi et al., 2015). A second study used
an expressed sequencing tag (EST) strategy to sequence several
thousand ovary, testis and liver derived cDNAs (Chini et al.,
2008). ABFT FASTQ files of interest were converted to FASTA files
with seqtk and a searchable database using these FASTA files was
created (via makeblastdb). We queried this database via blastn
nucleotide searches using query sequences of interest from related
fish species including Dicentrarchus labrax, Sparus aurata and Danio
rerio. The output setting was set to zero to highlight the alignments
of the various ABQT sequence hits and present the alignment
regions. The sequences were used to guide RT-qPCR primer design
as outlined below.

2.4.2. RNA extraction and cDNA synthesis
Liver tissues were collected from each fish and stored with

RNAlaterTM solution (Invitrogen by Thermo Fisher Scientific) until
used for RNA extraction.

Total RNA was extracted using RNAzol solution (Sigma-Aldrich)
according to the manufacturer’s instructions and then eluted with
RNAse-free water. Final RNA concentrations were determined
using a Nanophotometer TM PClass (Implem GmbH, Münich, Ger-
many) while integrity was verified by GelRed staining of 28S and
18S ribosomal RNA bands on 1% agarose gel.

RNA was stored at �80 �C until use. A total amount of 5 mg of
RNA was used for cDNA synthesis with iSscript cDNA Synthesis
Kit (Bio-Rad, Milano, Italy) and kept at �20 �C until use.

2.4.3. RTqPCR assays
For determining expression of the target genes in liver, males

and females fish for each experimental groups were sampled.
RT-qPCRs were performed for target genes with SYBR green

method in an iQ5 iCycler thermal cycler (Bio-Rad) in triplicate as
previously described by Maradonna et al. (Maradonna et al.,
2013, 2014). The reactions were set up on a 96-well plate by mix-
ing, for each sample, 1 ll of diluted cDNA (1/10), 5 ll of 2� concen-
trated iQTM SYBR Green Supermix (Bio-Rad), containing SYBR Green
as a fluorescent intercalating agent, 0.3 lM of the forward primer
and 0.3 lM of the reverse primer. The thermal profile for all reac-
tions was 3 min at 95 �C followed by 45 cycles of 20 sec at 95 �C, 20
sec at 60 �C and 20 sec at 72 �C. Fluorescence was monitored at the
end of each cycle. Dissociation curve analysis showed a single peak
in all cases. b-actin (actb) and elongation factor1a (ef1a) were used
as the reference genes to standardize the results by eliminating
variation in mRNA and cDNA quantity and quality. Data were ana-
Please cite this article in press as: Api, M., et al. Effects of age on growth in Atlan
doi.org/10.1016/j.ygcen.2018.01.010
lyzed using Bio-Rad’s iQ5 optical system software, version 2.0.
Alterations in gene expression were reported with respect to the
control sample. Primer sequences for igf1, igf1r and mTOR were
designed using Primer3 (210 v. 0.4.0) according to manufacturer’s
guidelines and purchased from SIGMA-ALDRICH. We validated the
use of bluefin tuna actb and ef1a genes for normalization between
different body tissues and then we applied both reference genes in
this study. The species-specific primers sequences for igf-1, igf1-r,
mTOR, actb and ef1a are reported in Table 1.

2.4.4. Statistical analysis
Results related to mRNA expression obtained by RT q-PCR anal-

ysis were analyzed with GraphPad Prism 6 software (GraphPad
Software, Inc., San Diego, CA, U.S.A.) and processed with a two-
way ANOVA followed by Tukey’s multiple comparisons test. All
statistical data are shown as the mean ± SEM. Differences were
considered statistically significant at P < 0.05.

2.5. Histology and lipid content in tuna liver

Liver samples were collected and fixed in Bouin and stored
overnight at 4 �C. Samples were then washed in PBS 0.1 M and
dehydrated by subsequent washing in a graded series of alcohol
concentrations (Et-OH 80% for 1 h, Et-OH 95% for 1 h, first wash
Et-OH 100% for 30 min, second wash Et-OH 100% for 30 min).
The dehydration was followed by a clearing agent (Xilene) wash
and embedded in liquid paraffin (Bio-Optica, Italy).

From each sample, slides of 5 mm sections was obtained using
microtome and stained with Mayer’s hematoxylin and eosin Y
(Sigma-Aldrich). Sections were examined using a Zeiss Axioskop
optical microscope connected with a camera Canon EOS 6D.

Hepatocytes vacuolization was measured to estimate lipid con-
tent in the liver, for each sample (n = 5/experimental group), 5
microphotographs were obtained at �100 magnification from dif-
ferent areas of the liver as previously described (Forner-Piquer
et al., 2017; Papadakis et al., 2013). Images were analyzed using
ImageJ Software ver. 1.49 to estimate the lipid vacuoles (ACLV %)
in each microphotograph that were used to cover different areas
of the liver in each specimen.
3. Results

3.1. Age estimation and age-group formation

Otolith age readings were performed to estimate the age of
ABFT.

Transverse sections contained translucent and opaque zones,
which appeared as alternating clear and dark zones, were analysed
from otoliths. Translucent zones are formed annually during the
life of ABFT, so the counting criteria provide a reliable method of
estimating age from otoliths. Zones were counted on the dorsal
side and increments of age were measured at the end of each opa-
que zone.

Age estimates were made from tuna fish ranged 149–270 cm
CFL. Among our samples, the oldest fish were estimated to be 13
tic bluefin tuna (Thunnus thynnus). Gen. Comp. Endocrinol. (2018), https://



4 M. Api et al. / General and Comparative Endocrinology xxx (2018) xxx–xxx
years old and the youngest were 5 years old. Based on the otolith
reading procedure, three different tuna age groups (A, B and C)
were formed: Group A (included fish from ages 5 to 7 years);
Group B (fish from the ages 8 to 10 years); and Group C (fish from
the ages 11 to 13 years).

3.2. Growth analysis

Morphometric data such as total round weight (RWT, kg) and
length (CFL, cm) were provided for each group (Group A, B and
C) in order to evaluate the growth rate. The length-weight relation-
ship was determined for each group as shown in Fig. 1. In Group A
curved fork lengths (CFL) ranged from 149 cm to 228 cm while
body weights (RWT) ranged from 54 to 195 kg; in Group B curved
fork lengths (CFL) ranged from 222 cm to 252 cm while body
weights (RWT) ranged from 216 to 268 kg; in Group C curved fork
lengths (CFL) ranged from 244 cm to 270 cm while body weights
(RWT) ranged from 305 to 408 kg.

As shown in Fig. 2a, Group A presented a high-growth respect to
Group B and C in terms of length (CFL).

Male specimens tended to be at the top of the chart revealing a
higher size (weight and length) with respect to females from the
same group (Fig. 2b).

Evidence of sexual dimorphism in length-at-age and weight-at-
age in female and male of ABFT is provided in Fig. 2c–f. Considering
the data set analyzed in this study, female specimens ranged from
149 to 255 cm CFL, with a CFL mean of 216,44 S.D. ± 32.7; while
males specimens ranged from 158 to 269 cm with a mean CFL of
240, 47S.D. ± 30 (Fig. 2c and d). The weight-frequency data showed
that female size, ranged from 54 to 323 kg, were smaller (196,83; S.
D. ± 86.42) than male (279,76; S.D. ± 79.29) ranging from 93 to
379 kg (Fig. 2e and f).

Growth is faster from 5 to 8 years of age with a peak at about 8
years. After this age, ABFT grows more slowly in length throughout
all the period analyzed (Fig. 3).

Mean length for females from Group A was 163,00 cm (S.D. ±
14.17), Group B was 220,14 cm (S.D. ± 6.34) and Group C was
243,29 cm (S.D. ± 11.34). Mean of the length-at-age for males from
Fig. 2. Growth curves. Relationship between length (CFL) and weight in male and female
198; R2 = 0.9011), Group B curved fork lengths (CFL) ranging from 222 cm to 252 cm (y =
cm to 270 cm (y = 3.5284x � 571.1; R2 = 0.805). Comparison between weight and CFL (b)
female (c). Comparison between length-at-age in male (d). Comparison between weight
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group A was 185,67 cm (S.D. ± 32.87), group B was 246,20 cm (S.D.
± 8.79) and group C 255,56 cm (S.D. ± 9.34).
3.3. Molecular analysis of genes related to IGF system

The expression of mRNA coding for igf1 showed a similar pat-
terns in both male and female, although males seemed to have
slightly higher expression but without a sex-specific statistical dif-
ference. Both males and females exhibited a significant increase in
Group B (p < 0,0001), which remained high in Group C (Fig. 4a).

Similarly, the gene expression of igf1r revealed the same trend
between males and females demonstrating a significant increase
in group B (p = 0,0002), and remaining high in Group C (Fig. 4b).
3.4. Expression of mTOR gene

With regard to mTOR gene expression, males showed a signifi-
cant increase in the three different groups (p < 0.0001) while
females had an increase in gene expression between groups A
and B, but not Group C where mRNA levels remained similar to
that found in Group B (Fig. 4c).
3.5. Histology and lipid content analysis in the liver

In order to investigate the accumulation of lipids in liver, we
analysed histological sections from male and female liver of all
individuals and quantified the area occupied by vacuoles (Fig. 5).

As evidenced by Fig. 5b, both males and females from group A
showed a significantly lower lipid percentage compared to groups
B and C. In fact, liver tissues from individuals from group A exhib-
ited a lipid percentage in males and females of 25% and 20.83%
respectively. This percentage reached an average of 36.13% and
36.38% in males and females from group B and 40.90% and
37.10% respectively in males and females from group C.
(a) Group A curved fork lengths (CFL) ranging from 149 cm to 228 cm (y = 1.726x �
2.7954x � 409.37; R2 = 0.7443), Group C curved fork lengths (CFL) ranging from 244
male were represented by N and female as d. Comparison between length-at-age in
-at-age in female (e). Comparison between weight-at-age in male (f).

tic bluefin tuna (Thunnus thynnus). Gen. Comp. Endocrinol. (2018), https://



Fig. 3. Growth curves rate: (left) relationship between age estimated from otolith bands and CFL of all specimens; (right) comparison between female (grey) and male (black)
growth.

Fig. 4. Gene expression quantification in the liver of male and female from group A, group B and group C of: igf1 (a), igf1-r (b) and mtor (c). Error bars indicate mean ± S.D.
Letters symbolize the statistical difference within the same experimental group and among the three groups. Confidence interval set at 95% (p < .05).

Fig. 5. Histological sections of male and female liver from the three groups (a) Scale bar 100 mM. Lipid content in male and female liver (b) Percentage of area covered with
lipid vacuoles (ACLV %) in male and female Thunnus thynnus liver. Letters symbolize the statistical difference within the same experimental group and among the three
groups. Confidence interval set at 95% (p < .05).
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4. Discussion

Generally, fish are indeterminate growers and they continues to
grow throughout all their life. The majority of this growth is
invested in accretion of muscle tissue leading to an increase of size.
The growth rate depends not only on reproductive status but also
on aging. Specifically, the growth is regulated by Insulin-like
Please cite this article in press as: Api, M., et al. Effects of age on growth in Atlan
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growth factor I produced in the liver that controls the hypertrophy
and hyperplasia of muscle cell (Mommsen, 2001). In addition, as
they age, growing fish invest increasing amounts into reproduction
and less in growth (Carnevali et al., 2005). In different fish species,
such as in rainbow trout, growth is unlikely to be linear; different
phases of growth can be distinguished, with an alternation of
stages of growth in length with phases of growth in mass
tic bluefin tuna (Thunnus thynnus). Gen. Comp. Endocrinol. (2018), https://
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(Mommsen, 2001). Little information is available regarding the
growth process in long-lived species, for this reason we focused
on one of the most long-lived species the ABFT.

Despite the historical and socio-economic importance of ABFT, a
comprehensive understanding of its biology remains to be fully
elucidated. Regarding the growth rate of this species, captive rear-
ing let us measure length and weight for all specimens analyzed.
However, we need to take into consideration the fact that captive
rearing conditions may differ from wild conditions (e.g. food sup-
ply, swimming range, stress, etc.), which might produce different
growth rates to those from wild populations even in the limited
period of captivity.

Individual length-at-age for ABFT is also due to individual vari-
ations in growth rate and it is often difficult to estimate the growth
rate for the full life span of long-lived species such as tuna.

The otolith readings permitted us to create age-length and age-
weight curves and obtain three Groups A, B and C, according to age
class. Our data showed that ABFT growth was higher during the
first 8 years of life after which the growth rate decreased in fish
with greater size supporting that the rate of growth is not linear
during ABFT life.

Regrettably, some of the age classes were not represented
(tuna-age less than 5 years and greater than 13 years), since these
individuals are less abundant in the fishery but in general, the age-
length key is very representative of the length distribution of fish
caught by the traps. For each individual, curved fork length (CFL)
and wet weight were measured and a growth curve achieved.

Although the differences between male and female were not
statistically significant, the larger sizes found in males were con-
cordant with the molecular analysis. The insulin-like growth factor
(IGF) system is the key promoter of growth in vertebrates (Glass,
2003; Wood et al., 2005; Velloso, 2008). IGFs in fish stimulate mus-
cle growth, myogenic cell proliferation, differentiation, and protein
synthesis through the MAPK/ERK and PI3K/AKT/TOR signaling
pathways contributing to somatic growth, anabolic effects and
accretion (Fuentes et al., 2011).

The IGF system plays a key role in controlling growth not only
in early life, but also in adult individuals with different rate, by reg-
ulating the development and differentiation of muscle cells
(Clemmons, 2009).

In this study, molecular analysis of genes belonging to IGF sys-
tem revealed that genes involved in growth including igf1, igf1r and
mTOR were differentially expressed in relation to ABFT age. In
order to better understand the role of age in growth, differences
in IGF system were studied in ABFT at different ages.

The igf1 gene expression in males and females liver, tended to
increase significantly from group A to group B according to size,
while group C showed no difference in gene expression in compar-
ison with group B, in spite of their greater size. The trend of igf1r
gene expression agreed with that of igf1, the correlation between
these two genes and the slight differences in expression between
male and female in relation to growth was found as previously
noted also in Fathead minnow by Filby & Tyler’s (Filby and Tyler,
2007). A gender differential growth rate may be due to a variance
in reproductive energy cost, i.e., much more energy is used for
reproduction in females than males (Schaefer, 1983) leading to a
slower growth rate in females after sexual maturity.

Focusing on mTOR, the encoded protein is considered to be one
of the main regulators of muscle growth and metabolism, acting by
integrating different inputs such as growth factors (e.g. igf1), nutri-
ents (e.g. amino acids) and energy status (e.g. AMP:ATP ratio)
(Loewith and Hall, 2011; Fuentes et al., 2013). In the present study
mTOR increase in relation with age in male and in female till they
reach about 10 years old. This close linkage with growth factors,
such as insulin or igf1, reflects mTOR gene expression; in addition,
mTOR plays an important role in lipid metabolism and its expres-
Please cite this article in press as: Api, M., et al. Effects of age on growth in Atlan
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sion increases during adipogenesis (Kim and Chen, 2004) suggest-
ing its involvement in lipid accumulation as defined by the higher
lipid contents in the liver of older groups. These data suggest that
females have a slower growth rate than males; however, given the
fact that the number of samples for each age group is limited, it
cannot be excluded that the smaller female fish represent the
lower part of the natural size variation within their age classes.
Several studies found sexual dimorphism in growth for other tuna
species, such as southern bluefin tuna Thunnus maccoyii (Gunn
et al., 2008) and Pacific bluefin tuna Thunnus orientalis (Shimose
et al., 2009) or differential growth parameters for bigeye tuna
Thunnus obesus (Farley et al., 2006) and albacore tuna Thunnus ala-
lunga (Chen et al., 2012).

Another aspect of tuna energy metabolism concerns the link
between metabolic rate and growth.

The liver is an essential metabolic organ and its activity is
tightly controlled by insulin and other metabolic hormones. The
metabolic processes such as maintenance, growth and reproduc-
tion requires energy to be used or mobilized from the reserve.
The rate at which this happens is determined by the utilization
or mobilization of energy. Based on previous studies, fish store
lipids in liver and muscle as energy reserve and lipid in liver range
from 20 up to 67% wet weight in some species (Bergan-Roller and
Sheridan, 2017). Specifically, in the hepatocytes, fatty acids are
incorporated in phospholipids, triacylglycerol, cholesterol and
these complex lipids are stored in lipid droplets. The histological
analyses were conducted at the hepatic level to evaluate the vari-
ation in the percentage of lipid droplets accumulated in the liver
according to the age of all specimens here studied. There was a
gradual increase in liver lipid concentration among groups, with
significant increases only between groups A and both groups B
and C. No gender differences were uncovered. This progressive
increase suggested the onset of hepatic steatosis since fish after
they reach 8 years old (group B) use their metabolic energies
mainly for adding fat and not only for growth in length.

This study highlights findings on time-dependent regulation in
the IGF system gene expression in the liver during T. thynnus life
and application of this basic insight may directly benefit the aqua-
culture industry; however, additional studies are necessary to
improve knowledge on tuna fish growth.

One of the objectives of aquaculture facilities is to increase the
fat content of tuna in order to satisfy mainly the eastern market
(e.g. Japan). This goal can be achieved by focusing on food quality
and quantity, reducing the stress of farming and harvest proce-
dures, delaying the onset of rigor mortis as well as estimating
growth increase from capture to the end of fattening. Addition-
ally, we suggest that differences in the IGF system associated
with ABFT age can be one of the factors that needs to be taken
into consideration for improving farming strategies since this sig-
naling promotes somatic growth and then the increase of animal
size.

In aquaculture, the choice to breed juvenile tuna would result in
a strong increase in size achievable in a short amount of time,
while the breeding of older tuna could lead to an increase in the
quality of the meat by the lipid storage.
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