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Abstract: Changes in nutritional constituents and enzyme activities were clarified in yellowfin
tuna (YFT, Thunnus albacares) eggs during embryonic development, from eggs immediately after
fertilization to hatching. The protein levels in the eggs gradually increased with development until
the completion of hatching. In contrast, the triglyceride (TG) and free amino acid (FAA) levels in the
eggs gradually declined with embryonic development until hatching was complete, although the
energy composition of the FAAs was lower than that of the TGs throughout embryonic development.
These results indicate that endogenous TGs are preferentially expended as an energy source during
embryonic development. Overall, changes in the activities of aspartate aminotransferase, alanine
aminotransferase, creatine kinase, and alkaline phosphatase showed similar patterns throughout
development. First, the enzyme levels diminished; then, they remained at constant, low levels just
before hatching, when they rapidly increased. This rapid increase was consistent with the protein
content, suggesting that organ differentiation and functionalization were promoted during this period.
These results will contribute to the establishment of mass-seeding production of YFT.
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1. Introduction

Yellowfin tuna (YFT, Thunnus albacares) is one of the most-caught fish and is a com-
mercially important species in Central and South American countries, including Panama,
Mexico, Ecuador, and Venezuela [1]. The global demand for tuna species has increased
with the growing popularity of raw tuna products, such as sashimi and sushi. Recently,
concerns have arisen that overfishing may destroy tuna populations. In the eastern Pacific,
the tuna catch increased from about 0.1 million tons in 1960 to over 0.4 million tons in
2003; since 2003, the catch has declined [2]. Thus, research on sustainable fisheries and the
management of YFT stock is needed.

Various studies have reported on the captive propagation of YFT [3-5], the food selec-
tivity of larvae [6,7] age validation and growth and survival [8,9], the enzyme activities and
amino acid composition of early juveniles [10], and the optimum water-quality parameters
for larval growth [11]. However, high mortality at the larval and early juvenile stages
was shown by Lang et al. [12] and Kaji et al. [13,14] for both YFT and Pacific bluefin tuna
(PBT, Thunnus orientalis) [15,16]. Therefore, it is important to clarify the cause of death by
elucidating the early life history of YFT.
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It is necessary to explore related aspects that can lead to the technical development of
the mass production of yellowfin tuna seedlings. If we can obtain information on which
nutrients have been utilized during the embryonic developmental stages, it may provide
the opportunity to improve egg quality by enriching these nutrients in the eggs through
broodstock diet manipulation.

Generally, cells rapidly divide during the ovum cleavage stage. From the gastrula
stage, cells begin to differentiate and form organ placodes. In the prehatching stage, muscle
function and enzyme synthesis are promoted. After hatching, the larvae rapidly develop
the head skeleton and the gastrointestinal tract. A large amount of energy is required for
these morphological alterations. Nutrient constituents and their usage processes differ
among fish species [17]. Hence, the question arises: What nutritional component(s) do
YFT eggs and newly hatched larvae use as a source of endogenous energy? To answer this
question, the present study was conducted.

In this study, we examined the changes in nutritional constituents and enzyme activi-
ties of YFT eggs during embryonic development, from eggs immediately after fertilization
to hatching.

2. Materials and Methods
2.1. Eggs and Larvae

The fertilized eggs of YFT were collected in June 2012 from naturally spawning,
wild-caught broodstock maintained at the Inter-American Tropical Tuna Commission’s
(IATTC) Achotines Laboratory in Los Santos Province, Republic of Panama. The broodstock
management systems followed for the YFT were as previously described by Wexler et al. [5].
The eggs were collected immediately after spawning with a 100 pm mesh net into a 1
m? collection basket and incubated with gentle aeration in three 0.3 m? tanks. The eggs
were sampled at the following developmental stages as described by Guillen et al. [18]:
cells (2C), late cleavage (LC), early gastrula (EG), appearance of embryonic shield (E),
appearance of Kupffer’s vesicle (K), beginning of heart beat (H), just before hatching
(BH), 50% hatching (50H), and newly hatched larvae after completion of hatching (HC), to
determine the chemical constituents and enzyme activities at each stage. Figure 1 shows the
morphological alterations with the development of yellowfin tuna eggs and yolk sac larvae.
The eggs used in this study were collected from one female fish that spawned in a single day.
At each stage, 150200 eggs and larvae were collected and weighed, and the average weight
per individual was calculated. All the eggs and larvae used in this study were analyzed,
including the chorion of the embryos. At the 50% hatching point, both unhatched and
hatched embryos were analyzed. Water-quality parameters, including dissolved oxygen
saturation (98-106%), temperature (29.1-29.5 °C), and salinity (29-30 ppt), were measured
at each embryonic stage.
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Figure 1. The morphological alterations with the development of yellowfin tuna eggs and yolk sac larvae.
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2.2. Assays of Nutritional Constituents

The moisture and total nitrogen (TN) content of the eggs and larvae were determined
using the ambient-pressure-drying and Kjeldahl methods, respectively [19]. The protein
content was determined using a modified Lowry Protein Assay Kit (Thermo Scientific,
Rockford, IL, USA). Free amino acid (FAA) levels were quantified using the ninhydrin
method [20] with L-leucine as a standard. The ammonia content of the eggs and larvae
was measured using a commercial kit (Ammonia Test Wako, Wako Pure Chemicals, Osaka,
Japan) after extraction with 6% trichloroacetic acid. Triglyceride (TG), phospholipid (PL),
and free glucose contents were measured using commercial kits (Triglyceride G-Test Wako,
Phospholipid C-Test Wako, and Glucose CII-Test Wako; Wako Pure Chemicals). Glycogen
was precipitated by the addition of ethanol into a homogenized solution of the eggs and
larvae with 30% KOH [21]. The glycogen content was quantified using the anthrone-
sulfuric acid method [22].

2.3. Gross Energy Content

The gross energy of the eggs and larvae was calculated using the International Biologi-
cal Program conversion factors [23]. The conversion factors for proteins (protein + FAA),
fats (TG + PL), and carbohydrates (free glucose + glycogen) were 23.0,39.8, and 17.2 J/mg,
respectively. The molecular weight of FAAs was tentatively defined as 129.3, as previously
reported [24].

2.4. Enzyme Activity Assays

The enzyme solution was prepared as follows: the eggs and larvae (0.1 g) were homog-
enized with RIPA buffer (Nacalai Tesque, Kyoto, Japan) in a microtube. The homogenate
was centrifuged at 10,000 g for 10 min at 4 °C after incubation on ice for 30 min, and
the supernatant was used for the enzyme assays. Aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) activities were determined using commercial kits (Transam-
inase C II-test Wako; Wako Pure Chemicals). Alkaline phosphatase (ALP) activity was
colorimetrically assayed using disodium p-nitrophenyl phosphate as a substrate [25]. Crea-
tine kinase (CK) activity was determined using a commercial kit (EnzyChrom™ Creatine
Kinase Assay Kit, BioAssay Systems, Hayward, CA, USA). One unit was defined as the
activity that hydrolyzed 1 umol of substrate per minute at 37 °C.

2.5. Statistical Analysis

All experiments were performed using 0.1-1.0 g eggs or larvae. After weighing, the
number of eggs or larvae was counted to calculate the measurements per egg or larva.
Three replicates of each egg and larval assay were conducted for each growth stage. The
data are presented as means =+ standard deviation (SD). All the data were analyzed using
Excel Toukei 2006 (SSRI, Tokyo, Japan). A one-way analysis of variance, followed by a post
hoc Bonferroni correction, was used to examine the differences between the different stages.
Statistical significance was set at p < 0.05.

3. Results
3.1. Changes in Dry Egg and Larval Weights with Embryonic Development of YFT Eggs
and Larvae

Figure 2 shows the time elapsed at each embryonic stage, 2C, LC, EG, E, K, H, BH,
50H, and HC (0, 1.1, 3.6, 5.3, 7.3, 12.1, 16.3, 18.3, and 20.1 h, respectively); and changes in
the dry egg and larval weights were recorded over the course of embryonic development.
A hatching rate of >93% was observed. As development progressed, the dry weight per
egg and larva gradually decreased.
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Figure 2. Changes in the dry weight of eggs and larvae of yellowfin tuna. Values are presented as means
=+ SD. Letters next to values denote significant differences (p < 0.05). Abbreviations of developmental
stages: 2C = 2 cells; LC = late cleavage; EG = early gastrula; E = appearance of embryonic shield;
K = appearance of Kupffer’s vesicle; H = beginning of heart beat; BH = just before hatching; 50H = 50%
hatching; and HC = hatching complete. The time elapsed at each embryonic stage, 2C, LC, EG, E, K, H,
BH, 50H, and HC, is 0, 1.1, 3.6, 5.3, 7.3, 12.1, 16.3, 18.3, and 20.1 h, respectively.

3.2. Changes in Nutritional Constituents with the Development of Yellowfin Tuna Eggs and Larvae

To clarify the nutritional condition of the eggs and larvae during embryonic devel-
opment, we measured protein, TN, FAA, ammonia, TG, PL, free glucose, and glycogen
levels at each developmental stage. No significant changes were detected in TN throughout
development (Figure 3a), although the protein content gradually increased with embry-
onic development (Figure 3a). FAA levels in the eggs and larvae gradually declined with
embryonic development (Figure 3b), suggesting that FAAs, at least in part, were used as a
material for protein synthesis. The TG content also significantly decreased as development
progressed (Figure 3c). Ammonia (Figure 3b), free glucose (Figure 3d), and glycogen
(Figure 3d) contents were maintained at very low levels throughout the developmental
progression. The amounts of ammonia at the 2C, LC, EG, E, K, H, BH, 50H, and HC stages
were 0.003 + 0.002, 0.005 + 0.003, 0.006 + 0.003, 0.007 +£ 0.001, 0.007 + 0.001, 0.013 + 0.005,
0.013 £ 0.003, 0.009 £ 0.001, and 0.010 £ 0.001 nmol/egg and larva, respectively. The
free glucose levels in the eggs rapidly declined until the EG stage; then, the levels rapidly
increased after the BH stage. The reverse tendency was observed in the glycogen levels;
glycogen content rapidly decreased after hatching, followed by a gradual increase until the
K stage.

3.3. Changes in Gross Energy Content and Energy Composition with the Development of Yellowfin
Tuna Eggs and Larvae

Figure 4 shows changes in the gross energy content and energy composition with
the development of the YFT eggs and larvae. The gross energy content diminished with
development; the value at the 2C and HC stages were approximately 0.46 J/egg and
0.29 J/larva, respectively, indicating that 37% of gross energy was consumed during
development. The energy content of the TGs and FAAs showed a similar pattern to the
gross energy content; however, the energy content of the FAAs was lower than that of
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the TGs. In contrast, the energy content of the proteins gradually increased until the HC
stage. The energy contents of the FAAs, PLs, free glucose, and glycogen were markedly
low throughout development.
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Figure 3. Changes in (a) protein and total nitrogen, (b) free amino acid and ammonia, (c) triglyceride
and phospholipid, (d) free glucose and glycogen with the development of yellowfin tuna eggs and
larvae. Values are presented as means + SD. Letters next to values denote significant differences
(p < 0.05). Abbreviations are the same as those in Figure 2.
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Figure 4. Changes in gross energy contents and energy composition (protein, free amino acid,
triglyceride, phospholipid, free glucose, and glycogen) with the development of yellowfin tuna eggs
and larvae. Values were calculated using the International Biological Program conversion factors
and are presented as means + SD. Letters next to values denote significant differences (p < 0.05).
Abbreviations are the same as those in Figure 2.
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Enzyme activities (X 103 units/egg and larva)

3.4. Changes in AST, ALT, ALP, and CK Activities with the Development of Yellowfin Tuna Eggs
and Yolk Sac Larvae

The results of AST and ALT activities throughout development in the YFT eggs
are shown in Figure 5a,b. AST activities declined from 0.2 x 1073 units/egg at the 2C
stage to 0.0 x 1073 units/egg at the H stage. ALT activity decreased from the 2C stage
(0.006 x 1073 units/egg) to the LC stage (0.002 x 1073 units/egg). Thereafter, the activities
maintained constant levels (approximately 0.003 x 103 units/egg) from the LC stage
to the H stage. Figure 5c,d illustrate ALP and CK activities according to the stage of
embryonic development in YFT. The reduced pattern of ALP activity with development
resembles that of AST activity; ALP activity declined from 0.95 x 102 units/egg at the
2C stage to 0.14 x 1073 units/egg at the H stage. The decreasing pattern of CK activity
was similar to that of ALT activity, where a decrease was observed from the 2C stage
(3.3 x 1072 units/egg) to the LC stage (2.1 x 102 units/egg). Thereafter, the activities
remained constant (approximately 1.8 x 1073 units/egg) from the LC stage to the H
stage. All enzyme activities rapidly increased from the BH stage to the HC stage: AST,
from 0.03 to 0.35; ALT, from 0.003 to 0.010; ALP, from 0.15 to 0.40; and CK, from 2.1 to
4.7 x 1073 units/egg and larva.
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Figure 5. Changes in (a) aspartate aminotransferase (AST), (b) alanine aminotransferase (ALT),
(c) alkaline phosphatase (ALP), and (d) creatine kinase (CK) activities with the development of
yellowfin tuna eggs and yolk sac larvae. Values are presented as means & SD. Letters next to values
denote significant differences (p < 0.05). Abbreviations are the same as those in Figure 2.

4. Discussion

In this study, the changes in nutritional constituents were clarified in YFT eggs and
newly hatched larvae during embryonic development. As development progressed, the
dry weight per egg and larva gradually decreased; the average dry weight from the 2C
stage to the HC stage was approximately 42 ug. Similar dry weights have been reported in
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previous studies of YFT eggs [26]. The decrease in the dry weights of eggs is thought to
be due to the utilization of the nutrients in the eggs for tissue development. The protein
content gradually increased, although FAA levels in eggs and larvae gradually declined
with morphological changes. These results suggest that FAAs, at least in part, are used as a
material for protein synthesis.

The energy contents of the TGs and FAAs showed a pattern of temporal changes
similar to the gross energy content; however, the energy content of the FAAs was lower
than that of the TGs. Although TGs and FAAs are energy resources, TGs are more important
because of their higher energy content. We hypothesized that increased (3-oxidation and
tricarboxylic acid cycle activities occurred in the mitochondria during this period. It would
be reasonable to use TGs, the calorie content of which is greater than that of FAAs, as
energy for accumulation and consumption in small YFT eggs (approximately 0.93 mm
in diameter).

Similar to YFT eggs, PBT eggs have approximately the same size (0.97 mm diameter)
and utilize TGs as an endogenous energy source during embryonic development [27]. In
contrast, our previous studies demonstrated that TGs as well as FAAs were used as the
main sources of endogenous energy in the embryonic development of the red seabream
(Pagrus major), in which eggs are roughly 1.0 mm in diameter [28]. Furthermore, the main
energy source in Atlantic cod (Gadus morhua) eggs (diameter <1.0 mm) was reportedly
FAAs [29]. Thus, the endogenous energy source in eggs is not defined by egg size alone.
Some studies suggest that nutritional demands change during embryonic development
and depend on broodstock management and physiological events [29-31]. Accordingly,
further studies are needed to better understand the changes in organ development during
embryogenesis.

Tanaka reported that the digestive system of yellowfin tuna immediately after hatching
was similar to that of most marine fish that hatched from small pelagic eggs [32]. We
further measured enzyme activity to determine at what stage of egg development tissue
differentiation progressed. AST and ALT activities were assayed as markers of liver
development. ALT activities are more specific than those of AST in the liver, and AST
activity has been detected not only in the liver, but also in the heart, skeletal muscle, and
erythrocytes among others in mammals [33,34]. We also measured ALP and CK activity
to better understand the development of organ function. In mammals, high levels of ALP
activity are observed in the gut and placenta, followed by the skeleton and kidney. High CK
activity, which is related to the metabolism of creatine phosphatase as a source of ATP, was
detected in nerves and muscles. These four enzymes were detected until the completion of
hatching. These enzyme activities also rapidly increased from the BH stage to the HC stage,
suggesting that organ differentiation and function were rapidly promoted after hatching.
This evidence is consistent with the increase in protein synthesis observed after hatching. In
addition, Yamagami et al. described the synthesis of protein precursors in the egg envelope
in the mother fish in some fish species [35]. These four enzyme levels were high during
the first cleavage and decreased during the advanced development stages. This indicates
that enzymes are not only markers of organ differentiation, but are also dependent on the
health and nutritional status of the mother fish.

We are interested in what constitutes and determines internal egg quality. About
0.05 J/mg larva of TGs remained after the HC stage, although the levels were reduced
with development. The quantity of TGs in YFT eggs was probably sufficient to accelerate
embryonic development. Accordingly, although the quantity of TGs was sufficient to
accelerate embryonic development, there are important factors other than TG content.
Contrary to our expectations, phospholipid (a main constituent of cell membranes) content
in the eggs remained at low levels until hatching. These results were consistent with the
changes in PBT [27] and red seabream (P. major) eggs [28] during development. This result
might have been due to the high energy demand for the synthesis of PLs. Considering
active cell division and hypertrophy, we hypothesized that sufficient PL content in fertilized
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eggs is a critical factor for internal egg quality. This hypothesis has been previously proven
in red seabream eggs [36].

The AST, ALT, and CK activities at the BH stage in YFT eggs were roughly 40-, 100-, and
10-fold lower than the respective activities in PBT eggs [27]. These results suggest delayed
liver and muscle differentiation during the embryonic development of YFT. Similarly, 10-
fold lower FAA contents at the BH stage were observed in YFT eggs compared to PBT
eggs. Since amino acids are the source of proteins, we suggest that low amounts of amino
acids contribute to delayed organ function. Therefore, we expect that the FAA content in
fertilized eggs might play an important role as a material for morphological changes.

In conclusion, the present study showed that TGs play a central role as an energy
source for the development of YFT eggs, and that embryonic cell differentiation is promoted
after hatching with increased protein synthesis and enzyme activity. PLs and FAAs may be
key factors in embryonic development and larval growth in YFT. We hope that these results
on which nutrients are key components in embryonic development and early larval growth
will provide an opportunity to improve egg quality through broodstock diet manipulation.
It is expected that larval survival and growth may be improved if the egg quality can be
manipulated. Therefore, the information from this study may support further initiatives to
establish mass-seeding production of YFT.

Limitation

The data in this study may limit the wider interest of those working outside of tuna
broodstock and hatchery management/research. However, we believe that the results of
this study may also be applied to the hatchery management of other fish species similar to
tuna for which the artificial production of seedlings is difficult.
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