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The effect of feeding greater amberjack with copepod nauplii (Acartia tonsa) on the ontogeny of the digestive system was observed
until 40 days after hatching (DAH). Copepods are part of the diet of fish larvae in nature, and they are rich in highly unsaturated
fatty acids and free amino acids that enhance the digestive capacity of the fish. In a marine hatchery, four cylindroconical tanks of
2,700 L were stocked with about 150 X 10® greater amberjack larvae (Seriola dumerili) in each. The larvae were initially fed from
3 to 17 DAH in two tanks with copepod nauplii and rotifers (Brachionus sp.; Copepods group), while in the other two tanks, they
were fed only with rotifers (Control group) during the same period. All the tanks were fed with rotifers (3-27 DAH), Artemia
nauplii (12-22 DAH), enriched Artemia metanauplii (20-30 DAH), and formulated diet (25-40 DAH). Fish samples were taken
regularly (every 2 or 4 days) for histological analysis and every day for the measurement of total length (TL). The TL was 3.7, 4.5 =
0.1,6.1,11,17.3 £ 0.1 and 20.3 £ 2.3 mm at 4, 10, 16, 22, 30, and 40 DAH, respectively. Copepod-fed fish showed higher TL in the
last 2 days of the trial (p <0.05), while mortality rates were lower in the beginning of the trial 10-17 DAH, (p <0.05). In addition,
copepods-fed fish had less skeletal deformities (p <0.05). Pyloric caeca appeared earlier in the Copepods group compared with the
Control, while the length and surface of the villi, the abundance of goblet cells/100 ym of intestine length, and the area covered with
lipid vacuoles in the liver were significantly higher in the Copepods group (p <0.05). We can conclude that the use of copepods in

the diet of the greater amberjack larvae can improve the ontogeny of the digestive system.

1. Introduction

Greater amberjack (Seriola dumerili; Risso 1810) is a marine
pelagic species [1], which has a rapid growth rate [2], very
good flesh quality [3], and therefore has great potential in the
industry of aquaculture [4]. There is only one extensive study
comparing the ontogeny (organogenesis and development)
of the digestive system of greater amberjack, in which the
species was cultured in two different rearing conditions
(semi-intensive and intensive system with water recircula-
tion) [5]. More studies about the ontogeny of the digestive
system have been carried out on other Seriola species, such as
S. lalandi [6, 7] and S. rivoliana [8].

The digestive system is responsible for breaking down
and absorbing nutrients [9]. During the first developmental

stages and until the end of metamorphosis, the digestive
system of the fish undergoes several changes regarding its
morphology and functionality [10-12]. The development of
the digestive system influences the proper development of
the skeleton and the nervous system and is also important
during the weaning period where there is a gradual transition
of fish from live to formulated feed. To accomplish successful
weaning with minimum mortalities, a fully functional stom-
ach is required. If the weaning period does not occur at the
correct time, and the digestive system is not organized prop-
erly, the mortality rates increase since the larvae cannot
digest the formulated diet [13].

The knowledge of the ontogeny of the digestive system is
a useful tool for a better understanding of the nutritional
requirements of the species in different developmental


https://orcid.org/0000-0002-7737-2385
https://orcid.org/0000-0001-9822-2346
https://orcid.org/0000-0002-0265-4070
mailto:aloufi@upatras.gr
https://creativecommons.org/licenses/by/4.0/

stages. It is also useful for optimizing feeding protocols for
each species. Greater amberjack is a fast-growing species, and
thus the use of feeding protocols developed for other species,
such as sea bream and sea bass, cannot be applied in its
rearing.

The efficiency of the digestive process and the activity of
the digestive enzymes depend on many factors, such as water
temperature and diet [14-16]. Copepods are important part
of the natural diet of greater amberjack during the first devel-
opmental stages and up to the juvenile stage [17]. It has been
found that the nutritional profile of the copepods is more
adequate than that of rotifers and Artemia, with a higher
abundance of highly unsaturated fatty acids (HUFAs), such
as docosahexaenoic acid (DHA) and eicosapentaenoic acid
(EPA) [18]. These fatty acids are accumulated in phospholi-
pids, and thus there is no need for enrichment. The absence
of enrichment products can decrease the lipid layer on the
surface of rearing tanks, therefore improving the conditions
for the inflation of the swim bladder [18]. Phospholipids
requirements are related to the larval age and the degree of
digestive system development [19, 20]. A recent study showed
that the higher the levels of DHA in the diet of fish larvae, the
higher the activity of digestive enzymes (protease, lipase, alka-
line phosphatase, and leucine), resulting in a great improve-
ment in the digestive capacity of the fish larvae [21]. Fatty acid
content could be involved in increasing the area covered with
lipid vacuoles in both the posterior intestine and liver [22],
which are fat depositions that respond and are rapidly
depleted during periods of starvation or diet not adapted to
the requirements of the fish [23, 24]. An additional advantage
of the copepods is that they are rich in free amino acids, which
can enhance the feeding behavior of the fish larvae [18].
Amino acids are important for anabolic and catabolic pro-
cesses which are associated with the growth and development
of fish [25-27]. Dietary amino acids can be absorbed easily
and more efficiently by the fish larvae when coming from
natural and not enriched zooplankton and without prior
digestion [28-30]. Finally, copepods contain important
micronutrients, such as vitamin C, vitamin E, calcium, cop-
per, iron, magnesium, selenium, and zinc which are beneficial
for the proliferation of goblet cells. The concentration of these
micronutrients is higher in copepods compared with Artemia
nauplii and enriched rotifers and Artemia metanauplii [31].
Goblet cells are mucus-secreting cells. The amount of mucus
affects lubrication, osmoregulation, and the efficiency of the
immune system [32].

The aim of this work was to study organogenesis and
development of the digestive system in greater amberjack
larvae after using Acartia tonsa nauplii during the first
days of exogenous feeding.

2. Materials and Methods

2.1. Larval Rearing and Live Food. Greater amberjack larvae
and juveniles were reared in a commercial marine fish hatch-
ery, Galaxidi Marine Farm S.A., Greece. Amberjack yolk-sac
larvae were stocked in four cylindroconical tanks of 2,700 L
at a density of about 55 larvae/L. Seawater temperature was
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initially 23°C and was gradually increased to 26°C, pH was 8,
salinity 36 g/L, and the dissolved oxygen saturation level was
85%—95%. The larvae were kept in dark conditions until
3 days after hatching (DAH). Light intensity was initially
8001x and was increased to 15001x at 15 DAH, reduced to
1,000 Ix at 20 DAH, and remained stable thereafter until the
end of rearing at 40 DAH. The water renewal was initiated at 3
DAH and gradually increased thereafter. Nitrate, nitrite, and
mortality rates were monitored daily. Surface skimmers for
the removal of the lipid film were placed at 7 DAH. Two
feeding protocols were applied. In two tanks, fish larvae
were fed with enriched rotifers (Brachionus sp.) from 3 to
27 DAH, newly-hatched Artemia sp. nauplii from 10 to 22
DAH, enriched Artemia sp. metanauplii from 20 to 30 DAH,
and formulated feed from 25 DAH until the end of the exper-
iment (40 DAH; Control group). Following the second feed-
ing protocol, newly-hatched A. fonsa nauplii were added to
the tanks from 3 to 17 DAH (Copepods group). After 17 DAH
the feeding protocol was the same for both Control and Cope-
pods group. The vitamin, mineral, and fatty acid content of
the different live food organisms and the formulated diet used
in the rearing trial are shown in Table 1. A. tonsa cysts were
provided by CFEED AS, Norway. The cysts were rinsed with
seawater and placed in cylindroconical tanks with intense
aeration at 25°C and hatched after about 24 hr. Rotifers were
enriched with DHA SELCO (INVE Aquaculture, S/A, Belgium)
at 25°C. Artemia metanauplii were enriched with Easy DHA
SELCO (INVE Aquaculture, S/A, Belgium) overnight. The
formulated diet that was used, was the Caviar, Nature,
BernAqua, Olen, Belgium. Live food was administered every 4
hr manually (six feedings per day) and the different types of food
were administered to the tanks simultaneously. The formulated
diet was administrated manually several times during the day
and its amount was progressively increased. The feeding
protocol of this trial is described in detail in Table 2.

2.2. Histological Analysis. Six larvae were sampled from each
tank for histological analysis from 4 to 40 DAH, while for the
measurement of the total length 15 fish were sampled from 1
to 40 DAH (Table 2). The fish were anesthetized with ethyl-
ene glycol monophenyl ether (0.2-0.5mL/L, Merck, Ger-
many) and fixed in 4% formaldehyde solution. Fish were
dehydrated through a series of increasing concentrations of
ethanol (70%-100%) and then they were embedded in a
methacrylate resin (Technovit 7100%, Heraeus Kulzer, Ger-
many). The mounted larvae were cut in 5-um-thick sections
by use of a microtome (Leica SM2000R, Germany), stained
with methylene blue (Sigma, Germany)/Azure II (Sigma,
Germany)/basic Fuchsin (Polysciences, USA) [35], and
examined with a light microscope (microscope Zeiss AX10
Image A2). The total length (TL) of the fish larvae, the length
and surface of the villi and the abundance of goblet cells in
the anterior intestine, as well as the percentage of the area
covered with lipid vacuoles (ACLV) in the liver, were calcu-
lated by using an image analysis software (Image J, NIH,
USA). A modified protocol from [36]) was used for the
measurement of the length and surface of the villi, and
the abundance of goblet cells in the intestinal epithelium.
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TasLE 1: Vitamins, minerals, and fatty acids content of the different feeds used in the first days of larval rearing of greater amberjack.

Rotifers Artemia nauplii ~ Enriched Artemia metanauplii Copepods Formulated diet
Vitamins (mgkg™' DW)
Vitamin C 117 400 798 500 1.7
Vitamin E 85 64 70 110 0.4
Minerals (mgkg™' DW)
Iron 84 Na 63 371 —
Selenium 0.08 Na 2.2 5 1.5
Zinc 62 Na 120-310 340 —
Copper 2.7 Na 7 12 —
Magnesium 3,900 Na 4,000 8,000 —_
Calcium 1,900 Na 1,900-2,000 2,400 1,500
Fatty acids (% of total FA)
20:5n3 (EPA) 6.16 +0.04 Na 12.55+1.03 17.7 +10.79 6.97
22:6n3 (DHA) 17.1£0.13 Na 18.08 £ 0.31 28.71 +£10.58 10.8
Sum n3 fatty acids 26.73£0.18 Na 3573+1.14 59.134+7.51 21.17
Sum n6 fatty acids 7.98 +0.03 Na 10.21+1.82 11.3545.57 28.19
Total lipids (% of dry weight) 16.25+1.72 Na 21.28+1.82 9.14+0.74 10.4
Na: not available. Data from [31, 33, 34].
Six microphotographs were obtained from six different areas 3. Results

of the anterior intestine. The measurement of the length and
surface of the villi was possible from day 4 of the experiment,
while goblet cells appeared later. For the calculation of the
abundance of goblet cells, a line by hand was drawn and then
the length of this line was calculated in pixels. The pixels
were converted into micrometers and then the number of
goblet cells was calculated per 100 #m of intestine length. To
calculate ACLV (%) in the liver, six microphotographs from
six different areas were obtained and converted to grayscale
and then the area with lipid vacuoles in white was measured,
while glycogen was manually excluded from the analysis
according to Papadakis et al. [10].

2.3. Statistical Analysis. The Kolmogorov—Smirnov normality
test was performed on the data of the length and surface of the
villi, the abundance of goblet cells and the ACLV in the liver.
As it showed that those data had not a normal distribution,
they were transformed using square root and a one-way
ANOVA was conducted, followed by the Games—Howell test,
to check whether there were any differences in the ontogeny of
the digestive system between the four tanks. Finally on the same
data, an independent #-test at p <0.05 was performed to check if
there were any statistically significant differences between the
two feeding protocols. For the presentation of the results, raw
data were used, and they are presented as mean =+ SD. The data
of the different histological indices (villi and surface of the villi,
abundance of goblet cells, and ACLV in the liver) were
normalized against total fish length to test the effect of
copepods on the ontogeny of the digestive system of the
greater amberjack larvae independently of the effect of growth.
We divided thereby the results of every index in each fish
sampled with its total length and apply the independent #-test
at p <0.05. Thus, it was possible to determine whether the
differences in the ontogeny of the digestive system of the two
groups were due to the effect of a difference in growth or to the
use of different feeding protocols.

3.1. Zootechnical Observations. Fish larvae from the Cope-
pods group showed a higher total length (mm) than the fish
larvae from the Control group, on days 37 and 40 (p <0.05;
Figure 1). Growth performance adjusted exponentially to the
equations: y= 2.4573e119% R2=0.9686 for the Control
group and y=2.4459¢"'****, R*=0.976 for the Copepods
group.

In addition, the mortality rate of the fish from the Con-
trol group was higher than in the fish from the Copepods
group from 10 to 17 DAH (p <0.05). During the rest of the
experiment, the mortality rate in the two groups was similar
(Figure 2(a)). Finally, skeletal analysis on 35 DAH showed
significant differences in the appearance of deformities in the
juveniles of the two different feeding protocols (Figure 2(b)).

There was no evidence of cannibalism or aggression
among the fish in the rearing tanks.

3.2. Ontogeny of the Digestive System. At hatching, greater
amberjack has an undifferentiated and undeveloped diges-
tive tract positioned dorsally to the yolk sac, without a
formed mouth and anus. The main structures of the digestive
system of greater amberjack larvae appeared simultaneously
in both the Control and the Copepods group. The only case
where the time of appearance was different between the two
groups was in the case of the pyloric caeca of the intestine.
More specifically, the early hepatic cells appeared 2 DAH and
were initially located behind the yolk sac and under the
anterior intestine. The pancreatic cells also appeared at 2
DAH as an undifferentiated tissue and the differentiation
of the endocrine and exocrine regions did not begin before
4 DAH (3.7 £0.01 mm TL). The mouth of the fish larvae
opened at 3 DAH (3.9 0.1 mm TL), at the same time as the
formation of the ileorectal valve in the intestine. The cardiac
and pyloric sphincters formed 4 days after hatching. During
6 and 7 DAH (3.94+ 0.1 mm TL), the taste buds and the
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Ficure 1: Total length (mm =+ S.D.) of greater amberjack in both control (grey bars, n =21 ind/tank) and copepods (black bars, n =21 ind/
tank) group. The dashed line shows the trend line for the Control group and the solid black line for the copepods group. Arrows (]) denote
the days when fish from the control group were larger than fish from the Copepods group and asterisks (*) denote the days with statistically

significant differences (p <0.05).
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FIGURE 2: (a) Mortality (1) from 10 to 40 DAH (p <0.05). The dashed line shows the mortality in the Control group and the solid black line
for the Copepods group. (b) Skeletal deformities on 35 DAH (p <0.05) of the fish larvae of greater amberjack between the Control (grey) and

the Copepods (black) group.

esophageal folds appeared as well as the first goblet cells in
the esophagus. The week between the 12™ and 19" day after
hatching was particularly important for the ontogeny of the
digestive system since pharyngeal teeth (12 DAH, 5mm TL),
gastric glands (14 DAH, 5.6 £ 0.1 mm TL), and goblet cells in
the intestine (15 DAH) appeared. Later the stomach acquired
the characteristic Y-shape which is an indication that we can
introduce the industrial food to the fish larvae (19 DAH).
The last important day for the ontogeny of the digestive
system of greater amberjack larvae was day 22 (11 mm TL)
when the pyloric caeca appeared in the Copepods group. In
the Control group, pyloric caeca appeared later, 28 days after

hatching. Those days were also important for the ontogeny
of the skeleton of the greater amberjack with the beginning
(12 DAH) and completion (22 DAH) of the flexion
(Figure 3).

Besides the timing of appearance of the pyloric caeca, the
two groups had differences in the length and surface of the
villi and the abundance of goblet cells in the intestine as well
as the percentage of area covered with lipid vacuoles in the
liver. A common pattern was observed in all those indices.
More specifically, the fish larvae from the Copepods group
had higher villi length than the fish larvae from the Control
group on days 4 (3.7mm TL), 10 (4.5+0.1mm TL), 12
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FiGure 3: Schematic representation of the appearance of the main developmental structures examined in the greater amberjack larval digestive
system (grey solid circles indicate the Control group, black solid circles indicate the Copepods group), as a function of days after hatching

(DAH, horizontal axis).

(5mm TL), 16 (6.1 mm TL), 18 (7.4 + 0.3 mm TL), 20 (8.9 +
0.7mm TL), 24 (12.540.5mm TL), and 32 (18.2 £+ 0.8 mm
TL; p <0.05; Figure 4).

The surface of the villi had also similar results since it was
higher in the fish larvae from the Copepods group on days 14
(5.6+0.1mm TL) and 20 (8.9+£0.7mm TL; p <0.05;
Figure 5).

In the anterior intestine, we also measured the abun-
dance of goblet cells/100 um. Goblet cells were observed for
the first time at 15 DAH in both groups. The abundance of
goblet cells was higher in the villi of the fish larvae from the
Copepods group than in the larvae from the Control group
on days 16 (6.1 mm TL), 24 (12.5+0.5mm TL), 32 (18.2+
0.8 mm TL), and 40 (Control group: 18 &= 1.3 mm TL, Cope-
pods group: 22.6 = 1 mm TL; p <0.05; Figure 6).

In addition, desquamation of the villi in the anterior
intestine was observed in fish larvae from the Control group
30 DAH (17.3 £0.1 mm TL; Figure 7).

Regarding the liver, the area covered with lipid vacuoles
was measured from 10 DAH. The percentage of ACLV was
higher in the fish larvae from the Copepods group than the
larvae from the Control group on days 10 (4.5 £ 0.1 mm TL),
12 (5mm TL), 14 (5.6 = 0.1 mm TL), 18 (7.4 £ 0.3 mm TL),
20 (8.9 +0.7mm TL), 24 (12.5=+0.5mm TL), 26 (18.8 mm
TL), 30 (17.34+0.1mm TL), and 32 (182-+0.8mm TL;
p <0.05). The exception was the sampling on day 40 where
the ACLV in the liver was higher in the Control group but
the lipid vacuolated hepatocytes were organized in a focal
area of cellular change with intense degeneration (Figure 8).

It was also observed severe hyperemia in the liver of the
fish larvae from the Control group at 30 DAH (17.3 £0.1
mm TL; Figure 9).

Normalization of the histological indices of the diges-
tive system showed that villi length, abundance of goblet
cells, and fat accumulation in the liver in fish larvae were
affected by the use of copepods (p <0.05). On the other
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FIGURE 4: Length of the villi (um =+ S.D., n =6 ind./tank) in greater amberjack in both Control (grey bars) and Copepods (black bars) group.
The days with statistically significant differences are denoted with an asterisk (p <0.05).
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FiGure 5: Surface of the villi (um =+ S.D., n =6 ind./tank) in greater amberjack in both Control (grey bars) and Copepods (black bars) group.
The days with statistically significant differences are denoted with an asterisk. (p <0.05).

hand, the surface of the villi was more influenced by
growth.

4. Discussion

4.1. Ontogeny of the Digestive System. Similar to other marine
fishes, the organogenesis of the digestive system of the
greater amberjack progressed in three phases, based on his-
tological characteristics. The first phase began from the

moment of hatching until 3 DAH, with the opening of the
mouth. The duration of this phase in greater amberjack is
similar to Solea solea [37], S. lalandi [6, 7], S. rivoliana [8],
and S. dumerili [5] where the diet is based exclusively on the
absorption of the nutrients of the yolk sac and the lipid
droplets for the first 2 DAH, but it was shorter than Dentex
dentex [38], and Dicentrarchus labrax [39], where nutrition
was endogenous for four to 5 DAH. A rapid differentiation
(3 DAH) is observed in the intestine due to the presence of
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FiGure 6: Number of goblet cells/100 ym (ind + S.D., n =6 ind./tank) in greater amberjack in both Control (grey bars) and Copepods (black
bars) group. The days with statistically significant differences are denoted with an asterisk. (p <0.05).

the ileorectal valve that divides it into the middle and poste-
rior parts. The appearance of the ileorectal valve occurs on 3
DAH in many other species, such as Gadus morhua [40],
Solea senegalensis [41], Diplodus sargus [42], Pagellus erythri-
nus [43], Pagrus pagrus [44], S. lalandi [6, 7] and S. rivoliana
[8]. On the contrary there are many other species where the
appearance of ileorectal valve occurs later than in greater
amberjack, Sparus aurata (4-6 DAH) [45, 46], D. labrax (5
DAH) [47], D. dentex (5 DAH) [38], and S. dumerili (4
DAH) [5]. By the end of the first phase, the initial hepato-
cytes and pancreatic cells had formed. The liver and pancreas
are of endodermal origin [48] and appear very early in devel-
opment. In greater amberjack, the liver begins to organize
and function 3 DAH, as has been reported for other species,
the S. solea [37], Paralichthys dentatus [49], S. lalandi [6, 7],
and S. rivoliana [8].

The second phase is a transitional period where fish lar-
vae develop mechanisms to adapt to exogenous feeding [50].
During this period (4-10 DAH), in the digestive system of
greater amberjack larvae, the cardiac and pyloric sphincter (4
DHA) in the stomach appeared. The pyloric sphincter in
S. dumerili in the study of Pérez et al. [5] appeared on 7
DAH in both intensive and mesocosm systems. The rapid
increase in the length of the intestine, with its first coil was
already created 4 DAH and it helps to increase the retention
of food in the intestine, as well as in the improvement of
digestion processes and absorption. The development of the
villi indicates an increase in the absorptive surface of the
intestine. In addition, fat deposition in the posterior intestine
has occurred. In the second phase, the differentiation of
hepatocytes and pancreatic cells began. The presence of gly-
cogen at the end of this phase coincided with the differentia-
tion of liver cells, following the same pattern as other species,
such as D. labrax [51], D. dentex [38], S. lalandi [6, 7], and

S. rivoliana [8]. By the end of the second phase, greater
amberjack larvae had taste glands in the buccopharynx (6
DAH) and folds and goblet cells in the esophagus (6 and 7
DAH). The timing of the appearance of goblet cells in the
esophagus is similar in other species such as S. lalandi (6-7
DAH) [6, 7], S. rivoliana (6-7 DAH) [8] Pagrus pagrus (6
DAH) [44], D. sargus (6 DAH) [42], S. aurata (7-8 DAH)
[45], D. labrax (5-9 DAH) [51],, and D. dentex (7 DAH)
[38]. In some other species like S. solea (2 DAH), and S. sene-
galensis (3 DAH) [37, 41] the goblet cells in the esophagus
appeared earlier than in G. morhua (11 DAH) [38], and
S. dumerili (13 DAH) [5].

The third phase of the organogenesis of the digestive
system of amberjack signalls the appearance of pharyngeal
teeth (12 DAH) and gastric glands in the stomach (14 DAH).
The appearance of gastric glands signaled the formation of a
functional stomach [52]. The timing of the appearance of
gastric glands is the same in D. sargus [42], S. lalandi [6, 7]
and S. rivoliana [8]. In the majority of the species in the
aquaculture industry, the gastric glands appear later, G. mor-
hua (52 DAH) [40], S. senegalensis (25-30 DAH) [41], S. aur-
ata (45 DAH) [45, 46], D. labrax (55 DAH) [47], D. dentex
(22 DAH) [38], P. erythrinus (28 DAH) [43], Pagrus pagrus
(26-30 DAH) [44], and S. dumerili (17-20 DAH) [5]. By the
end of this phase, goblet cells in the intestine had appeared
(15 DAH). Species such as D. labrax [47] and D. sargus [42]
follow this exact pattern regarding the timing of goblet cells
appearance. There are many species in which the appearance
of the goblet cells occurs later, such as G. morhua (62-70
DAH) [40], D. dentex (18 DAH) [38], and P. erythrinus (33
DAH) [43]. Meanwhile, in S. solea [37], S. senegalensis [41],
it was found that the appearance of goblet cells in the intes-
tine occurs very early (3 DAH). The formation of pyloric
caeca (28 DAH) indicated the end of the third period and
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DAH. Black circles show the goblet cells and black arrows show the desquamation in the villi of the fish larvae of the Control group 30 DAH.
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the completion of the organogenesis of the digestive system
and is a major change in the ability of the larvae to digest
food [49]. The differences in the appearance of some struc-
tures in the digestive system in greater amberjack between
the present work and the study of Pérez et al. [5] can also

result from the different conditions that prevail in each rear-
ing and can affect the ontogeny of the digestive system.

4.2. Copepods Group. The order of appearance of the organs
of the digestive system of greater amberjack was the same in
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FIGURE 8: Area covered with lipid vacuoles (ACLV) in the liver (%, n=6ind./tank) in greater amberjack in both Control (grey bars) and
Copepods (black bars) group. The arrow (|) denotes the day when fish from the Control group were larger than fish from the Copepods
group, asterisks (*) show the days with statistically significant differences (p <0.05).

both the Control and the Copepods group. Except for the
appearance of pyloric caeca, the timing of those developmen-
tal stages was also the same. In the Copepods group, pyloric
caeca appeared on 22 DAH, while in the fish larvae from the
Control group on 28 DAH. The pyloric caeca increase the
area for digestion inside the limited space of the abdominal
cavity [53], and thus they are one of the most important
organs regarding the digestion of food. This period (22-28
DAH) was very important for the greater amberjack since it
was the weaning period (the formulated diet was given
25 days after hatching and the fish from the Copepods group
already developed an extra organ (pyloric caeca) for better
digestion and absorption of the food. The weaning period
may result in low survival rates and growth, due to decreased
feeding rates of the larvae since the formulated diet results in
lower feed ingestion compared with live food [13]. Further-
more, the digestive system of the fish must be fully organized
before introducing a formulated diet for the amount con-
sumed by the fish to be absorbed and used for their growth.
The appearance of the pyloric caeca signals the formation of
a fully functional digestive system. Fish with functional
stomach and intestine can break down proteins and absorb
amino acids by the action of pepsin [54]. The development of
the villi in the intestine could also affect the digestion ability.
It was found that the length and the surface of the villi of the
fish from the Copepods group were higher than the fish from
the Control group. Bigger villi offer extra space for digestion
and thus better absorption of nutrients.

Another important difference in the ontogeny of the
greater amberjack larvae of the two groups was that the
abundance of goblet cells in the intestine was higher in the
Copepods group. The mucus secreted by goblet cells in the
intestine in addition to lubricating the digestive tract and

facilitating the passage of ingested particles [55-57], partici-
pates also in the process of osmoregulation [58] since the
quality of intestinal mucous substances is directly linked to
environmental conditions which affect the function of the
digestive tract [59]. The presence of mucus is likely to regu-
late the transportation of proteins, or to ensure their further
processing, in a biochemical way, thanks to the various ions
they contain [46, 54]. The higher quantity of mucus in the
larvae from the Copepods group protects their intestinal
segment during periods of poor nutrition from existing
enzymes that might cause autolysis in the intestinal tissues
and contribute positively to digestion processes [57]. The
higher length and surface of the villi, higher abundance of
goblet cells and the earlier presence of the pyloric caeca in the
fish larvae from the Copepods group resulted in additional
area for digestion and better absorption of nutrients. Better
digestive capacity could explain the difference in the total
length where in the last days the fish from the Copepods
group were bigger than the larvae from the Control group.
Another important difference in the ontogeny of the
digestive system between the two rearing protocols was
that the fat accumulation in the liver was higher in the Cope-
pods group. From the beginning of the heterotrophic stage,
fat deposition in the liver undergoes significant variations,
which are affected by the quantitative and qualitative com-
position of available food, the developmental stage of larvae,
and the presence of functional organs that produce the nec-
essary enzymes for digestion and absorption of food. The
liver is the organ that responds directly to any changes
related to nutrition and the variation in liver fat indicates
the response to the different types of food it consumes [60].
Therefore, the qualitative composition of copepods is higher
than that of enriched rotifers. The lipid vacuoles in the liver
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F1GUre 9: The ontogeny of the liver in greater amberjack in both Control and Copepods groups in 6, 16, 30, and 40 DAH. Black circles show
the lipid vacuoles in the hepatocytes and black arrows show hyperemia 30 DAH.

are very important, especially during the weaning period and
their morphology in the cytoplasm is related to the nutri-
tional status of the larvae [6, 61]. The weaning period can be
very stressful for the fish since until they adapt to the formu-
lated diet, they go through a period of poor nutrition that can
have negative effects on their growth and survival. Lipid
vacuoles in the liver are energy reserves for periods where
the food is limited, or the diet is not optimal. In the present

study, it was found that throughout most days of the weaning
period, the fish from the Copepods group had statistically
significantly higher areas covered with lipid vacuoles in the
liver than the fish from the Control group. The reduction of
the fat accumulation in the liver of the fish from the Cope-
pods group during the last two samplings could be explained
by its use for body growth and is reflected in the significantly
higher total length of those fish in those last days of the trial.
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The test to determine whether the more developed diges-
tive system of the copepod-fed fish was influenced by the
effect of growth or was a direct result of the use of copepods
showed that in the cases of villi length, the abundance of
goblet cells and ACLV in the liver, copepods had an imme-
diate positive effect. On the contrary, the increase in the
surface of the villi was mostly affected by growth. As in all
tanks of both groups, the rearing conditions were stable, and
the only variable factor was the use or not of copepods. The
increase in total length in the fish from the Copepods group
can be attributed to the two different feeding protocols.

Both the length and surface of the villi showed greater
differences (statistically significant differences) between the
feeding protocols up to 20 DAH where both had higher
values in the Copepods group throughout the whole rearing
period. The fact that the period in which these differences
were more pronounced (4-20 DAH) largely coincides with
the period of use of copepods (3—17 DAH) proves that the
use of copepods enhances the growth of villi. In addition, it
was proven that the copepod-fed fish had higher total body
length and the normalization of the data showed that the
higher body length also affected the surface area of the villi.
However, given that we are referring to the same structure
(villi of the intestine), the question arises as to why the length
was directly affected by the use of the copepods while the
surface was indirectly affected. The answer to this question
could lie in the growth rate of the villi. The total length of the
fish as well as the surface of the villi show an exponential
increase as both these values increase over time, and both
had higher values at each subsequent sampling. On the con-
trary, the length of the villi did not show an exponential
growth rate but fluctuated, since we can observe variations
in these values (16, 26, and 30 DAH). This fact confirms that
the body length increases in parallel with the surface of the
villi which it affects, while the length of the villi seems not to
be affected by the body length but exclusively by the diet.

The use of copepods during the first days of rearing
improved the ontogeny of the digestive system mainly due
to the higher nutritional profile of copepods compared with
rotifers. Both free amino acids and fatty acids, in addition to
their beneficial properties for the digestive system, enhance
the foraging behavior of the fish. More specifically, free
amino acids enhance the sense of smell while fatty acids
improve the development of the nervous system and thus
the retina [9, 18]. It is, therefore, possible that the fish larvae
from the Copepods group developed better feeding behavior
related to foraging through both olfaction and vision and
thus were able to hunt and consume higher amounts of
food. This could explain not only the better ontogeny of
the digestive system but also the difference in total length
in the last days of rearing. However, copepods are not only
beneficial for the development of the digestive system. From
10 to 17 days after hatching copepod-fed larvae had signifi-
cantly lower mortality rates than the fish from the Control
group. Fish from the same experiment were analyzed also to
study the effect on the ontogeny of the skeleton. More spe-
cifically, it was found that both the appearance of the struc-
tures (cartilages and bones), the completion of their
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appearance (achievement of the final number of elements
in a structure) and the completion of calcification were
improved in the fish fed with copepods. In addition, the
number and severity of deformities were higher in the fish
from the Control group, which is possible to affect also the
mortality rate [62].

5. Conclusions

The results of the present study showed that the addition of
copepods nauplii in the feeding protocol of the greater
amberjack larvae had a positive effect on the ontogeny of
the digestive system. More specifically, it was found that
fish larvae from the Copepods group had a larger area for
digesting food and absorbing nutrients due to the early
appearance of pyloric caeca and larger villi in terms of
both length and surface. The increased number of goblet cells
and, by extension, the produced mucus in the copepod-fed
larvae, also contributed to easier digestion and more efficient
absorption of nutrients from the food. The mucus also
amplified their immune system and combined with the
higher percentages of stored fat in the liver, protected the
fish from periods of poor nutrition, such as the weaning
period. The reduction of the fat accumulation in the liver
of the fish from the Copepods group during the last two
samplings could be explained by its use for body growth
and is reflected in the significantly higher total length of
those fish.

Data Availability

All data are presented in this manuscript.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

Loufi Katerina performed the histological and statistical
analysis and wrote the original draft of the manuscript. Papa-
dakis Ioannis, E. contributed to the histological data analysis.
Makridis Pavlos contributed to the experimental design,
conceptualization and reviewing of the manuscript. All
authors approved the final draft of this manuscript.

Acknowledgments

We thank Stelios Karapanagiotis, Nikoletta Tsele, and Tasos
Megkos, employees of Fish farm Galaxidi S.A. for their help
during the planning and execution of the trial. The authors
thank Assistant Professor Evangelos Tzanatos, University of
Patras, Department of Biology for the fruitful discussion on
statistical analysis. We also thank Panagiota Tsoukali, Insti-
tute of Marine Biology, Biotechnology and Aquaculture,
HCMR, Iraklion, for technical assistance with the treatment
of histological samples. The publication fees of this manu-
script have been financed by the Research Council of the
University of Patras. This work was part of the project
“Improvement of broodstock management and fingerling



Aquaculture Nutrition

production methods for greater amberjack (Seriola dumer-
ili)” funded by the General Secretariat for Research and
Innovation, ref. nr. MIS 5045873.

References

[1] C. H. Liu, “Early osteological development of the yellowtail
Seriola dumerili (Pisces: Carangidae),” Zoological Studies,
vol. 40, no. 4, pp. 289-298, 2001.

[2] B. A. Thompson, M. Beasly, and C. A. Wilson, “Age
distribution and growth of greater amberjack Seriola dumerili,
from the north-central Gulf of Mexico,” Fishery Bulletin,
vol. 97, no. 2, pp. 362-371, 1999.

[3] M. Nakada, “Yellowtail and related species culture,” in
Encyclopedia of Aquaculture, R. Stickney, Ed., pp. 1007-1036,
Wiley, 1999.

[4] N. Papandroulakis, C. C. Mylonas, E. Maingot, and
P. Divanach, “First results of greater amberjack (Seriola
dumerili) larval rearing in mesocosm,” Aquaculture, vol. 250,
pp. 155-161, 2005.

[5] J. A. Pérez, L. E. Papadakis, N. Papandroulakis et al., “The
ontogeny of greater amberjack digestive and antioxidant
defense systems under different rearing conditions: a
histological and enzymatic approach,” Aquaculture Nutrition,
vol. 26, no. 6, pp. 1908-1925, 2020.

[6] B. N. Chen, J. G. Qin, M. S. Kumar, W. Hutchinson, and
S. Clarke, “Ontogenetic development of the digestive system in
yellowtail kingfish Seriola lalandi larvae,” Aquaculture,
vol. 256, no. 1-4, pp. 489-501, 2006.

[7] J. N. Bowyer, J. G. Qin, L. R. Adams, M. J. S. Thomson, and
D. A.J. Stone, “The response of digestive enzyme activities
and gut histology in yellowtail kingfish (Seriola lalandi) to
dietary fish oil substitution at different temperatures,”
Aquaculture, vol. 368-369, pp. 19-28, 2012.

[8] A. Teles, J. Salas-Leiva, C. A. Alvarez-Gonzilez et al.,

“Histological study of the gastrointestinal tract in longfin

yellowtail (Seriola rivoliana) larvae,” Fish Physiology and

Biochemistry, vol. 43, no. 6, pp. 1613-1628, 2017.

1. Rgnnestad, M. Yifera, B. Ueberschir, L. Ribeiro, @. Sale,

and C. Boglione, “Feeding behaviour and digestive physiology

in larval fish: current knowledge, and gaps and bottlenecks in
research,” Reviews in Aquaculture, vol. 5, no. s1, pp. $59-S98,

2013.

[10] I. E. Papadakis, M. M. Zaiss, Y. Kyriakou, G. Georgiou,
P. Divanach, and C. C. Mylonas, “Histological evaluation of
the elimination of Artemia nauplii from larval rearing
protocols on the digestive system ontogeny of shi drum
(Umbrina cirrosa L.),” Aquaculture, vol. 286, pp. 45-52, 2009.

[11] I. E. Papadakis, M. Kentouri, P. Divanach, and C. C. Mylonas,
“Ontogeny of the digestive system of meagre Argyrosomus
regius reared in a mesocosm, and quantitative changes of lipids
in the liver from hatching to juvenile,” Aquaculture,
vol. 388-391, pp. 76-88, 2013.

[12] E. Gisbert, H. Nolasco, and M. Solovyev, “Towards the
standardization of brush border purification and intestinal
alkaline phosphatase quantification in fish with notes on other
digestive enzymes,” Aquaculture, vol. 487, pp. 102-108, 2018.

[13] B. Laczynska, M. A. M. Siddique, E. Ziomek, W. L. Shelton, and
D. Fopp-Bayat, “Early weaning effects on survival, growth, and
histopathology of larval sterlet Acipenser ruthenus,” North American
Journal of Aquaculture, vol. 82, no. 2, pp. 181-189, 2020.

[14] 1. Rgnnestad, Y. Kamisaka, L. E. C. Conceicéo, S. Morais, and
S. K. Tonheim, “Digestive physiology of marine fish larvae:

©
0

13

hormonal control and processing capacity for proteins,
peptides, and amino acids,” Aquaculture, vol. 268, no. 1-4,
pp. 82-97, 2007.

[15] J. P. Lazo, M. J. Darias, and E. Gisbert, “Ontogeny of the
digestive tract,” in Larval Fish Nutrition, J. G. Holt, Ed., pp. 3—-
46, Willey-Blackwell, Oxford, UK, 2011.

[16] W. Koven, E. Gisbert, O. Nixon et al., “The effect of algal
turbidity on larval performance and the ontogeny of digestive
enzymes in the grey mullet (Mugil cephalus),” Comparative
Biochemistry and Physiology Part A: Molecular & Integrative
Physiology, vol. 228, pp. 71-80, 2019.

[17] F. Badalamenti, G. D’Anna, L. Lopiano, D. Scilipoti, and
A. Mazzola, “Feeding habits of young-of-the-year greater
amberjack Seriola dumerili (Risso, 1810) along the N/W
Sicilian Coast,” Scientia Marina, vol. 59, pp. 317-323, 1995.

[18] L. E. C. Conceicdo, M. Yifera, P. Makridis, S. Morais, and
M. T. Dinis, “Live feeds for early stages of fish rearing,”
Aquaculture Research, vol. 41, no. 5, pp. 613-640, 2010.

[19] A. Kanazawa, “Nutritional mechanisms involved in the
occurrence of abnormal pigmentation in hatchery-reared
flounder,” Journal of the World Aquaculture Society, vol. 24,
no. 2, pp. 162-166, 1993.

[20] M. S. Izquierdo and W. Koven, “Lipids,” in Larval Fish
Nutrition, ]. Holt, Ed., pp. 47-84, Wiley-Blackwell, John Wiley
and Sons, Chichester, UK, 2011.

[21] V. Morshedi, M. T. Mozanzadeh, S. Hamedi et al., “Enrichment
of livefeed with very low level of docosahexaenoic acid (DHA) is
enough for yellowtail sea bream (Acanthopagrus latus) larvae,”
Aquaculture Reports, vol. 26, Article ID 101310, 2022.

[22] N. El Kertaoui, I. Lund, H. Assogba et al., “Key nutritional
factors and interactions during larval development of
pikeperch (Sander lucioperca),” Scientific Reports, vol. 9,
no. 1, 2019.

[23] D. Margulies, “Assessment of the nutritional condition of
larval and early juvenile tuna and Spanish mackerel (Pisces:
Scombridae) in the Panama Bight,” Marine Biology, vol. 115,
no. 2, pp. 317-330, 1993.

[24] B. S. Green and M. I. McCormick, “Influence of larval feeding
history on the body condition of Amphiprion melanopus,”
Journal of Fish Biology, vol. 55, no. 6, pp. 1273-1289, 1999.

[25] R. N. Finn, M. Wamboldt, and H.]. Fyhn, “Differential
processing of yolk proteins during oocyte hydration in fishes
(Labridae) that spawn benthic and pelagic eggs,” Marine
Ecology Progress Series, vol. 237, pp. 217-226, 2002.

[26] I. Rgnnestad, S. K. Tonheim, H. J. Fyhn et al., “The supply of
amino acids during early feeding stages of marine fish larvae: a
review of recent findings,” Aquaculture, vol. 227, no. 1-4,
pp. 147-164, 2003.

[27] 1. C. Rgnnestad and LEC, “Aspects of protein and amino acids
digestion and utilization by marine fish larvae,” in Physiological
and Ecological Adaptations to Feeding in Vertebrates, ]. M. Starck
and T. Wang, Eds., pp. 389-416, Science Publishers, Enfield, New
Hampshire, USA, 2005.

[28] H. J. Fyhn, “First feeding of marine fish larvae: are free amino
acids the source of energy ?” Aquaculture, vol. 80, no. 1-2,
pp. 111-120, 1989.

[29] H.J. Fyhn, R.N. Finn, S. Helland, I. Rgnnestad, and
E. Lgmsland, “Nutritional value of phyto and zooplankton as
live food for marine fish larvae,” in Fish Farming Technology,
H. Reinertsen, L. A. Dahle, L. Jgrgensen, and K. Tvinnerheim,
Eds., pp. 121-126, CRC Press, Balkema, Rotterdam, 1993.

[30] K. Hamre, I. Opstad, M. Espe, J. Solbakken, G. I. Hemre, and
K. Pittman, “Nutrient composition and metamorphosis
success of Atlantic halibut (Hippoglossus hippoglossus, L.)



14

(31]

(32]

(33]

(34]

(35]

[36]

(37]

(38]

(39]

(40]

[41]

(42]

(43]

(44]

larvae fed natural zooplankton or Artemia,” Aquaculture
Nutrition, vol. 8, no. 2, pp. 139-148, 2002.

K. Hamre, M. Yifera, I. Rgnnestad, C. Boglione,
L. E. C. Concei¢do, and M. Izquierdo, “Fish larval nutrition
and feed formulation: knowledge gaps and bottlenecks for
advances in larval rearing,” Reviews in Aquaculture, vol. 5,
no. sl, 2013.

G. C. Hansson, “Mucus and mucins in diseases of the
intestinal and respiratory tracts,” Journal of Internal Medicine,
vol. 285, no. 5, pp. 479-490, 2019.

K. Li and Y. Olsen, “Effect of enrichment time and dietary
DHA and non-highly unsaturated fatty acid composition on
the efficiency of DHA enrichment in phospholipid of rotifer
(Brachionus cayman),” Aquaculture, vol. 446, pp. 310-317,
2015.

A. M. Malzahn, D. Ribi¢ié, B. H. Hansen et al., “First feed
matters: the first diet of larval fish programmes growth,
survival, and metabolism of larval ballan wrasse (Labrus
bergylta),” Aquaculture, vol. 561, Article ID 738586, 2022.

H. S. Bennett, A. D. Wyrick, S. W. Lee, and J. H. McNeil,
“Science and art in preparing tissues embedded in plastic for
light microscopy, with special reference to glycol methacrylate,
glass knives and simple stains,” Stain Technology, vol. 51,
no. 2, pp. 71-97, 1976.

A. M. Escaffre, S. Kaushik, and M. Mambrini, “Morphometric
evaluation of changes in the digestive tract of rainbow trout
(Oncorhynchus mykiss) due to fish meal replacement with soy
protein concentrate,” Aquaculture, vol. 273, no. 1, pp. 127-
138, 2007.

M. Boulhic and J. Gabaudan, “Histological study of the
organogenesis of the digestive system and swim bladder of the
Dover sole, Solea solea (Linnaeus 1758),” Aquaculture,
vol. 102, pp. 373-396, 1992.

C. A. Santamarfa, M. Marin De Mateo, R. Traveset et al.,
“Larval organogenesis in common dentex Dentex dentex L.
(Sparidae): histological and histochemical aspects,” Aquacul-
ture, vol. 237, no. 1-4, pp. 207-228, 2004.

C. Beccaria, J. P. Diaz, R. Connesa, and B. Chatainb,
“Organogenesis of the exocrine pancreas in the sea bass,
Dicentrarchus labrax L., reared extensively and intensively,”
Aquaculture, vol. 99, pp. 339-354, 1991.

C. M. Morrison, “Histology of the Atlantic cod, Gadus
morhua: an atlas. Part four: eleutheroembryo and larva,”
Canadian Journal of Fisheries and Aquatic Sciences, vol. 119,
Article ID 496, 1993.

C. Sarasquete, M. L. Gonzalez de Canales, J. M. Arellano,
J. A. Muiioz-Cueto, L. Ribeiro, and M. T. Dinis, “Histochemi-
cal aspects of the yolk-sac and digestive tract of larvae of the
Senegal sole, Solea senegalensis (Kaup, 1858),” Histology and
Histopathology, vol. 11, no. 4, pp. 881-888, 1996.

J. B. Ortiz-Delgado, M. J. Darias, J. P. Cafiavate, M. Yifera,
and C. Sarasquete, “Organogenesis of the digestive tract in the
white seabream, Diplodus sargus. Histological and histochem-
ical approaches,” Histology and Histopathology, vol. 18, no. 4,
pp. 1141-1154, 2003.

V. Micale, M. Garaffo, L. Genovese, M. T. Spedicato, and
U. Muglia, “The ontogeny of the alimentary tract during larval
development in common pandora Pagellus erythrinus L.”
Aquaculture, vol. 251, no. 2—4, pp. 354-365, 2006.

M. J. Darias, Balance energético y ontogenia del aparato
digestivo durante el Desarrollo larvario del pargo, Pagrus
pagrus, y del sargo, Diplodus sargus, en cultivo, Ph.D. thesis,
Universidad de Cadiz, Spain, 2005.

[45]

(46]

[47]

(48]

[49]

(50]

[51]

(52]

(53]

[54]

[55]

[56]

(57]

(58]

(59]

Aquaculture Nutrition

M. C. Sarasquete, A. Polo, and M. Yifera, “Histology and
histochemistry of the development of the digestive system of
larval gilthead seabream, Sparus aurata L Aquaculture,
vol. 130, no. 1, pp. 79-92, 1995.

C. Domeneghini, R. Ponnelli Straini, and A. Veggetti, “Gut
glycoconjugates in Sparus aurata, a comparative histochemical
study in larval and adult ages,” Histology and Histopathology,
vol. 13, no. 2, pp. 359-372, 1998.

M. P. Garcia Hernandez, M. T. Lozano, M. T. Elbal, and
B. Agulleiro, “Development of the digestive tract of sea bass
(Dicentrarchus labrax L). Light and electron microscopic
studies,” Anatomy and Embryology, vol. 204, no. 1, pp. 39-57,
2001.

T. Ostaszewska, “Developmental changes of digestive system
structures in pikeperch (Sander lucioperca L),” Electronic
Journal of Ichthyology, vol. 2, pp. 65-78, 2005.

G. A. Bisbal and D. A. Bengtson, “Development of the
digestive tract in larval summer flounder,” Journal of Fish
Biology, vol. 47, pp. 277-291, 1995.

H. Segner, R. Rosch, J. Verreth, and U. Witt, “Larval
nutritional physiology: studies with Clarias gariepinus,
Coregonus lavaretus and Scoph thalmus maximus,” Journal
of the World Aquaculture Society, vol. 24, no. 2, pp. 121-134,
1993.

J. P. Diaz and R. Connes, “Ontogenesis of the biliary trac in a
teleost, the sea bass Dicentrarchus labrax L,” Canadian Journal
of Zoology, vol. 75, pp. 740-745, 1997.

H. W. J. Stroband and A. G. Kroon, “Cell and tissue research
the development of the stomach in Clarias lazera and the
intestinal absorption of protein macromolecules,” Cell and
Tissue Research, vol. 215, no. 2, pp. 397-415, 1981.

C. J. Baglole, H. M. Murray, G. P. Goff, and G. M. Wright,
“Ontogeny of the digestive tract during larval development of
yellowtail flounder: a light microscopic and mucous
histochemical study,” Journal of Fish Biology, vol. 51, no. 1,
pp. 120-134, 1997.

H. Segner, V. Storch, M. Reinecke, W. Kloas, and W. Hanke,
“The development of functional digestive and metabolic
organs in turbot, Scophthalmus maximus,” Marine Biology,
vol. 119, no. 3, pp. 471-486, 1994.

Z. Petrinec, S. Nejedli, S. Kuzir, and A. Opacak, “Mucosub-
stances of the digestive tract mucosa in northern pike (Esox
Iucius L.) and European catfish (Silurus glanis L.),”
Veterinarski Arhiv, vol. 75, pp. 317-372, 2005.

A. Kowalska, Z. Zakes, and K. Demska-Zakes, “The impact of
feeding on the results of rearing larval pikeperch, Sander
lucioperca (L.), with regard to the development of the digestive
tract,” Electronic Journal of Polish Agricultural Universities,
vol. 9, 2006.

S. F. Lu, N. Zhao, A. Zhao, and R. G. He, “Effect of soybean
phospholipid supplementation in formulated microdiets and
live food on foregut and liver histological changes of
Pelteobagrus fulvidraco larvae,” Aquaculture, vol. 278, no. 1-4,
pp. 119-127, 2008.

C. Narasimham and V. Paratheswarao, “Adaptation to
osmotic stress in a freshwater euryhyaline teleost, Tilapia
mossambica. X. Role of mucopolysaccharides,” Acta Histo-
chemica, vol. 51, pp. 37-49, 1974.

A. Ribelles, M. C. Carrasco, M. Rosety, and M. Aldana,
“Morphological and histochemical changes in the liver and
pancreas of gilthead, Sparus aurata L., induced by acute action
of the anionic detergent, sodium dodecyl sulphate,” Histology
and Histopathology, vol. 10, pp. 781-787, 1995.



Aquaculture Nutrition

(60]

[61]

[62]

S. Appelbaum, H. Segner, and V. Storch, “Electron
microscopic study on the influence of different nutritional
conditions on liver and white trunk muscles of whitefish
(Coregonus lavaretus) larvae,” Zoologischer Anzeiger, vol. 217,
pp. 54-64, 1986.

E. Gisbert, R. H. Piedrahita, and D. E. Conklin, “Ontogenetic
development of the digestive system in California halibut
(Paralichthys californicus) with notes on feeding practices,”
Aquaculture, vol. 232, no. 1-4, pp. 455-470, 2004.

K. Loufi, D. G. Sfakianakis, S. Karapanagiotis, N. Tsele, and
P. Makridis, “The effect of copepod Acartia tonsa during the
first days of larval rearing in skeleton ontogeny and skeletal
deformities in greater amberjack (Seriola dumeliri Risso,
1810),” Aquaculture, vol. 579, Article ID 740169, 2024.

15





