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Abstract

In order to increase the low-temperature resistance of Nile tilapia, the purpose of this study was to determine the potential
effect of w3 fatty acid incorporation in Oreochromis niloticus diet. To perform this, two experimental diets containing soybean
oil (D1) and cod liver oil (D2) have been supplied to juvenile tilapia for 30 days. According to our results, similar improve-
ments in the two diets have been recorded for growth performance of O. niloticus including the final body mass, specific
growth rate, and feed conversion ratio. Our results showed that fish fed with diet D2 promoted high polyunsaturated fatty acids
mainly n-3 series (PUFA (n-3)) percent, highlighting the increased levels of docosahexaenoic (DHA) and eicosapentaenoic
(EPA) as well as the activation of their conversion enzyme ratios D5D and D6D desaturases. The second objective was to
assess the effect of the two experimental diets on low water temperature tolerance. This was done by exposing juvenile fish
at the end of the first experiment to 16, 14, 12, 10, and 8 °C for 12 h, 24 h, and 48 h. The sub-lethal LT5, of O. niloticus fed
with diet D1 was 10.6, 11.4, and 13 °C respectively, after 12 h, 24 h, and 48 h. This pattern was commonly observed for O.
niloticus fed with D2, showing that the subL Ty, were 10.3, 11.1, and 12 °C during the same period. These results demonstrate
that O. niloticus juveniles fed with diet D2 are more tolerant to low temperatures than those fed with diet D1.

Keywords Oreochromis niloticus - Soybean oil - Cod liver oil - Fatty acid composition - Thermal tolerance - Low
temperature

Abbreviations LA Linoleic acid

ARA Arachidonic acid ND None determined

D5D A5-Desaturase MUFA Monounsaturated fatty acids
D6D A6-Desaturase PUFA Polyunsaturated fatty acids
D9D A9-Desaturase = stearoyl-CoA-desaturase SFA Saturated fatty acids

DPA Docosapentaenoic acid subLT Sub-lethal temperatures
DHA Docosahexaenoic acid subLTs,  Sub-lethal temperatures 50
EPA Eicosapentaenoic acid

ELOVL6 Elongase
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Tilapia is Africa’s aquaculture resource that was introduced
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tons in 2018. Temperature is considered one of the most
important environmental factors that affect the growth,
physiological state, reproduction, and metabolism of fish
especially tilapia (Pandit and Nakamura 2010). These
effects were more highlighted in temperate and subtropical
regions defined by seasonal fluctuations in water tempera-
ture. The optimum temperature range depends principally
on many biological parameters such as the fish species,
size (Hofer and Watts, 2002; Sigurd and Sigurd 2008), and
genetic variations (Cnaani et al. 2003). Some optimum
temperatures comprised between 25 and 32 °C seem to be
necessary for the normal development, reproduction, and
growth of tilapia. Known, that for the majority of aquacul-
ture systems, they take place in waters that are character-
ized by no thermoregulation and are influenced by more or
less pronounced daily fluctuations. It should be noted that
in intensive breeding in geothermal water, the breeding
temperature is stable and optimal for the species. However,
in the dam reservoir, it is variable and exhibits seasonal
or even daily fluctuations. According to different studies,
some authors demonstrated that the thermal condition fluc-
tuations induced slower or lower growth efficiencies than
the constant temperatures (Flodmark et al. 2004). However,
other authors suggested no significant effect (Dhillon and
Fox 2007).

The ability to tolerate low temperatures depends on
several ecological (environment and geographic distribu-
tion), genetic (strain effect), and nutritional factors (Li
et al. 2002). In addition, farming conditions can have a
significant impact on species’ tolerance to low tempera-
tures (Cnaani et al. 2003; Charo-Karisa et al. 2006). Charo-
Karisa et al. (2006) demonstrated that the acclimatization
of O. niloticus at autumnal temperatures increases their
thermal tolerance to low temperatures compared to those
acclimated at summer temperatures. Thus, fish size, which
is considered another parameter of the breeding condition,
has no relationship with the tolerance to low temperatures
in Nile tilapia.

The essential fatty acids (EFAs) ensure many roles
including normal growth, development, and reproduction
of fish (Tocher 2010). In freshwater fish, two main polyun-
saturated fatty acid families constituting these EFAs such
as the n-6 and n-3 series are influenced essentially by the
feed diets. Linoleic acid (18: 2n-6, LA) and «-linolenic
acid (18: 3n-3, ALA) are the principal substrates produced
by the feed diets which are then converted through the
desaturase activities (D5D and D6D) to arachidonic acid
(20: 4n-6, ARA), eicosapentaenoic acid (20: 5n-3, EPA),
and docosahexaenoic acid (22: 6n-3, DHA) (Da Costa et al.
2015). Concerning tilapia, their growth and reproduction
depend essentially on LA or ARA levels (Lim et al. 2011).
Several authors determined the optimum requirement of
dietary n-6 PUFA (LA levels) for many species of tilapia.
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It was estimated to be about 1.0% for red belly tilapia
(Kanazawa et al. 1980), 0.5% for Nile tilapia (Takeuchi
et al. 2010), and 1.14% for hybrid tilapia, Oreochromis
niloticus X Oreochromis aureus (Li et al. 2013). Moreover,
Li et al. (2013) suggested that this requirement could be
reduced when ALA was present simultaneously. Similar to
other warm water fish, tilapia is further to apt the require-
ment of the high level of n-6 PUFA compared to n-3 PUFA
for maximal growth (NRC 2011), Yet, the growth has been
depressed when tilapia fed diets with above 1% of LNA
(Stickney and McGeachin 1983) or oils (i.e., 5% Pollock
liver oil, 10% or 12% cod liver oil) with high levels of
n-3 PUFA (Al-Souti et al. 2012; Kanazawa et al. 1980;
Ng et al. 2001). However, some other studies support the
necessity of n-3 and n-6 PUFA for growth performance.
So, Cou and shiau (2001) have demonstrated that tilapia
diets without any cold liver oil had significantly lower
growth performance and showed a typical n-3 deficiency.
Thus, Ng et al. (2011) have shown that tilapia diets based
on fish oil and vegetable oil resulted in the highest EPA,
DHA, and n-3/n-6 ratios as well greatest growth.

On other hand, several authors suggested that the lipid
composition of fish fillet plays a key role in the ability of
fish to adapt the changes in water temperature (Lu et al.
2019). The essential fatty acids mainly ALA and LA pro-
vided from diets induce an alteration of the lipid compo-
sition of fish when they are placed in colder water and
therefore determine their survival (Corréa et al. 2018). It
is known that the PUFA (n-3) interacts with protein mem-
brane in order to maintain the modulation of the fluidity
and integrity of the cell membrane (Nemova et al., 2013).
In this line, according to Lu et al. (2019), the high level of
PUFA (n-3) present in the diet allows an increase in the
ability of fish to tolerate the low temperature.

Additionally, fishmeal is generally the major compo-
nent of feed in aquaculture. Indeed, it is rich in essential
amino acids (EAA). Furthermore, some authors con-
firmed that the complete substitution of vegetable oil by
fish oil in tilapia diets improves its growth (Teoh et al.
2011). However, others suggested there are no significant
effects between diets (Al-Souti et al. 2012).

As well, in order to improve and ensure the success of
breeding operations, the study of the effects of diets on
thermal tolerance in tilapia is of capital importance to
avoid the risk of mortality during temperature fluctua-
tions in rearing systems where the water temperature is
not thermoregulated (Azaza et al. 2010). For that reason,
the goal of the present study was to investigate (i) the
effects of two experimental diets based on soybean oil and
cod liver oil on the growth performance of tilapia after
1 month and (ii) to determine their tolerance capacity
to low water temperatures (16, 14, 12, 10, and 8 °C) for
12 h, 24 h, and 48 h.
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Materials and methods
Feed formulation and pellet preparation

Two experimental diets D1 with soybean oil and D2 with
cod liver oil were tested in our study. For each experimental
diet, the food ingredients were weighed and mixed with 10%
of vegetable oil (soybean oil, D1) and with 10% of animal
oil (cod liver oil, D2). The mineral and vitamin premix was
combined with the two mixed. Water was then added to
60% dry matter content in order to obtain a malleable paste
which was pelleted through a 3 mm hole in the kitchen meat
grinder (TC 22SL) and which was dried in the sun. The
dried pellets were fragmented to the desired and suitable
size, bagged in polythene bags, until required, and stored at
a temperature of — 20 °C until distribution.

Fish and experimental conditions
Acclimation

The juvenile Nile tilapia (Oreochromis niloticus) was
obtained from an experimental research station of the Tuni-
sian National Institute of Marine Sciences and Technology
(INSTM). Fish were acclimated in experimental aquariums
(80 L) for 15 days (Fig. 1). The photoperiod was fixed at a
constant (12 h/12 h) light—dark cycle. As previously studied
by Azaza et al. (2008), the select temperature (28 +2 °C)
corresponds to the optimum temperature for tilapia growth.

In each reservoir tank, an immersion thermostatic heater
(1 kW) was installed to maintain the preselected water
temperature. Using submerged filtration in each aquarium
(Rena, Filstar), the fecal matter was removed. In order to
maintain dissolved oxygen levels near saturation, a supple-
mental aeration was conditioned. For all aquaria, water was
constantly renewed by continuous flow at the rate of 1L/min
to provide oxygen and remove the excess nitrogenous waste.

Experimental diets

After acclimation, 12 fish with an initial body weight
of 3.44+0.9 g were taken randomly at the start of the
experiment and considered as initial samples. The 120
fish with similar initial body were distributed randomly
into six aquaria (80 L for each), and each aquarium was
stocked with 20 fish for 30 days. Each experimental diet
was tested for triplicates of tanks. The average weight vari-
ation between different aquariums was reduced as neces-
sary by the sorting and redistribution of fish with similar
mass in order to ensure a uniform starting mass. All fish
in each aquarium were anesthetized (MS-222, 50 ppm), to

reduce the stress and to ensure reliability of the weighing,
and then weighed and measured to the nearest 0.001 g and
0.1 cm, respectively, at the beginning and at the end of the
trial. Fish were fed two times daily at 09:00 a.m. and 17:00
p.m. Mortality was controlled daily.

At the end of the experimental period, all fish in each
tank were weighted to assess growth and feed utilization
efficiency. The fish (n=12) of each treatment were sacrificed
on ice and the muscle fragments which came from the left
side of the animal corresponding to the latero-dorsal part
were quickly removed for the lipid and fatty acid composi-
tion analyses (6 replicates in each experimental diet (n=2
fish for each replicate)). The other 40 fish from each experi-
mental diet are intended for the temperature experiment.

Temperature experiment

At the end of the first experiment trial, groups of 8 fish
from each diet were subjected to temperature tests of 16,
14,12, 10, and 8 °C. At each test temperature, 2 series of
experiments (n=4) are executed in a plastic tank (100 L)
and which are separated by a perforated plastic plate. The
test temperatures were reached progressively at a rate of
1 °C every 5 min. The temperature was lowered using a
cry-plunger (Huber TC 50 E). During the experiment peri-
ods (i.e., 12 h, 24 h, and 48 h), the fish are kept fasted and
a constant aeration is controlled in order to maintain the
saturated oxygen level. For each temperature treatment, we
note the behavior of the fish and the individual survival
times for which the fish lose their ability to swim for at
least 10 s (Kraiem and Duvernay 1981). A survival num-
ber and mortality rate (%) were calculated.

Growth indices

Growth performance and nutrient utilization of fish used
in the experiment were measured in terms of final body
weight (g), survival rate (%), specific growth rate (SGR,
% day'l), and feed conversion ratio (FCR).

Growth performance parameters were calculated as follows:

Survival rate (%) = 100 X (final number fish/initial number fish)
Weight gain (%) = 100 X (final body weight — initial body weight)/final body weight.
Daily weight gain (g day — 1) = (final body weight — initial body weight)
/(duration of the experiment (day)).
Specific growth rate (SGR, % day — 1) =
100 X ((log final body weight — log initial body weight)
/duration of the experiment (day))

Feed conversion ratio (FCR) = (dry feed intake)/(biomass produced (Bp))
Biomass produced (Bp) = final biomass — initial biomass + dead biomass

Protein efficiency ratio = (biomass produced)/(proteins ingested).

@ Springer
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Fig. 1 Experimental design of
diets and temperature treatments
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Biochemical analysis

The total lipids (TL) were extracted using chloroform:
methanol (2:1, v/v) solution containing 0.01% butylated
hydroxyl toluene (BHT) as an antioxidant following the
method described by Folch et al. (1957).

Fatty acid analysis

The total lipid was trans-esterified to methyl esters accord-
ing to the method of Cecchi et al. (1985). The methyl
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Survival number

Mortality rate (%)

nonadecanoic acid C19:0 (Sigma) which was absent in our
samples was added as an internal standard. Methyl esters
were analyzed by gas chromatography using a chromato-
gram “Agilent Technologies” HP 6890 model equipped with
a capillary column INNO-WAX (30 m X 0.25 pm) and sup-
plied by a carrier gas: nitrogen. The temperature program
during the injection has been started at a temperature of
50 °C. Thereafter, the T°C was raised to 180 °C (40 °C/
min), then to 220 °C (33 °C/min). Finally, it was remained at
220 °C for 5 min. Identification of FAMEs was based on the
comparison of their retention times with those of a mixture
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of methyl esters PUFA-3 (by SUPELCO) and Marine oil
(Menhaden oil by SUPELCO). Fatty acid peaks were inte-
grated and analyzed using HP Chemstation software. Fatty
acids were expressed in percentages (%).

Desaturase and elongase activities and lipid quality index

Desaturase activities were estimated as the product/precur-
sor ratios of individual fatty acids according to the follow-
ing formulas: D9D: A9-desaturase = stearoyl-CoA-desat-
urase =C18:1 n-9/18:0; D5D: A5-desaturase = C20:5n-3/
C20:4n-3. D6D: A6-desaturase = C20: 4n-3/C18:3n-3 (Da
costa et al. 2015; Rabei et al. 2018). The elongase activity
index (ELOVL6) was calculated using (C18:0/C16:0) ratio
(Kotronen et al. 2010).

The lipid quality index such as n-3/ n-6, XPUFA/ZSFA,
and DHA/ EPA ratios and EPA + DHA were determined
according to Marques et al. (2010).

Statistical analysis

Data analysis was performed using the software Statistica
version 5.0. The fatty acid composition, lipid quality indices,
and desaturase and elongase activities of tilapia fillet were
compared between the two experimental diets. Normality
was assessed for all datasets using the Shapiro-Wilcoxon
test. The significant differences between variables were
analyzed using a one-way analysis of variance (ANOVA)
followed by a post hoc Tukey’s test (p <0.05). When the
conditions for ANOVA were not satisfied, nonparametric
Kruskal-Wallis’s test was used (p <0.05). The differences
between samples were deemed to be significant at p < 0.05.
Principal component analysis (PCA) was used to display the
effects of two diets based on soybean oil and cod liver oil on
the fatty acid composition of tilapia.

Results
Growth performances

Regarding the general physiological state of the fish during
the experiment, no pathological signs and no mortality were
recorded.

After feeding the fish for 1 month, the fish fed by the
soybean oil (D1) and cod liver oil (D2) diets were found to
have a similar final weight. The results of all growth per-
formance indices showed similar changes between the two
experimental diets with no significant difference (Table 1).
The survival rate is estimated at 100% for animals fed on
DI and D2 diets.

Table 1 Growth performance and survival rate of Nile tilapia (Oreo-
chromis niloticus) fed with two experimental diets during 30 days

Treatments and parameters Experimental diets

D1 D2
Average initial weight (g) 324+0.08 3.81+0.07
Average final weight (g) 13.8+0.08 15.2+0.08
Biomass produced 213135 226.2+21.5
Percentage weight gain (%) 302.2+30.2 330+29.5
Daily weight gain (g day™) 0.35+0.02  0.38+0.03
Specific growth rate (% day™") 4.62+0.25 4.84+0.22
Food conversion efficiency (%) 1.6+0.1 1.5+0.15
Protein efficiency ratio 2+0.12 2.11+0.12
Overall Survival (%) 100 100

Data are mean + standard error (n=120)

Fatty acid composition

In this study, twenty-two fatty acids (FA) were identified and
three families were determined.

Experimental diet’s fatty acid profile

The fatty acid compositions of two experimental diets (soy-
bean oil (D1) and cod liver oil (D2)) are summarized in
Table 2.

A highly significant difference was recorded for all fatty
acids between the two experimental diets. A great level of
linoleic acid (C18:2n-6, 37%), polyunsaturated fatty acids
(PUFA’s, 43.6%), and n-6 fatty acids (PUFA (n-6), 37%)
characterized the soybean oil. However, the cod liver oil
has an important level of arachidonic (C20:4n-6, 0.23%),
docosahexaenoic (C22:6n-3, 2.73%), EPA: eicosapentaenoic
(C20:5n-3, 2.55%) acids; saturated (SFA, 27%), and mono-
unsaturated (MUFA, 20%) fatty acids (Table 1).

The tilapia fillet fatty acid profile after experimental diets

The fatty acid composition of tilapia fillet from initial
samples and from samples fed by two experimental diets
(soybean oil (D1) and cod liver oil (D2)) is summarized in
Table 3.

Remarkable and significant changes in the fatty acid com-
position of tilapia fillet were recorded in our experiment.
These changes were noted in the initial samples and between
the experimental diets.

Total SFA in tilapia fillet decreased significantly after
the two dietary treatments (D1 and D2) for 1 month when
compared to the initial samples (— 11% and — 15%, respec-
tively). However, no significant difference was recorded

@ Springer
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Table 2 Ingredients, proximate composition, and fatty acid composi-
tion of different experimental diets

Ingredients or proximate or fatty acid Experimental diets

DI D2
Ingredients (%)
Fish meal 18 18
Soybean meal 47 47
Corn flour 20 20
Mineral and vitamin premix 5 5
Soy oil 10 0
Cod liver oil 0 10
Total 100 100
Proximate composition (%)
Moisture 87.53 90.58
Crude fat 9.69 10.12
NNE 35.22 32.85
Fatty acid composition (% of total fatty acids)
C14:0 1.28+0.01 7.22+0.01"
C15:0 0.26+0.01 0.63+0.02""
C16:0 15.7+0.05 16.4+0.06™"
C17:0 0.26+0.02 0.33+0.04
C18:0 4.39+0.06 32740117
Cl16:1n-9 0.74+£0.04 7+0.03"
Cl16:1n-7 0.05+0.01 0.33+£0.02"
C18:1n-9 17+0.05 11.4+0.04™
C18:1n-7 0.05+0.01 1.84+0.06™"
C20:1n-9 0.06+0.01 0.21+0.02""
C16:2n-4 0.13+0.01 0.82+0.03""
C16:3n-4 0.15+0.01 0.53+0.04™"
C18:3n-4 0.06+0.01 0.63+0.04™"
C18:3n-3 (ALA) 5.05+0.05 140017
C18:4n-3 0.15+0.01 0
C20:4n-3 0.02+0.01 0.53+0.04™
C20:5n-3 (EPA) 0.33+0.01 2.55+0.08""
C22:5n-3 (DPA) 0.06+0.01 0.63+0.04™"
C22:6n-3 (DHA) 0.34+0.01 2.73+0.04™"
C18:2n-6 (LA) 37.1+0.01 5.47+0.117
C20:2n-6 0.18+0 2.69+0.15"
C20:4n-6 (ARA) 0.02+0 0.23+0.04™"
ZSFA 21.9+0.08 27.9+0.24™"
SMUFA 17.9+0.09 20.8+0.08""
SPUFA 43.6+0.09 17.8+0.6™"
TPUFA (n-3) 5.95+0.07 7.44+02""
SPUFA (n-6) 37.3+0.01 8.39+0.3""
n-3/n-6 0.16+0 0.89+£0.01"
ND 16.6 335
Total 100 100

Data are mean =+ standard error (n=23)
D2 vs D1: “p<0.01; "*p<0.001

Vitamin premix (mg or IU.kg’]): vit A, 250,000 UI; vit D3, 62,500 UI; vit Kj,
100 mg; vit B, 41.2 mg; choline, 2500 UL Mineral premix (mg.kg"): Fe, 1.5 g; Cu,
0.2 g; Mn, 1.75 g; Zn, 1.25 g; I, 0.01 g; Se, 0.0075 g; Co, 0.008 g; P, 0.082 g; Ca,
024 g;Na, 035 g

D1 soybean oil, D2 cod liver oil, ALA a-linolenic acid, ARA arachidonic acid, DHA
docosahexaenoic acid, DPA docosapentaenoic acid, EPA eicosapentaenoic acid, LA
linoleic acid, ND none determined, NFE nitrogen-free extract, MUFA monounsatu-
rated fatty acids, PUFA polyunsaturated fatty acids, SFA saturated fatty acid, Total
FA (SFA + MUFA +PUFA + ND)
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between the two dietary treatments. A significant decline
in the total MUFA level was observed in the tilapia fillet
fed with diets (D1 and D2) as compared to the initial fish
(—53% and —30%, respectively). The total MUFA level in
the fillet of tilapia fed with D2 was significantly higher than
those fed with D1. These significant elevations (P <0.001)
are observed especially for 16:1n-7, 18:1n-9, and 18:1n-7.

A significant increase in total PUFA and PUFA
(n-3) levels was observed in the tilapia fillet fed by D2
(+27%,+ 111%, respectively) as compared to the initial
fish. However, an elevation of PUFA (n-6) level was noted
in the tilapia fillet fed by D1 (+23%) as compared to the
initial animals.

By comparing the two experimental diets, PUFA and
PUFA (n-3) levels in the fillet fed with D2 were significantly
higher than those fed with D1. Generally, low ALA and high
levels of EPA and DHA were recorded in tilapia fillets fed
with D2 compared to the initial samples and to those fed by
D1. However, the tilapia fed by D1 has demonstrated great
levels of LA and ARA.

Lipid quality indices are summarized in Table 4.
The DHA/EPA, n-3/n-6 and XPUFA/XSFA ratios, and
EPA +DHA calculated for the fillet of tilapia fed by D1 were
significantly lower than those estimated for the fillet from
tilapia fed by D2 and the initial fish.

A significant increase (P <0.001) of D5D and D6D was
observed for the fish fed by D2 compared to those fed by D1.
However, the fish fed by D1 showed a significant increase in
ELOVL6 and a decrease in D9D activities (Table 3).

The results of PCA (Fig. 2) allowed us to retain the
first two factorial axes that explained 73.56% of the total
variance. Factor 1 displayed 43.54% of the total variance,
defined by the PUFA, PUFA (n-3), DHA, and different
ratios such as EPA + DHA, (n-3)/(n-6), and D6D activity.
The ARA, SFA, MUFA, and ELOV6 and D9D activities
characterized factor 2 (30.03%). The ratios of PUFA/SFA,
DHA/EPA, and LA and ALA values and D5D activity
are the intermediate variables between the two axes. An
analysis of fatty acid composition showed significant vari-
ations between the two diets. The tilapias are regrouped
into three separate groups. The initial sample (IS) group
which is represented in the negative parts of two factors of
PCA is characterized by high levels of MUFA, SFA, and
EPA and low activities of desaturases (D5D and D6D).
After 30 days of feeding with two experimental diets, the
tilapia fed by diet D2 accumulate high levels of PUFA,
PUFA (n-3), and DHA and have great nutritional qual-
ity ratios more than the tilapia fed by D1. The low levels
of ETA (R=-0.95), ALA (R=0.92), and LA (R=0.87)
estimated in the fish fed with D2 are associated with the
activations of desaturase enzymes (D5D and D6D), which
are responsible for converting these last fatty acids in their
substrates such as EPA, DHA, and ARA respectively.
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Table 3 Fatty acid composition (% fatty acids) and the estimated
desaturase and elongase activities of the Nile tilapia fillets (Oreo-
chromis niloticus) from initial sample and after 30 days of feeding
with two experimental diets

Table 4 Nutritional quality indices of the Nile tilapia fillets (Oreo-
chromis niloticus) from initial sample and after 30 days of feeding
with two experimental diets

Nutritional indices Initial sample Experimental diets during

Fatty acids/index Initial sample Experimental diets during 30 days 30 days
D1 D2 DI D2

C14:0 7.53+0.81 1.58+£0.29™  1.69+0.75"" EPA + DHA 3534098  240+0.74 8.69+177
C15:0 0.68+0.18  0.54+021"  0.35+0.15" DHA/EPA 2.7+0.99 331+1.05 4.86+0.487"
C16:0 17.1£236  14.6+1.977  14.1+22" TPUFA/ZSFA 0.57+0.07  0.64+0.08" 0.86+0.1""*+
C17:0 025+0.07  0.45+0.06"" 0.49+0.22" n-3/n-6 0.62+0.12  049+0.1"" 1.39+0.117"++*
C18:0 274+1.72 7.85+1.42"  731+1.90"
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ggz 1“'; (1)'16‘7‘ + 8'22 Z‘Zi (1”3)3 g‘i * 82:: Experimental diets (D1, D2) vs initial sample: “p <0.05; *“p <0.001

- SED SrEL - £ " D1 vs D2: ***p <0.001
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C20:1n-9 0.2+0.03 0.04 £ 0'01‘ 0.05+ 0'03‘ ) eicosapentaenoic acid, PUFA polyunsaturated fatty acids, SFA satu-
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Cl16:3n-4 0.55+0.05  0.32+0.06"" 0.34+0.06"™
C18:3n-4 0.64+0.07  0.34+0.04"  0.19+0.08"* o ) _
C18:3n3 (ALA) 0.59+0.07 0.940.11" 0.240.04™+++ Ftro;ectlon des v?nables surle ;l>lan factoriel ( 1 x 2)
C18:4n-3 0.02+0.0 1.04£0.117"  0.54£0.1477++ 1.0r ARA
C20:4n-3 (ETA) 0.54+0.02  0.15+0.03""  0.31+£0.02""++* o
C20:50-3 (EPA)  0.98+0.08  0.63+£027°  1.56+0.26 "+ -
C22:5n-3 0.68+0.17  040+0.14™ 157+ 0.17***+++ PN DHAEPA ¢ \'nye
C22:6n-3 (DHA) 2574043  1.77+0.64™  7.13+£0.9™+ 051 S e—a A
C1820-6 (LA) 5732027 852111 5224026+ ) ZUFA“‘&
C20:2n-6 2.74+0.17  041+0.12""  1.91+0.16"" § D1 |1
C20:4n-6 (ARA) 0.18+0.02  1.07£0.34™  0.99+0.12"" 8 | e vl A o ]
ISFA 281+241 254286 2394209 o~ e i
TMUFA 2144139  9.64+1.83"  14.94123""++ E
TPUFA 161+1.37  15.8+1.68 204+ 1,607+
PUFA (n-3) 536+1.37  4.89+0.8"  113+1337"*+ e
PUFA (n-6) 8.66+0.38  10.0+1.23"" 8.14+0.38"+
ND 344 49.56 40.8
Total 100 100 100
D9D 7.50+237  0.87+0.01""  1.42+0.037
D5D 1794017 442225 502+0.79™ 40 e o0 e XD
D6D 0.93+0.03  0.17+0.05"  1.57+0.12""++ Each. 1 <41.82%
ELOVL6 0.15+0.09  0.54+0.11""  0.51+£02""

Values are expressed as means +SD, 6 replicates in each experimen-
tal diet (n=2 fish)

Experimental diets (DI,

“p<0.05;""p<0.001

D1 vs D2: ***p<0.001

D1 soybean oil, D2 cod liver oil, ALA o-linolenic acid, ARA arachi-
donic acid, DHA docosahexaenoic acid, DPA docosapentaenoic acid,
EPA eicosapentaenoic acid, LA linoleic acid, ND none determined,
NFE nitrogen-free extract, MUFA monounsaturated fatty acids,
PUFA polyunsaturated fatty acids, SFA saturated fatty acid, Total
FA (SFA+MUFA+PUFA+ND), D9D A9-desaturase =stearoyl-
CoA-desaturase=C18:1 n-9/18:0, D5D A5-desaturase =C20:5n-3/
C20:4n-3, D6D A6-desaturase =C20: 4n-3/C18:3n-3, ELOVLG6 elon-
gase (ELOVL6)=(C18:0/C16:0) ratios

D2) vs initial sample: “p<0.05;

Fig.2 Principal component analysis (PCA) represented by two fac-
tors F1 and F2 and produced by the fatty acid composition; estimated
desaturase and elongase activities and nutritional indices of Nile tila-
pia fillets (Oreochromis niloticus) and experimental diets. Projection
of the variables and the cases on the factor plane (1-2); D1, soybean
oil; D2, cod liver oil; IS, initial samples

Experimental and tolerance temperature

The results relating to the temperature tolerance of O.
niloticus are expressed in two different ways: (1) the
average survival time in terms of temperature for the
two experimental diets (D1 and D2) and (2) sub-lethal
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Fig.3 Survival time variation of Nile tilapia (Oreochromis
niloticus) from experimental diets during 12 h, 24 h, and 48 h
at different experimental temperatures. Experimental diet D1:
subLT12h=9.6 °C; subLT24h=11.20 °C; subLT48h=15 °C. (Meas-
urements made at 8, 10, 12, 14, and 16 °C on 40 individuals in total.)
Experimental diet D2: subLT12h=8.8 °C; subLT24h=10.9 °C; sub-
LT48h=14.8 °C. (Measurements made at 8, 10, 12, 14, and 16 °C on
40 individuals in total.) Each point represents the average of 8 meas-
urements. The regression lines are calculated using the least squares
method. D1, soybean oil; D2, cod liver oil

temperatures 50% (subLTs) after 12 h, 24 h, and 48 h for
the two experimental diets (D1 and D2).

Average survival time

The influence of experimental diets on sub-lethal tem-
perature for 24 h, 48 h, and 72 h expressed by survival
time variation is represented in Fig. 3. According to our
results, the tilapia fed by D1 has a sub-lethal temperature
(subLT) in the order of 9.6, 11.2, and 15 °C after 12 h,
24 h, and 48 h respectively. Those fed on diet D2 have
subLT of 8.8, 10.9, and 14.8 °C after 12 h, 24 h, and 48 h
respectively. Using to test ANOVA, significant effects of
experimental diets were recorded between the subLTs, for
12 h (P=0.0006) and 24 h (P=0.021).

The statistical comparison of these results (Table 5)
revealed that the two calculated regression lines corre-
sponding to the two experimental diets are secant (slope
test =5.016 > P = 5% (2365)); showing a significant dif-
ference in tolerance of O. niloticus to the lower tempera-
ture after the two experimental diets (Fig. 3).

Sub-lethal temperature 50% (subLTs)

The analysis of the survivor’s fish number from the two
experimental diets calculated after 12, 24, and 48 h at the
different test temperatures is represented in Fig. 4 and allows
us to determine the 50% sub-lethal temperatures. Thus, the
fish fed with diet D1 have a subLTs, comprised between

@ Springer
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Fig.4 Survivor’s number of Nile tilapia (Oreochromis niloticus) from
experimental diets (D1 (a) and D2 (b)) during 12 h, 24 h, and 48 h
at different experimental temperatures. D1, soybean oil; D2, cod liver
oil

10 and 12 °C at 12 h and 24 h respectively, and more
than < 12 °C after 48 h. The animals fed with diet D2 appear
more resistant to lowering temperature and the respective
subLTs, thresholds are between 10 and 12 °C after 12 h and
24 h and between 12 and 14 °C at 48 h. It should be noted
that 100% of these fish survive at 12 °C after 12 h (Fig. 5b).

The analysis of the average mortality in terms of the test
temperatures after 12 h, 24 h, and 48 h (Fig. 5) demonstrated
that O. niloticus fed with diet D1 has a subLTs, (12 h) at
10.6 °C, subLTs, (24 h) at 11.4 °C, and subLTs, (48 h) at
13 °C (Fig. 5a). In contrast, the values of subLTjs, of the
batch fed with diet D2 were 10.3 °C, 11.1 °C, and 12 °C after
12 h, 24 h, and 48 h respectively (Fig. 5b).

Discussion

Demand for tilapia has regularly increased in recent decades;
accordingly, an important effort to improve the production
and the meat quality of these products is necessary. Con-
sequently, several investigations based on the feasibility of
partial/complete replacements of dietary fish oil have been
carried out to determine the optimal dietary lipid sources for
farmed tilapia (Bahurmiz and Ng 2007; Teoh et al. 2011; Ng
et al. 2011) (Tables 5 and 6).

The survival rate is estimated at 100% for the soybean
oil (D1) and for the cod liver oil (D2). Some observations
have been supported by Cou and Shiau (2001) and Al-Souti
et al. (2012).

Our results of the growth performance of the experi-
mental diets showed that there was no significant differ-
ence between tilapia (Oreochromis niloticus) fed with
soybean oil and those fed with cod liver oil for 1 month. It
is necessary to indicate that the incorporation of cod liver
oil does not lead to an improvement in growth and feed
conversion performance. Moreover, the total substitution



Tropical Animal Health and Production (2022) 54:401 Page90of 13 401

Fig. 5 Mortality rate of Nile —4—SubTL50 (12h) == SubTLS50 (24h)  --sk-- SubTL50 (48h)
tilapia (Oreochromis niloticus) )
from experimental diets (D1 (a) 100% + """"""""'*"""'""'""*..
and D2 (b)) during 12 h, 24 h, .
and 48 h at different experimen- ® 80% - .
tal temperatures. D1, soybean o - - "
oil; D2, cod liver oil & 60% i

y R %

®  40% - ~

: -

= 20% - ~ .

~
L
0% - ; . - “n ‘ = :
8° 10° 12° 14° 16°
Temperature °C
—4—5SubTL50 (12h) =M= SubTLS50 (24h) -+ SubTL50 (48h)
100% - F R REETEOTELE CEETEEREPERERRE Y

g 80% -

v -

® 60% - T em<nm

z S~ -

" 40% - -

: R S

2 20% - - %

<
~ "
0% - T T L 4 = T | |
8° 10° 12° 14° 16°

Temperature °C

Table 5 Comparison of mean regression lines in terms of survival time and temperature for Nile tilapia (Oreochromis niloticus)

Cal test ddl Threshold Conclusions
1% 5%
Slope test 5.016 6 3.499 2.365 Calculated slope test is greater than the threshold: secant lines

Table 6 Matrix of correlation between subLTs, for 12 h, 24 h, and 48 h and fatty acid composition of Nile tilapia (Oreochromis niloticus) fillets
after experimental diets

Tempera- DI D2

ture treat-

ment EPA DHA SFA MUFA PUFA PUFA (n-3) PUFA (n-6) EPA DHA SFA MUFA PUFA PUFA (n-3) PUFA (n-6)
12h ns ns ns ns ns ns ns 0.99 ns ns ns ns ns ns

24 h ns 0.99 ns ns ns 0.99 ns —0.99 ns ns ns ns ns ns

48 h ns —-0.99 ns ns ns -0.99 ns 0.99 ns ns ns ns ns ns

D1 soybean oil, D2 cold liver oil, DHA docosahexaenoic acid, EPA eicosapentaenoic acid, PUFA polyunsaturated fatty acids, SFA saturated fatty
acid

of vegetable oils by cod liver oil has shown similar results ~ the protein efficiency coefficient (PCE), and the specific
for red tilapia (0. mossambicus x O. aureus) (Bahurmiz growth rate (SGR). However, a better growth performance
and Ng, 2007; Al-Souti et al. 2012) mostly for the replace-  of O. niloticus and red tilapia has been mentioned with
ment (up to 100%) sustains a feed conversion rate (FCR), food containing oil of marine origin (fish) compared to
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food based on a mixture of vegetable oils (palm oil, lin-
seed oil, sunflower, and olive) (Teoh et al. 2011; Ng et al.,
2011). According to Cou and Shiau (2001), hybrid tila-
pia (Nile tilapia X blue tilapia) fed with a diet composed
of 5% of cod liver oil demonstrated a better growth rate
(SGR =2.32%). In this line, our experiment based on the
incorporation of 10% of cod liver oil seems to be sufficient
for improved growth (SGR =4.27%).

Tilapia uses essential fatty acids, such as EPA, ARA, and
DHA for many biological functions. These fatty acids come
respectively from the metabolic conversion of ALA and LA
leaders of the two main families of unsaturated fatty acids
(n-6 and n-3 series). These last fatty acids cannot be synthe-
sized by tilapia and they must therefore be provided by food
(Lim et al. 2011). In our study, the fatty acid composition of
the experimental diet (D1) demonstrated high levels of LA
and ALA. While the ETA, EPA, and DHA were more abun-
dant in diet D2. Consequently, a remarkable and significant
change in tilapia fillet fatty acid composition was recorded
after 1 month of feeding. In this line, after the cod liver oil
diet, an increase in DHA and EPA levels was coupled with
a decrease in their respective precursors, such as ALA and
ETA as well as an increase in the activities of the estimated
D6 (D6D) and D5 (D5D) desaturase ratios responsible for
their conversion (P <0.001). Our findings confirmed that
tilapia has the capacity to bio-convert ETA to EPA and
ALA to DHA (Teoh et al. 2011). However, the low level
of DHA (P <0.001) of the fillet from D1 diet in the current
study can be explained by its reliance on diet quality and
diet duration. Ng et al. (2011) obtained comparable results.
Moreover, in our study, the EPA content in diet D2 seems
to be higher than that in the tilapia fillet. It can be explained
by the advantageous use of EPA as an energy source and/
or synthesized into DHA (Montero et al. 2005; Senadheera
et al. 2011). Analogous results were reported for other fish
species (Ng et al. 2011).

Arachidonic acid is recognized as the major precursor of
eicosanoids and is an essential fatty acid for normal growth
and juvenile’s development (Bell and Sargen 2003). In the
present study, the ARA contents in the tilapia fillet are
higher than the contents in diets. Ng et al. (2011) demon-
strated similar results after different diets based on fish, soy-
bean, linseed, and crude palm oil. While and Al-Souti et al.
(2012) showed that fillets of tilapia feed with experimental
diets based on low levels of fish oil contained traces of ARA.

Besides, the tilapias fed D1diet which contained more
LA had significantly higher ARA content than D2 dietary
treatment. The desaturase activity responsible for converting
the LA into ARA might explain these increases in ARA bio-
availability in the current study. Similar results are observed
by Ng et al. (2011). According to Barthet (2008), C18:1n-9
can be synthesized through two steps: (1) producing C18:0
from C16:0 using elongase (ELVOL6) and subsequently (2)

@ Springer

producing C181n-9 from C18:0 using desaturase D9 (D9D).
Our results have shown for fillet from two experimental diets
a significant decrease in estimated D9D and a significant
increase in estimated ELVOLG6 explaining the decline of
MUFA levels, especially in C18:1n-9 which is associated
with an increase in C18:0.

On other hand, myristic acid (C14:0) levels decreased sig-
nificantly in fillet tilapia from two experimental diets. These
declines can be explained by the use of C14:0 as an energy
source without deposition in the body (Rioux et al. 2005).

The n-3/n-6 ratio is an important nutritional index. The
n-3/n-6 ratio was estimated at 0.48 for fish fed on diet D1
and at 1.44 for fish fed on diet D2. According to Atwood
et al. (2003) and Al-Souti et al. (2012), fish fed with diets
based on fish oil (Menhaden, cod liver) generally have a
higher n-3/n-6 ratio than fish fed with diets based on veg-
etable oils (corn and/or soy oils). Similar observations have
been reported in red hybrid Tilapia fed on vegetable and cod
liver oils for 3 months (Ng et al. (2011). Regarding the (n-6)
family, the levels are higher in fish fed with a diet containing
vegetable oils, and, consequently, they affect the fillet fatty
acid composition. Our investigation is in concordance with
previous works (Atwood et al. 2003; Bahurmiz and Ng 2007;
Ngetal. 2011).

In our study, PUFA/SFA ratio values varied from 0.65
to 0.85 for animals fed on diets D1 and D2, respectively.
The low ratio value recommended is 0.45 (HMSO 1994).
Another lipid quality index calculated in our experiment is
EPA + DHA which is commonly used to assess the nutri-
tional quality of marine animal products. Our results dem-
onstrated that the EPA + DHA index calculated from tilapia
fillets fed on diet D2 diet is 4 folds higher than those from
fish fed on D1 diet.

According to the literature, diet is known to play an
important role in the ability of fish to tolerate low tempera-
tures (Lu et al. 2019). However, for Nile tilapia (O. niloti-
cus), very few studies have addressed this aspect (Atwood
et al. 2003; Charo-Karisa et al. 2006). In our investigation,
the mortality rate was determined in terms of the test tem-
peratures (8, 10, 12, 14, and 16 °C) after 12 h, 24 h, and
48 h. It has been demonstrated that in fish fed on diet D1,
the subLTs, is 10.6, 11.4, and 13 °C after 12 h, 24 h, and
48 h respectively. However, in D2 diet, the values of subLTj,
are 10.3 °C, 11.1 °C, and 12 °C after 12 h, 24 h, and 48 h
respectively. These results suggest that tilapias fed by D2
diet seem to be more tolerant to low temperatures than those
fed by diet D1. Atwood et al. (2003) have demonstrated a
little effect of diets (fish oil (Menhaden) and vegetable oil
(coconut) for 14 days) on the tolerance of tilapia to low
temperatures.

Moreover, some studies have shown that the tolerance of
fish to low temperatures is related to the lipid composition
of diets and of fish species (Lu et al. 2019). Thus, fish fed on
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diets with a high level of PUFA (n-3) have shown an increase
in their tolerance to low temperatures (Lu et al. 2019). In
this context, the high percent of PUFA (n-3) in cod liver oil
(D2) sustains the best tolerance and adaptation of animals
to the low temperature in our study. (Table 6). Our results
are in concordance with those of Corréa et al. (2018), which
suggested the implication of PUFA in the improvement of
tilapia tolerance to low temperatures (22 °C) when compared
to those maintained at optimal temperatures (28 °C).

There is a direct relationship between the physical prop-
erties of cell membranes and their fatty acid composition.
The membrane fluidity and integrity depend on MUFA and
PUFA levels (Nemova et al. 2013). In our finding, the low
levels of MUFA and PUFA in the fish fillet from the D1 diet
can reduce the maintenance of membrane functionality dur-
ing temperature fluctuations, and, therefore, they seem to be
less resistant to low temperatures. However, the tilapias fed
with D2 rich in PUFA (n-3) have shown a great reserve of
these fatty acids, and, accordingly they are able to modify
membrane fatty acid composition in order to cope with the
lowest temperatures. A similar investigation has been con-
ducted by Corréa et al. (2018).

Conclusions

Tilapia has crucial economic value and can be produced
easily in several environments, including geothermal waters
and dam reservoirs. Our work is the first report to assess
the improvement of tilapia (Oreochromis niloticus) toler-
ance to low temperatures following PUFA (n-3) incorpora-
tion in the experimental diets. Two experimental diets based
on cod liver oil (D1) and on soybean oil (D2) were tested
for 1 month (1). For the first time, our results demonstrated
that the incorporation of cod liver oil does not lead to an
improvement in growth and feed conversion performance
compared to soybean oil. However, the fillets of tilapia
fed by diet based on cod liver oil accumulate more PUFA
levels. For the second time, the mortality rate and subLTj,
were significantly different between the two experimental
diets suggesting that the tilapias fed by the cod liver oil diet
seem to be more tolerant to low temperatures. We can con-
clude that the improvement of diets based on PUFA (n-3)
has a remarkable effect on the tolerance of tilapia to low
temperatures. Our finding may provide a new strategy for
tilapia production by developing a new economical proto-
col based on PUFA (n-3) incorporation in tilapia diets. The
discovery of these alternative lipid sources will provide for
the aquaculture industry a greater array of enhanced PUFA
(n-3) incorporation in the human diet by producing PUFA
(n-3)-enriched tilapia (1). Finally, when tilapias are pro-
duced in environments with high-temperature fluctuations,

they reduce their mortality (2). Yet, the use of food additives
(e.g., vitamin E) would be reliable to ensure the better con-
servation of omega 3 against oxidation, and, consequently, to
enhance the resistance capacity of fish to low temperatures.
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