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Abstract

To compare the growth and biosynthetic ability of long-chain PUFA (LC-PUFA) of the genetically improved farmed tilapia (GIFT)
(Oreochromis niloticus) in different water salinities, an 8-week feeding trial was conducted on the GIFT juveniles at 0, 12 and 24 %o (parts per
thousand; ppt), respectively, with three isonitrogenous (32 %) and isolipidic (8 %) diets (D1-D3). Diet D1 with fish oils (rich in LC-PUFA) as
lipid source was used as the control, while D2 and D3 with vegetable oil (free LC-PUFA) blends as lipid source contained different ratios of
linoleic acid (LA, 18:2#-6) and a-linolenic acid (ALA, 18:3n-3) at 4-04 (D2) and 0-54 (D3), respectively. At the end of feeding trial, the growth
performance of D2 and D3 groups under all salinity treatments was as good as that of D1 group, which indicates that the GIFT juveniles may
convert dietary LA and ALA into LC-PUFA to meet the requirement of essential fatty acids for normal growth and physiology. When fed the
same diets, GIFT at 12 ppt had a better growth performance coupled with a higher liver and muscle arachidonic acid content than those in
freshwater. Furthermore, brackish water (24 ppt) significantly promoted the mRNA levels of elongase 5 of very long-chain fatty acids (elovl5)
and peroxisome proliferator-activated receptor o (ppara) in liver, when compared with freshwater. These results suggest that the GIFT may
display better growth performance together with a relatively higher endogenous LC-PUFA biosynthetic ability under brackish water (12 and

24 ppt), probably through improving the expression of elovl5 and ppara in liver.
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Long-chain PUFA (LC-PUFA), including arachidonic acid (ARA),
EPA and DHA, mediate lipid metabolism, participate in immune
reactions and comprise the biomembranes*. Moreover, the
so-called ‘72-3’ LC-PUFA such as EPA and DHA are necessary
for building the phospholipids of biomembranes, with 7-3
LC-PUFA supplements in diets demonstrated to be effective in
the prevention/treatment of obesity, the metabolic syndrome
and CVD in human®. Fish are major sources of #-3 LC-PUFA in
human diets, which therefore drives the flourishing and
development of the aquaculture industry. Traditionally, high
levels of fishmeal and fish oils (FO) are included in aquafeeds to
deliver high 7-3 LC-PUFA contents in farmed fish. Because the
illogicality between the increasing demand and deficiency of
FO is becoming more and more serious, considerable attention is
focused on investigating the sustainable alternative to FO, not to
reduce the LC-PUFA content of farmed fish. Vegetable oils (VO)

rich in C18 PUFA including a-linolenic acid (ALA, 18:3%-3) and
linoleic acid (LA, 18:21-6) have been regarded as the ideal
alternative to FO in aquafeed5(2). Many researchers are devoting
their attention to improve the substitute ratio with VO in aqua-
feeds, not to impair the nutritional quality of farmed fish.

It is generally accepted that mammals can convert dietary
ALA (18:37-3) and LA (18:212-6) into LC-PUFA through a series
of fatty acid desaturation and carbon chain extension reactions,
in which key enzymes involve fatty acyl desaturases (Fads: AG
Fads and A5 Fads) and elongases (elongases of very long-chain
fatty acids (Elovl): ELOVLS, ELOVL4 and ELOVL2)"™®. How-
ever, the LC-PUFA bioconversion ability of fish varies among
species and depends upon the complement and function of
Fads and Elovl in fish species™”. All the cloned teleost
Jads genes belong to the mammalian fads2-type, which
shows A6 desaturase activity in most teleosts, monofunctional

Abbreviations: ALA, a-linolenic acid; ARA, arachidonic acid; Elovl, elongase of very long-chain fatty acids; fads, fatty acyl desaturase; FCR, feed conversion
ratio; FO, fish oil; GIFT, genetically improved farmed tilapia; HNF4a, hepatocyte nuclear factor 4a; LA, linoleic acid; LC-PUFA, long-chain PUFA; LXR, liver X
receptor; ppt, parts per thousand; SGR, specific growth rate; SREBP-1, sterol regulatory element-binding protein-1; VO, vegetable oil; WGR, weight gain rate.
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A5 desaturases or bifunctional A6/A5 desaturases in freshwater
and salmonid species as well as A4 desaturase activity in some
teleost fish™®. The gene coding Elovl5 has been found in all the
fish that have so far been examined®”. Historically, it has been
recognised that freshwater and salmonid species can convert
dietary ALA and LA into LC-PUFA, similar to the mammals, while
marine fish typically have a low capability or inability to trans-
form C18 precursors into LC-PUFA, due to the loss-of-function
mutations of A5 Fads2 or Elovi2®*789  So investigation of
upregulation of the expression of the desaturases and elongase
to improve the endogenous LC-PUFA biosynthetic ability of fish
is attracting more attention. At a molecular level, the expression
of desaturases and elongases is reported to be modulated at the
transcriptional level by key transcription factors such as PPAR,
sterol regulatory element-binding protein-1 (SREBP-1), liver X
receptor (LXR) and hepatocyte nuclear factor 4a (HNF4a) in
vertebrates" . For example, the expression of the A5 and A6
desaturases and Elovl5 is stimulated to promote the production
of LC-PUFA through the LXRa-SREBP-1 pathway in mammals
and fish"'" while PPAR are reported to stimulate human
SREBP-1, either by directly binding to the PPAR response ele-
ments on the promoter or via cross-regulation with the LXR in
mice™?!'?. Recently, we demonstrated that HNF4a might play a
crucial role in the upregulation of A5/A6 fads2 and A4 fads2 in
the herbivorous marine fish Siganus canaliculatus™*">

Moreover, the endogenous LC-PUFA biosynthetic capacity of
fish may be influenced by environmental salinity'®. Our previous
study found that low salinity could enhance the mRNA expres-
sion of key enzyme genes including A5/A6 fads2, A4 fads2 and
elovl5 and the related transcription factor genes such as ppars,
srebp-1 and hnf4a as well as the ability of production of LC-PUFA
in the rabbitfish S. canaliculatus*™?. A similar phenomenon
was observed in the red sea bream Pagrus major with higher
Jads2 expression and liver EPA and DHA contents in 15 %o (parts
per thousand; ppt) water compared to 33 ppt water®”. It is
indicated that water salinity might affect the LC-PUFA bio-
conversion capacity from C18 precursors by regulating the
expression of desaturases and elongases in fish. Moreover, the
optimal dietary ALA:LA ratio of 1-93 is proposed for S. canali-
culatus juveniles®”. However, the effect of environmental sali-
nity on endogenous LC-PUFA biosynthesis in fish varies among
different species. Contrary to what is observed in S. canalicu-
latus and P. major, the muscle EPA and DHA contents in eur-
yhalinous Alosa sapidissima increased with an increase in
salinity®®. Similarly, seawater environment also improves the
accumulation of EPA and n-3 PUFA in rainbow trout Oncor-
hynchus mykiss liver'® as well as the accumulation of DHA and
EPA in muscle and liver of Japanese sea bass (Lateolabrax
japonicus)(24). The different and varying effects of environmental
salinity on LC-PUFA biosynthesis of fish in various species need
further studies in euryhaline commercial fish.

Nile tilapia (Oreochromis niloticus), a euryhaline and omnivorous
fish with extremely strong fertility and viability®, is one of the fish
species with maximum aquaculture productions. It is estimated that
the global tilapia yields will reach 7-5 million tons in 2030%°. Previous
studies have demonstrated that Nile tilapia can convert C18 PUFA
precursors into LC-PUFA®® and show the best growth perfor-

mance in freshwater'®. The genetically improved farmed tilapia

(GIFT) strain was established in Malaysia in 2002 through twelve
generations of natural genetic selection of O. niloticus for the
improved growth performance. It has become one of the successfully
introduced farmed Nile tilapia that flourishes in China. Previous stu-
dies have shown that GIFT exhibits a higher LC-PUFA bioconversion
ability than the red hybrid tilapia (Oreochromis sp.), another farmed
tilapia species, which is preferred by consumers due to its red
colouration®®. However, the LC-PUFA bioconversion ability of
GIFT in different salinities has not been studied in detail. In the
present study, three formulated feeds with (FO as lipid source) or
without (VO blends as lipid source) LC-PUFA were used to feed
juvenile GIFT in freshwater (0 ppt) and brackish water (12 and
24 pp) for 8 weeks. The aim was to investigate the capacity of
utilising 18C PUFA precursors (ALA and LA) by GIFT in different
salinities, and the proper dietary lipid source, by comparing the
growth performance, tissue fatty acid composition, and mRNA
expression levels of related genes to LC-PUFA synthesis among
different treatments.

Methods
Experimental diets

Casein, soyabean meal and gelatin were used as protein sources;
rapeseed oil (RO), perilla oil (PO), soyabean oil (SBO) or FO
were used as lipid sources. A total of three isonitrogenous (32 %)

Table 1. Ingredients and proximate composition (g/kg diet) of the
experimental diets

Experimental diets*

Ingredients D1 D2 D3
Caseint 240 240 240
Soyabean mealt 120 120 120
Gelatin 60 60 60
Fish oil§ 80 - -
Rapeseed ailll - 40 40
Soyabean oil{ - 40 -
Perilla oil** - _ 40
Tapioca starch 345 345 345
Alpha-cellulose 100 100 100
Monocalcium phosphate 20 20 20
Vitamin premixtt 10 10 10
Mineral premix}t 20 20 20
Betaine 4 4 4
Choline chloride 1 1 1

Nutrition component

Crude protein 320-6 3178 3121
Crude lipid 755 722 731
Ash 323 341 317

* Experimental diets nomenclature: D1, fish oil; D2, soyabean and rapeseed oil; D3,
perilla and rapeseed oil.

1 Casein: protein content, 80 %.

1 Soyabean meal: protein content, 48 %.

§ Peruvian fish oil: a-linolenic acid content, 0.6 %; linoleic acid content, 1.3 %.

Il Rapeseed oil: a-linolenic acid content, 12 %,; linoleic acid content, 20 %.

| Soyabean oil: a-linolenic acid content, 7 %; linoleic acid content, 61 %.

** Perilla oil: a-linolenic acid content, 67 %; linoleic acid content, 14 %.

1t The amount of vitamin per kg of premix was as follows: vitamin A, 3-3 mg; vitamin
D3, 0-08 mg; vitamin E, 307 mg; vitamin Kz, 1000 mg; vitamin B4, 1500 mg; vitamin
B,, 2800 mg; vitamin Bg, 1000 mg; vitamin By, 8 mg; p-calcium pantothenate,
2000mg; nicotinic acid, 7800mg; biotin, 8mg; folic acid, 400mg; inositol,
12800 mg; stable vitamin C, 20000 mg.

1+ The amount of ingredients per kg of premix was as follows: Fe, 10g; Zn, 3.2g; Mn,
3¢9; Co, 52mg; iodine, 65mg; Se, 15mg.
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Table 2. Fatty acid composition of the experimental diets (% total fatty
acids) for genetically improved farmed tilapia (Oreochromis niloticus)

Experimental diets

Fatty acids D1 D2 D3
14:0 8-34 0-89 1.08
16:0 24.82 10-76 9-81
16:1n-7 5.26 0-34 0-36
18:0 6-24 0-47 042
18:1n-9 1149 41.49 36-64
18:2n-6 5.59 33.42 16-77
18:3n-3 2:65 827 30.97
18:3n-6 0-40 = -
20:1n-9 1.98 211 1.98
20:2n-6 2:.34 - -
20:3n-3 2:66 - -
20:3n-6 0-26 - -
20:4n-3 0-92 - -
20:4n-6 (ARA) 0-62 - -
20:5n-3 (EPA) 9-16 - -
22:5n-3 (DPA) 0-75 - -
22:6n-3 (DHA) 14.53 - -
SAF 39-40 12.12 11-31
MUFA 1873 43.94 3898
n-6 PUFA 9-21 33.42 16-77
n-3 PUFA 30-58 827 30.97
LA:ALA 211 4.04 0-54

ARA, arachidonic acid; DPA, docosapentaenoic acid.
* Not detected.

and isolipidic (8 %) diets were made using different dietary lipid
sources, including the control diet (D1) using FO; a high-LA diet
(D2) using SBO:RO =1:1 (LA:ALA ratio of 4-04); a high-ALA diet
(D3) using PO:RO=1:1 (LA:ALA ratio of 0-54) (Tables 1 and 2).
Soyabean meal and gelatin were finely ground through 60 mesh
using a laboratory mill. Small total amounts of the powdered
ingredients were first mixed together in a laboratory feed mixer
and then mixed thoroughly with the other ingredients. Next, the
dietary powder was mixed and homogenised with oil and dis-
tilled water. The mixture was then transformed into hard pellets
by extrusion at 90°C in a laboratory feed-pelletiser equipped with
a 4mm die. The wet pellets were air-dried at room temperature,
sealed and stored at —20°C before feeding.

Fish husbandry and sample collection

Juvenile GIFT (average weight 4 g) were obtained from a local
freshwater aquaculture farm (Chaozhou, China) and transferred
to three indoor circular tanks (6 m?) with 1000 individuals per
tank in Nan Ao Marine Biology Station of Shantou University.
After indoor acclimation for 2 weeks, healthy juveniles of
similar sizes were selected for salinity acclimation. In two
rearing tanks (6 m3), the juveniles were acclimated from fresh-
water to 12 and 24 %o salinity, respectively, increasing the
salinity by adding filtered seawater at 4 %o salinity every 2d and
then maintained for another 2 weeks by replacing with the
same salinity water from the reservoir tanks. In the freshwater
tank (6 m3), the juveniles were unceasingly maintained in aer-
ated freshwater. During the husbandry periods and salinity
acclimation, the juveniles were fed commercial fish pellets
(Guangzhou Hailong Feed Corporation Limited) three times a
day (07.30, 11.30 and 16.30 hours) at 3% of body weight.

Before the start of the normal growth experiment, fish with
similar sizes were transferred to the 500 litres indoor conical
aquaria (90cm @, 60 cm depth) equipped with internal bio-
logical filters for a further 2-week acclimation. During this
period, the fish were fed a mixture of three experimental diets
(D1-D3, each with equal proportions). In the following
8 weeks, the normal feeding trial was performed in the 500 litres
aquariums with D1-D3 diets at 0, 12 and 24 ppt, respectively.
Each dietary group was performed at the three salinities, and
each treatment was run in three replicate aquariums, with a total
of twenty-seven aquariums. Each aquarium was allocated with
twenty individuals, which were separately weighed after
anaesthesia in 0-02% 2-phenoxyethanol. During the growth
experiment, fish were fed the experimental diet three times a
day at 3% of body weight. Each time the fish in all the twenty-
seven experimental aquariums were fed in order for three
rounds, and the uneaten feeds were collected timely to record
the daily fed amounts. The water quality in aquariums was
maintained by replacing half volume of the aquarium water
every 2d, while the faecal matter was removed through the
bottom auto-discharge device of the conical aquarium. The
dissolved O, was above 6mg/l, and the temperature was
maintained at 25-27°C.

At the end of the growth experiment, all fish were starved for
24h, anaesthetised by 0.02% 2-phenoxyethanol and weighed
individually. From each aquarium, two whole fish were col-
lected for proximate composition analysis and another three
fish were dissected to collect liver and muscle tissues. All the
whole-body fish and tissues were flash-frozen in liquid N, and
stored at —80°C until use.

The weight gain rate (WGR), specific growth rate (SGR) and
feed conversion ratio (FCR) of the fish, and the feed intake per
fish were calculated according to the following formulae:

WGR (%) =100x (Ws—W;) / W,
SGR (%d) = 100x (In Wi—In W3) / d
FCR = Wa/(Wi—W))

Feed intake per fish = feed intake /number of individuals

In the above formulae, Wy and W; are the final and initial body
weight, respectively, d represents the experimental days, while
Wy the dry amount of diet fed by fish.

Proximate composition analysis

The methods used for proximate composition analysis of experi-
mental diets and whole-body fish were as described previously in
our labomtory(m) . Briefly, moisture was determined by drying in an
oven at 80°C to constant weight. Crude protein content was
calculated by determining the total N content using the Kjeldahl
methods. Crude lipid content was measured by the Soxhlet
extraction. Ash content was determined through combustion in a
muffle furnace at 550°C for 8h. Duplicate analyses were con-
ducted for each sample.
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Fatty acid analysis

Freeze-dried samples of experimental diets and fish tissues
were prepared for lipid extractions with chloroform-methanol
(2:1, v/v) containing 0-01% butylated hydroxytoluene. The lipid
extracts were esterified into methyl esters by boron trifluoride—
methanol complex catalysed transesterification (Sigma-Aldrich).
Fatty acid methyl esters were separated using a GC (GC-2010;
Shimadzu) equipped with an auto-sampler and a H, flame
ionisation detector. The detailed GC parameters were as descri-
bed previously(l(’). Fatty acids were identified individually by
comparison with known commercial standards (Sigma-Aldrich)
and quantified with CLASS-GC10 GC workstation (Shimadzu).

mMRNA expression of key genes related to long-chain
PUFA biosynthesis

Total RNA was extracted from GIFT liver tissue using the TriPure
Isolation Reagent (Roche). The quality and concentration of the RNA
extracts were measured by agarose gel electrophoresis and spec-
trophotometry (Nanodrop 2000; Thermo Scientific). Next, 1ug of
total RNA was reverse transcribed into complementary DNA (cDNA)
using the FastQuant® RT kit (Tiangen) with a genomic DNA elimi-
nation reaction. The mRNA expression of the genes most related to
LC-PUFA biosynthesis in GIFT liver was determined by real-time
quantitative PCR (qPCR) using f-actin as a reference gene. Specific
primers were designed based on the published sequences of Nile
tilapia (O. niloticus)®'3?: the key enzyme genes: AS/AG fads2
(AB069727), A4 fads2 (XM003440472), elovis (AY170326); the rela-
ted transcription factor genes: ppara  (KF871430), srebp-1
(XM005457771), bor (XM005455714), hnfda (XM003457051); the
housekeeping gene: f-actin (EU887951) (Table 3). The mRNA
expression of each gene was normalised relative to the f-actin
mRNA and determined by the comparative threshold cycle
method®. The qPCR was performed on a Lightcycler 480 system
(Roche) in a total reaction volume of 20 ul containing 10 ul of SYBR
Green Supermix (Roche), 1 pl of each primer (10 pw), 6 ul ddH,O and
2l of cDNA (10 ng/uD). The qPCR programme consisted of an initial

DNA denaturation step at 94°C for Smin, followed by forty-five
cycles at 95°C for 105, annealing 60°C for 205, extension 72°C for
20s, and with a final extension step at 95°C for 5, 65°C for 60s and
40°C for 10s. Triplicate reactions were performed for each sample.

Statistical analysis

All data are presented as means with their standard errors. The
differences among treatments were analysed by two-way
ANOVA followed by Tukey’s multiple comparison test, where
the diet (D1, D2 and D3) and water salinity (0, 12 and 24 ppt)
were determined as the first and second independent variables,
respectively (OriginPro 75; OriginLab). The significant level was
considered at P<0-05.

Results

Growth performance and proximate composition of
genetically improved farmed tilapia

In the experimental trials, all treatment groups had survival rates
not <95 % (Table 4). The two-way ANOVA showed that the WGR,
SGR and FCR in GIFT were not significantly affected by the dietary
lipid sources (P>0-05) but were impacted by water salinity
(P<0:05) (Table 4). When fed the same diets, GIFT maintained at
12 ppt exhibited the highest WGR and SGR, which were sig-
nificantly higher than the fish maintained at 0 and 24 ppt (< 0-05).
These fish also had the lowest FCR, which was significantly lower
than those maintained in 0 ppt water (P<0-05). Under the same
salinity, the D2 group had the best growth performance, although
there was no significant difference with the other two dietary
groups (D1 and D3 groups) (P>0-05). Besides, the proximate
composition of fish showed no significance among the different
salinity treatments (P> 0-05), except the crude protein content that
was significantly affected by the dietary lipid sources (P<0-05)
(Table 5), with D2 group exhibiting a higher crude protein content
than D1 group (P<0-05).

Table 3. Primers used for determination of the mRNA expression of the key enzyme and transcription factor genes by real-time quantitative PCR in

genetically improved farmed tilapia (Oreochromis niloticus)

Gene Primers Sequence 5'-3' GenBank accession no.

B-Actin B-Actin-S CAGGGAGAAGATGACCCAGA EU887951
B-Actin-A CAGGGCATAACCCTCGTAGA

AB/A5 fads2 A6/A5 Fads2-S GTGGATCTGGCTTGGTTCAT AB069727
AB/A5 Fads2-A CCAGTCCCTGTGCTTTTCAT

A4 fads2 A4 Fads2-S CTTACTGTGCTCGGTGATT XM003440472
A4 Fads2-A GGTCCTTGCTGAAGATGTT

elovl5 Elovl5-S GCCATACCTTTGGTGGAAGA AY170326
ElovI5-A AGGGAGCTGTTCTGTGGATG

srebp-1 SREBP-1-S TGGAGACATCGCAAACAGG XMO005457771
SREBP-1-A TGGAGGCAGAATCTTAGCA

ppara PPARa-S TGGTTCGGGGTCCAATAG KF871430
PPARa-A GCAGTTCCGCTCACACTTAT

Ixr LXR-S GTAAGGTGTTTGATGGGGC XM005455714
LXR-A ATTATGAGGGGGGACGG

hnf4a HNF4a-S AACGAGACAGAATCAGCACC XM003457051
HNF4a-A CCACTCCACTAAGACCAACAG

fads, fatty acyl desaturase; elovl, elongase of very long-chain fatty acids; srebp-1, sterol regulatory element-binding protein-1; ppara, peroxisome proliferator-activated receptor a;

Ixr, liver X receptor; hnf4a, hepatocyte nuclear factor 4a.
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Table 4. Growth performance and feeding efficiency of genetically improved farmed tilapia (Oreochromis niloticus) reared at 0, 12 and 24 %. (parts per

thousand; ppt) with the experimental diets for 8 weeks
(Mean values with their standard errors, n 3)

D1 D2 D3
Oppt 12 ppt 24 ppt 0 ppt 12 ppt 24 ppt Oppt 12 ppt 24 ppt
Parameter Mean sem Mean sem Mean sem Mean sem Mean sem Mean sem Mean sem Mean sem Mean sem
Initial weight (g) 2014 025 2009 043 1988 050 20-14 015 20-06 040 20-02 021 20-00 024 2016 0-11 20-58 042
Final weight () 5841 067 6359 1.05 5908 352 5928 181 6524 269 6250 186 5816 185 6367 1.89 60-14 1.95
WGR* (%) 190-08 5-35 216-52 1.56 19666 11.32 194.29 6-82 22524 11.08 21215 6-52 190-71 7-18 215.89 10-43 192.03 3-60
SGRT (%) 1.90 003 206 0-01 194 007 193 004 210 006 203 004 1.90 004 205 006 1.91 0-02
FCR$ 124 002 1.08 0-01 123 010 121 005 1.05 006 111 004 124 006 1.09 0.05 1.19 0.04
Feed intake (g) 948-12 2:93 943.38 292 948-79 1.81 94212 027 942.01 1.24 940-95 2.30 943.79 1.36 94284 1.45 941.33 2.03
Feed intake per fish 4824 097 480 088 5002 145 4711 001 4793 086 4981 275 4893 169 4797 076 4872 077
(offish)
Survival rate 98-33 002 9833 002 950 003 1000 0 98:33 002 950 0-05 9667 003 9833 0.02 9667 0-02
P (two-way ANOVA)
Parameter Salinity Diet Salinity x diet interaction
Final weight 0-02 0-47 0.97
WGR <0-01 0-20 0-87
SGR <0-01 0-21 087
FCR 0-01 0-34 0-94
Feed intake 0-15 079 0-25
Feed intake per fish 0-24 0-06 0-11
Survival rate 0-23 0-06 0-09

ppt, Parts per thousand; WGR, weight gain rate; SGR, specific growth rate; FCR, feed conversion ratio.

* WGR =100 x (final fish weight—initial fish weight)/initial fish weight.
1 SGR=100x (In (final mean weight)—In (initial mean weight))/d fed.
1 FCR=dry amount of feed intake/(final fish weight—initial fish weight).

Table 5. Whole-body proximate composition of genetically improved farmed tilapia (Oreochromis niloticus) at the end of the growth experiment

(Mean values with their standard errors, n 3)

D1 D2 D3
0 ppt 12 ppt 24 ppt 0 ppt 12 ppt 24 ppt 0 ppt 12 ppt 24 ppt
Index (%) Mean sem Mean sem Mean sem Mean sem Mean sem Mean sem Mean sem Mean sem  Mean  sEm
Moisture 7029 032 6867 026 6820 084 6913 024 7020 057 6894 074 7023 010 6879 0-18 7033 055
Crude protein 1639 023 1633 014 1677 024 1746 016 1644 023 1719 026 1640 025 1727 021 1649 0-14
Crude lipid 650 012 658 019 710 014 676 013 698 03 673 010 641 016 656 014 662 018
Ash 445 016 413 011 405 022 429 005 448 021 415 010 433 012 471 006 442 014
P (two-way ANOVA)
Index (%) Salinity Diet Salinity x diet interaction
Moisture 0-16 0-21 0-02
Crude protein 073 0-02 <0-01
Crude lipid 0-25 017 0-32
Ash 0-16 0-08 0-19

ppt, Parts per thousand.

Fatty acid composition of tissues in the genetically
improved farmed tilapia

The fatty acid composition in muscle of GIFT is shown in Table 6.
Two-way ANOVA showed that almost all the muscle fatty acid
contents were significantly affected by the dietary lipid source
(P<0:05), and only a few PUFA such as C18:2n-6, C20:4n-0,
C20:4n-3 and C22:5n-3 were significantly affected by water sali-
nity (P<0:05). When fed the same diets, the GIFT exhibited a
higher muscle ARA (20:47-6) content in brackish water (12 and

24 ppt) than in freshwater (< 0-05). Under the same water salinity,
the muscle EPA (20:57-3) and DHA (22: 61-3) contents of the two
VO groups (D2 and D3 groups) were significantly lower than the
FO group (D1 group) (P< 0-05). The muscle ARA content of the D2
group was significantly higher than the D3 group (P<0-05) but
showed no significance with the D1 group (P> 0-05).

The fatty acid composition in the liver of GIFT is shown in
Table 7. The results showed that the PUFA (ALA, LA, ARA, EPA and
DHA) were significantly affected by the dietary lipid sources
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Table 6. Muscle fatty acid composition of genetically improved farmed tilapia (Oreochromis niloticus) fed with diets D1-D3 at different ambient salinities for
8 weeks
(Mean values with their standard errors, n 3)

D1 D2 D3

Main 0 ppt 12 ppt 24 ppt Oppt 12 ppt 24 ppt O ppt 12 ppt 24 ppt

Fatty acids Mean sem Mean sem Mean sem Mean sem Mean sem Mean sem Mean sem Mean sem  Mean sem
18:1n-9 1859 099 1683 1.14 1541 025 2663 149 3478 077 2802 204 2728 169 3248 099 3154 1.44
18:2n-6 508 019 472 012 446 046 1372 024 1000 066 1409 061 631 036 481 066 664 145
18:3n-3 0-50 0-01 0-51 0-01 044 004 121 007 120 008 231 013 867 029 696 089 892 165
20:2n-6 052 004 050 012 048 004 123 006 086 019 089 011 072 005 073 024 064 010
20:4n-3 354 025 376 021 342 0-11 365 0-31 1.37 011 294 008 250 024 171 059 153 026

20:4n-6 (ARA) 171 006 215 007 267 013 175 005 262 005 242 006 080 003 178 012 144 014

20:5n-3 (EPA) 317 020 382 017 381 013 150 013 1.06 009 155 012 251 021 167 008 207 043

22:5n-3 (DPA) 151 009 149 009 141 007 485 041 206 001 285 012 158 014 140 013 163 044
(

22:6n-3 (DHA) 1983 148 1966 1.94 2048 006 737 083 789 031 779 1.08 1047 088 1008 088 923 042
SFA 3599 1.03 3763 1.27 3817 088 3038 093 3155 1.13 3068 113 3084 051 3012 068 2837 064
MUFA 26-49 058 2488 1.74 2312 0-12 3246 147 4112 092 3370 214 3308 1.84 3849 122 3715 1.79
n-6 PUFA 731 017 767 016 761 018 1671 014 1348 024 1740 043 784 020 732 023 872 046
n-3 PUFA 2855 1.61 3025 133 2957 0-18 1859 145 1356 028 1744 1.71 2573 145 21.83 080 2338 228
DHA + EPA 23:00 029 2348 017 2429 018 887 018 894 029 934 028 1298 025 1175 025 1130 025
P (two-way ANOVA)

Fatty acid Salinity Diet Salinity x diet interaction
18:1n-9 0-01 <0-01 0-01

18:2n-6 <0-01 <0-01 0-01

18:3n-3 0-18 <0-01 0-49

20:2n-6 0-3 <0-01 0-54

20:4n-3 <0-01 <0-01 <0-01

20:4n-6 <0-01 <0-01 <0-01

20:5n-3 0-2 <0-01 0-02

22:5n-3 <0-01 <0-01 <0-01

22:6n-3 1 <0-01 0-87

SFA 0-59 <0-01 0-23

MUFA 0-01 <0-01 0-01

n-6 PUFA <0-01 <0-01 <0.-01

n-3 PUFA 013 <0.-01 02

EPA + DHA 0-4 <0-01 <0-01

ppt, Parts per thousand; DPA, docosapentaenoic acid.

(P<001), while the ARA and EPA contents were remarkably
affected by water salinity (P < 0-05). When fed the same diets, GIFT
in brackish water (12 and 24 ppt) had a higher liver ARA content
than in freshwater (P<0-05), which is similar to the muscle ARA
content (Table 6). At the same water salinity, the liver DHA content
of D1 group was considerably higher than the two VO groups (D2
and D3 groups) (P < 0-05), while the liver DHA content of D3 group
(the high-ALA fed group) was also higher than the D2 group (the
high-LA fed group) (P< 0-05); meanwhile, the liver ARA content of
D2 group was significantly higher than the D3 group (P < 0-05), but
showed no significance with the D1 group (P>0-05), which is
synonymous with muscle ARA content.

mRNA levels of genes encoding key enzymes involved
in long-chain PUFA biosynthesis and their related
transcription factors

The mRNA expression levels of the genes encoding key enzymes
required in the LC-PUFA biosynthetic pathway, A5/A6 fads2, A4
Jads2 and elovl5 are shown in Fig. 1, and the mRNA expression of
the genes encoding transcription factors (e.g. ppara, srebp-1,
hnfda and Ixr) is shown in Fig. 2. The mRNA expression of A5/A6

Jfads2 was significantly affected by the dietary lipid sources, with a
higher expression found in the D2 group compared to the D1
group at the same water salinity (P<0-05). Water salinity sig-
nificantly affected the mRNA level of elovl5, which was higher at
24 ppt salinity than at 0 ppt salinity (P < 0-05). The A4 fads2 mRNA
expression was not significantly affected by both the dietary lipid
sources and water salinity (7> 0-05), while there was an interac-
tion between them (P < 0-05). The mRNA level of ppara increased
with increasing salinity, which was significantly higher in 24 ppt
water than in freshwater (< 0-05). Furthermore, the mRNA levels
of srebp-1, hnfda and Ixr were significantly affected by the dietary
lipid sources, and the srebp-1 expression in the D1 group con-
siderably higher than that in the D2 and D3 groups (P<0-05).

Discussion

Fish, like mammals, require a dietary supply of essential fatty
acids (EFA) of the n-3 and n-6 series that they are unable to
synthesise for normal growth and survival, with LC-PUFA being
the EFA of the teleost™"®. The GIFT and its ancestor Nile tilapia
(O. niloticus) are reported to have the ability of transforming
dietary ALA and LA into LC-PUFA®"*3”  In the
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Table 7. Liver fatty acid composition of genetically improved farmed tilapia (Oreochromis niloticus) fed with diets D1-D3 at different ambient salinities for
8 weeks
(Mean values with their standard errors, n 3)

D1 D2 D3

Main 0ppt 12 ppt 24 ppt 0 ppt 12 ppt 24 ppt 0 ppt 12 ppt 24 ppt

Fatty acids Mean sem Mean sem Mean sem Mean sem Mean sem Mean sem Mean sem Mean sem  Mean  sem
18:1n-9 1962 1.67 1840 037 1698 051 2955 1.53 3169 253 3254 068 3155 086 3302 098 31.94 1.55
18:2n-6 304 050 532 031 477 032 1021 129 1540 097 1270 055 538 079 504 064 523 127
18:3n-3 049 008 153 012 147 020 143 036 196 020 309 024 706 O11 636 045 713 1.01
20:2n-6 072 017 082 007 056 012 054 007 100 017 067 006 036 003 051 004 069 011
20:4n-3 129 015 113 004 187 038 302 111 341 076 262 015 081 008 1.02 008 125 022

20:4n-6 (ARA) 172 009 214 006 080 014 244 042 121 016 081 005 061 007 077 011 088 0-34

20:5n-3 (EPA) 326 026 323 022 331 026 107 018 281 016 079 007 081 008 176 006 218 049

22:5n-3 (DPA) 423 009 357 012 277 083 620 026 365 095 256 031 213 005 155 040 349 113
(

22:6n-3 (DHA) 1916 110 1879 092 2010 141 735 066 808 010 772 099 1029 059 1090 068 1056 068
SFA 3732 056 3650 061 3810 041 3072 039 2855 1.22 2946 048 3256 061 3312 1.34 2989 1.42
MUFA 2416 099 2243 040 2152 124 3172 164 3438 269 3562 075 3500 087 3548 115 3463 1.84
n-6 PUFA 548 042 829 035 614 013 1319 082 1761 067 1418 054 634 084 632 050 680 090
n-3 PUFA 2420 104 2467 061 2674 070 1286 1.84 1626 081 1424 1.02 1896 045 2004 026 2112 056
DHA + EPA 2339 119 2236 103 2286 212 1355 092 1173 1.05 1028 1.30 1242 056 1245 033 1405 1.78
P (two-way ANOVA)
Fatty acid Salinity Diet Salinity x diet interaction
18:1n-9 0-76 <0-01 0-37
18:2n-6 <0-01 <0-01 0-05
18:3n-3 0-04 <0-01 0-17
20:2n-6 0-04 0-04 0-07
20:4n-3 0-86 <0-01 0-60
20:4n-6 <0-01 <0-01 <0-01
20:5n-3 <0-01 <0-01 <0-01
22:5n-3 0-03 <0-01 <0-01
22:6n-3 0-76 <0-01 0-87
SFA 0-33 <0-01 0-08
MUFA 0-92 <0-01 0-27
n-6 PUFA <0-01 <0-01 0-02
n-3 PUFA 0-03 <0-01 0-26
DHA + EPA 0-64 <0-01 0-45

ppt, Parts per thousand; DPA, docosapentaenoic acid.

present study, the WGR, SGR and FCR of the two VO (free LC-
PUFA)-fed groups showed no significance with the FO (with LC-
PUFA) group, indicating that the dietary FO of the GIFT can be
entirely replaced by VO with no negative effects on the growth.
Furthermore, the dietary high-LA group improved liver ARA con-
tent, while the dietary high-ALA group promoted liver DHA con-
tent. It is suggested that the GIFT indeed possesses the LC-PUFA
bioconversion ability, and is capable of effectively using dietary
ALA and LA to meet the EFA requirements for normal growth and
physiology. Moreover, the growth performance of the GIFT was
considerably correlated with water salinity in the present study,
which was better at 12 ppt than at 0 ppt, suggesting that GIFT may
have a higher LC-PUFA bioconversion ability in brackish water
than in freshwater. This finding was further confirmed by the liver
and muscle fatty acid composition of the GIFT under different
water salinities, whereby a higher liver and muscle ARA content
was observed in brackish water of 12 and 24 ppt compared with
0 ppt water. Although the mRNA expression of the key enzymatic
genes A5/A6 fads2 and A4 fads2 showed no significance among
different salinity treatments, the key enzymatic gene elovl5 and the
transcription factor ppara showed a higher expression in 24 ppt
water than in 0 ppt water in the liver of GIFT. This suggests that

elovl5 and ppara might be involved in the regulation of LC-PUFA
biosynthesis by water salinity in tilapia, which is similar to the
observations in the rabbitfish S. canaliculatus and Atlantic salmon
(Salmo salar)*"173P.

Environmental salinity might correlate with endogenous LC-
PUFA biosynthesis of fish in terms of the following: (1) LC-PUFA
are the major phospholipid components of cell membranes,
which establish the fluidity and permeability of the mem-
branes”>>® and when environmental salinity changes, mem-
brane fatty acid composition is also altered to properly maintain
the osmotic pressure balanced inside and outside the body of
fish®”. (2) Lipids are an important energy source in animals
through fatty acid f-oxidation. The liver and muscle are the
most active tissues for fatty acid f-oxidation in fish®®. Thus,
fatty acid composition in liver and muscle might change during
variation of environmental salinity. (3) Salinity might indirectly
regulate the synthesis of LC-PUFA by adjusting the hormone
levels in fish, such as auxin, cortisol, prolactin and insulin-like
growth factor-1%%%” The previous study reported that
O. niloticus, the ancestor of GIFT, showed the best growth
petformance in freshwater®”. However, Qiang et al“"
reported that the optimal water salinity was 7-8 ppt for the GIFT.
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Fig. 1. mRNA expression of A5/A6 fatty acyl desaturase (fads2) (a), A4 fads2
(b) and elongase 5 of very long-chain fatty acids (elovi5) (c) in liver of
genetically improved farmed tilapia (Oreochromis niloticus) fed D1, D2 and D3
diets at 0 %0 (parts per thousand; ppt) (), 12 ppt (i) and 24 ppt (M) salinities,
respectively. The mRNA levels of target genes were determined by quantitative
PCR, using B-actin as a reference gene. Values are means (n 6), with their
standard errors represented by vertical bars.

The present study also reveals that GIFT is the best appropriate
to live in brackish water (12ppt) among the three salinity
treatments (0, 12 and 24 ppt), indicating a wider tolerance to
water salinity compred to its ancestor O. niloticus. It can
therefore be speculated that GIFT might maintain osmotic
equilibrium through changes in the endogenous LC-PUFA bio-
synthetic capacity to alter the fatty acid composition and
membrane fluidity of cellular membrane during variations in
water salinity,
(receptors, enzymes, etc.) are affected®”4?, However, unlike
the GIFT, low salinity stimulates endogenous synthesis of LC-
PUFA in S. canaliculatus and decreases the growth perfor-
mance®”. S, canaliculatus spawns in seawater and its larva

when the membrane-associated proteins

migrate and live in shallow sea areas, therefore, seawater with
high salinity is appropriate for its growth. Thus, low salinity
would be a challenge for the rabbitfish S. canaliculatus. Nile

tilapia O. niloticus, the ancestor of GIFT, originated from the
freshwater environment of the Tanganyika Lake of Africa and is
appropriate to live in freshwater®*”. However, the brackish
water (12 ppt) simultaneously promoted the endogenous LC-
PUFA bioconversion ability as well as the growth performance
of the GIFT, suggesting GIFT is comfortable to live in the
brackish water similar to what was observed in the silverside
Chirostoma estor®”. The association between water salinity
and LC-PUFA biosynthesis in fish is variable among species and
seems to depend on whether water salinity is the actual chal-
lenge for the fish species®”. The precise mechanistic links
between these require further investigation.

The effects of water salinity on fish growth might also be
related to energy consumption, which is used to sustain body
osmotic equilibrium®*3”. When water salinity changes, a large
amount of energy is consumed to maintain the osmotic equili-
brium inside and outside the fish body. This energy consump-
tion is detrimental to the nutrient accumulation and then
suppresses fish growth®. Thus, when water salinity varied from
the optimal salinity for fish, there was a decrease in the crude
protein contents of Mugil cephalus and L. japonicus %>,
the crude lipid content of S. canaliculatus and O. niloticus was
also observed to decline’*®. In the present study, the crude
protein and lipid contents of the GIFT were not remarkably
affected by water salinities (0-24 ppt). These results could be
attributed to the strong adaptive ability of the GIFT to environ-
mental salinity, which is even stronger than its ancestor O.
niloticus. A similar phenomenon was observed in O. mykiss,
with no significant differences in the fish lipid content under
different salinities (15, 20 and 33 ppt)*”. It thus suggests that the
GIFT has a better salt tolerance than its ancestor O. niloticus.

In the LC-PUFA biosynthetic pathway of fish, LA and ALA are
competitive substrates of A6 Fads2 desaturase, the first rate-
limiting enzyme in the production of LC-PUFA. Thus, various
fish have their distinct preferences for dietary fatty acids, hence
the proper dietary LA:ALA ratio will vary among fish species® .
In the present study, although the different dietary groups
showed no significance in growth, the GIFT in high-LA group
(LA:ALA =4-04) showed the best growth performance and the
highest A5/AG fads2 expression under all salinity treatments.
This suggests that the GIFT prefers the high-LA diets and is able
to fully compensate for the lack of dietary LC-PUFA when fed
with the VO diets. These results were consistent with the pre-
vious studies®®*”. Therefore, in terms of growth, FO can be
entirely replaced with VO in the formulated feeds of the GIFT
with the proper dietary LA:ALA ratio of 4-04.

and

Conclusions

By the 8-week feeding trial, the results revealed that FO can be
fully replaced with VO in diets of the GIFT without a negative
effect on the growth; GIFT had a better growth performance at
12 ppt, coupled with a higher liver and muscle ARA content at
12ppt and 24ppt than in freshwater. It is suggested that
brackish water (12 ppt and 24 ppt) can promote the growth
performance and increase the LC-PUFA bioconversion ability of
the GIFT compared with freshwater, probably by enhancing the
expression levels of genes related to LC-PUFA biosynthesis,
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Fig. 2. mRNA expression of peroxisome proliferator-activated receptor a (ppara) (a), hepatocyte nuclear factor 4a (hnf4a) (b), liver X receptor (Ixr) (c) and sterol regulatory
element-binding protein-1 (srebp-1) (d) in liver of genetically improved farmed tilapia (Oreochromis niloticus) fed D1, D2 and D3 diets at 0 %. (parts per thousand; ppt) (l),
12ppt (1) and 24 ppt (M) salinities, respectively. The mRNA levels of target genes were determined by quantitative PCR, using 8-actin as a reference gene. Values are

means (n 6), with their standard errors represented by vertical bars.

such as elovi5 and ppara. Besides, GIFT prefers the high-LA
diets, with the LA/ALA ratio of 4-04.
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