—

PhD Thesis

Oxidative stress in sea bass larvae (Dicentrarchus labrax)
fed on high DHA microdiets. Involvement of several
antioxidant nutrients

Monica Beatriz Betancor Quintana
Las Palmas de Gran Canaria
2012







UNIVERSIDAD DE LAS PALMAS DE GRAN CANARIA

q .))
/
lusa

Oxidative stress in sea bass
(Dicentrarchus labrax) larvae fed on
high DHA microdiets. Involvement of

several antioxidant nutrients

Monica Beatriz Betancor Quintana

Doctorado en Acuicultura: Produccion controlada de organismos acuaticos
Grupo de investigacion en Acuicultura (GIA)

Instituto Universitario de Sanidad Animal y Seguridad Alimentaria (IUSA)

Thesis for the degree of Doctor of Phylosophy
University of Las Palmas de Gran Canaria
2012

Directors:

Prof. M2 José Caballero and Prof. Marisol Izquierdo



A mis padres



List of Contents

Page N¢

FAY ] =T ox AT TSP I
List Of ADBIreVIations ........ociiecece ettt et et 1l
LISt OF TABIES ...ttt ettt sttt et bbb e Vil
LIST Of FIGUIES....vieie ettt ettt ettt s et et s s aaseaeeteste e e en s sesaes e Xl

Glossary of Common and Scientific Names..........cocoveieiiiiiiiiie e XIX

ACKNOWIEAGEMENTES ... ettt et s e te e e eaear s es e s aen e e nean XXI
Chapter 1: General INtrodUCION........cccovvvieiicc e s st se e 1
1.1 Aquaculture ProdUCiON..........cucieiiicie ettt st et et e s aesaeaeenes 1
1.2 Rearing techniques and production considerations.............ccccoecevveiieieisieeeeeenn, 2
1.3 Use of inert microdiets for marine fish larvae.........ccccoooveeiviicevcccnececeeee s 4
1.4 Importance of lipids in marine fish larvae nutrition...........c.cccoceveie e 6
1.5 Importance of DHA fOr [arvae..........ccoooceieieieceececceeteee e 10
1.6 Reactive oxygen species: Generation, detoxification and oxidative stress.......... 13
1.6.1 Generation Of ROS... ..ottt st s enes 13

1.6.2 ROS detoxification: Antioxidant defence mechanisms...........ccccoceinivennnnes 14
1.6.2.1 ENzZyMatiC SYSTEMS...oouiiiie ittt ettt st 15

1.6.2.2 NON enzymatiC SCAVENEEIS.....cocuiiieeeeeeieecte et st e 17

1.6.2.2.1 VItamMIN E oo s 17

1.6.2.2.2 VItamin C .oooviieeeieiiececee ettt s 21

1.6.2.2.3  SelENIUM w.oiiiiiieiiee et s 24

1.6.3 OXIidAtiVE SIESS ..ottt sttt et s e e er e 27
1.6.3.1 Auto-oxidation of lipids ........cccceeieeieiiiie i 28

1.7 Pathological effects of oxidation on fish tissues ..........ccccoeeivevviviiiiiicie, 31
1.7.1 The adverse effects of oxidative stress on musculoskeletal system .......... 31
1.7.1.1 MUSCUIAI TISSUE ..ot s st st e 31

1.7.1.2 Bone-skeletal SYStem .........ocociiiieieiiiiieeee e 39

ODBJECEIVES ....ocvecvecee ettt ettt ettt e v ettt e sbesbeebesteeaesesesaesbesbesss st ense saestestesnsessens 41
Chapter 2: General Materials and Methods..........ccceeiiieinininiiece e 43
2.1 Experimental animals and conditions ..........cccceivieiiiiiiiiie e 43
200010 RIS e e et sttt s s 43
2.2.2 Experimental coNditioNS .......cccoiiieiiiiiiiicie e e 43

2.2.2.1 Green water Pre-CUltUres ........ccoooiieiericeice et 43



2.2.1
2.2.2

223

2.3 Sampling

231
2.3.2
233
234
235
2.3.6

2.4 Biochemical analysis

241

2.4.2

2.5 Measurement of thiobarbituric reactive substances (TBARS)
2.6 Determination of vitamin E content

2.6.1
2.6.2
2.6.3
2.6.4

2.7.1
2.7.2
273

2.8 Selenium determination
2.9 Histological analysis

29.1
2.9.2
293

2.10 Molecular biology
Total RNA eXtraction .........coceeeviiiiiiiiciece e
RNA quality check ..o
Synthesis Of CDNA ......c.ooi it e e e
Cloning and SEQUENCING .....cccoiiuieiiiiitiee ittt st er ettt s
Quantitative real-time RT-PCR .......cccooiiiiiiiiiirccee e

2.10.5.1 Generation of in vitro-transcribed cRNAs ............ccceunee.

2.10.1
2.10.2
2.10.3
2.104
2.10.5

2.2.2.2 Experimental tank cultures ..........ccccooevveviviiccicicce e
2.2 Diets and feeding
ROTIFEIS ettt et e
IMIICTOQIBES ..cei it st
2.2.2.1 Microdiets formulation ..........ccccoooeiiiiiiininc e
2.2.2.2 Microdiets preparation ..o
FEEAING ...t st e s s e

Biological PAaramMeters .......coco it e
ProxXimate analysis ........cccviireiieiie ettt e
[ 115 0] o =Y TR
Molecular BIOIOBY .....c.c.eviieiiieiit e s
Activity test and SUIVIVaAl ..........coooooeieiiiicce e
Growth evaluation ..........ccocoieiie i

ProxXimate analysis ........cccveiiiieieeie et
2.4. 1.1 MOISTUIE .ot ettt e
2.4.0.2 ASN o et
2.4.1.3 ProteiNS ..ocoouiiiiiiiiie et e e
2.4.1.4 TOtal liPids oottt e
Fatty acid methyl esters preparation and quantification ............c.cccceeeeene.

Preparation of standards and calibration curve ...........cccceevvevveenene..
Vitamin E extraction from feeds .........cccccvveie e
Vitamin E extraction from larval tissues .........ccceeveviiveieveieicecciinne,
Vitamin E quantification by HPLC ..........cccooiiiiiiiiceice e
2.7 Determination of vitamin C content
Vitamin C extraction from feeds ..o
Vitamin C determination by HPLC .........cooooiiiiiiie e
Preparation of standards and calculation of their concentration ...

Paraffin iNCIUSION ...ooviiiieeei et
RESIN INCIUSTON ...ttt ettt eaneenes
Whole Mount StaiNiNG ......c.coceeiiiiie e

2.10.5.2 Generation of standard CUrvVes .........ccccooovvivueeinieeeeeieeeeeene

2.10.5.3 Quantitation of transcripts by one step RT-PCR TagMan

44
45
45
45
45
46
46
49
49
49
49
49
49
50
50
50
50
51
51
51
51
52
52
53
54
54
55
56
57
57
58
60
60
60
61
62
64
65
65
66
66
70
70
71
73



2.10.5.4 Sample quantification ..........cccccueieiieiceice e

2,11 Statistical @NAIYSIS ..ooviveiiie e e e
2.11.1 ParametriC TeSTING .o.ov it e e e e
2.11.2 NONPAramMetriC tESTING ..ocveiie et st e s

Chapter 3: a-tocopherol in weaning diets for European sea bass (Dicentrarchus
labrax) improves survival and reduces tissue damage caused by excess dietary DHA
CONTENTS vttt ettt e te st ettt s e et e et ses et eaeetesestesese et ses st et et sessesenesee sessesere et sensesersasesensns

Chapter 4: Oxidative status and histological changes in sea bass larvae muscle in
response to high dietary content of DHA ...t

Chapter 5: Selenium inclusion decreases oxidative stress indicators and muscle
injuries in sea bass larvae fed high-DHA microdiets .........ccccueiveveice e ce et

Chapter 6: Supplementation with vitamin C enhances the vitamin E status and
reduces oxidative stress indicators in sea bass larvae fed high-DHA microdiets ...........

Chapter 7: Molecular pathways involved in nutritional muscle dystrophy and healing
N SEA DASS JAIVAER ...ttt et sttt st b st et st et st ens

Chapter 8: GENeral DiSCUSSION ....c..cuiuieiieeiieceeie st er et eteete st sae e e ss s aes s s are s s
Chapter 9: CONCIUSIONS ..ottt ettt et et e e e e bes s es s eneaneene s
Chapter 10: ReSumen €N @SPANO] ........ccvvereevereineeenerine s snse e sssesssesssssnesssesssssssssssssssnesssessans

REFEIEINCES ...ttt retss e e sse s st ses e e s sessessarassasesa sassbesaa essssssssesassassasessssnsssasessessssnns

75
75
75
76

77

95

115

145

171

199

211

213

285



List of Abbreviations

ALA a-linolenic acid

ANOVA Analysis of variance

AOE Antioxidant enzymes
APROMAR Asociacion Empresarial de Productores de Cultivos Marinos
ATP Adenosin triphosphate

BHT Butylated hydroxytoluene

CAT Catalase

Ct Cycle threshold

cDNA Complementary desoxiribonucleic acid
cRNA Complementary ribonucleic acid
DEPC Diethyl pyrocarbonate

DHA Docosahexaenoic acid (22:6n-3)
dNTPS Deoxynucleotide triphosphates
DPA Docosapentaenoic acid

dph Days post hatching

DTT Dithiothreitol

dTTP Deoxythymidine triphosphate
duTP Deoxyuridine triphosphate

DW Dry weight

EFA Essential fatty acid

EPA Eicosapentaenoic acid (20:5n-3)
EM Electron microscope

FA Fatty acid

FAME Fatty acid methyl esters



FAM-6 6-carboxyfluorescein-labeled probe

FAO Food and Agriculture Organization
FIED Flame ionization detector

Ga Galium

GLM General Linear Model

HPLC High performance liquid chromatography
ICCM Instituto Canario de Ciencias Marinas
ICP-MS Induced coupled plasma mass spectrophotometry
IGF-I Insulin-like growth factor |

IGF-1I Insulin-like growth factor I

IPTG Isopropil-B-D-1-tiogalactopyranoside
GC Gas chromatography

GLC Gas liquid chromatography

GPX Glutathione peroxidase

GR Glutathione reductase

GSSG Oxidized glutathione

GSH Reduced glutathione

HUFA Highly unsaturated fatty acid

H&E Haematoxilin & eosin

Lacza Lactose z gene

LB Lysogeny broth

LC-PUFA Long chain polyunsaturated fatty acid
LA Linoleic acid

MAP Mitogen-activated protein

MDA Malonaldehyde

M-MLVRT Moloney murine leukemia virus

MPC Myogenic Progenitor Cell



MRFs myogenic regulatory factors

MRNA Messenger ribonucleic acid
MW Molecular weight

MyHC Myosin heavy chain

nd Not detected

n-3 LC-PUFA Long chain polyunsaturated fatty acids of n-3 series (20 or more

carbon atoms)

OLA Oleic acid

PAS Periodic acid Schiff staining

PB Prusian blue staining

PCR Polymerase chain reaction

PI-3K Phosphatidylinositol-3-OH-kinase
RNA Ribonucleic acid

ROO Peroxyl radical

ROS Reactive oxygen species

rpm Revolutions per minute

RT-PCR Quantitative time real time PCR
SB Sudan black staining

SD Standard deviation

SDA Stearidonic acid

Sc Scandium

Se Selenium

SEP Selenoprotein

SEPP Selenoprotein P

SOC Super optimal broth with catabolite repression
SOD Superoxide dismutase

TAE Tris-acetate-EDTA



TBARS
TEM
ULPGC
UNG
uv
X-gal

ZN

Thiobarbituric reactive substances
Transmission electron microscope
Universidad de Las Palmas de Gran Canaria
Uracyl-N-glycosylase

Ultraviolet
Bromo-chloro-indolyl-galactopyranoside

Ziehl-Neelsen staining

\



List of Tables

Table 1.1

Table 1.2

Table 1.3

Table 1.4

Table 1.5

Table 1.6

Table 2.1

Table 2.2

Table 2.3

Table 2.4

Table 2.5

Table 2.6

Table 2.7

Table 2.8

Table 2.9

Table 2.10

Table 2.11

Table 3.1

Table 3.2

DHA requirements for fish larvae of different marine
5] 0L 1= 1

Derivatives of tocol or trienol.............cccocooiiiiiiii
Optimal vitamin E for different larval fish species...............
Optimal vitamin C for different larval fish species..............
Zebrafish selenoproteins and presumptive function...........

Some pathological effects of free radicals on several adult
and juvenile fish species and tissues................cocoeeeeienns

Mix of attractants, minerals and vitamins employed in the
formulation of experimental microdiets.............................

Main fatty acids of the major dietary lipid sources used in
the different experiments.............coooii i

Dilutions employed for the preparation of a-tocopherol
Standard CUIVE.......c.oiei e e,

HPLC conditions for vitamin E determination.......................
HPLC conditions employed for vitamin C determination.......

Staining techniques employed in the present Thesis and
their significance...... ...

Single staining protocol according to Vandewalle et al.

Oligonucleotide primer  sequences and melting
temperatures used for PCR to produce standard curves......

Molecular weights and number of molecules pI* of

Vi

Page N°
11
18
20
24

26

32

47

48

53

55

57

61

63

64

66

72

74

81

86



Table 3.3

Table 4.1

Table 4.2

Table 4.3

Table 5.1

Table 5.2

Table 5.3

Table 5.4

Table 5.5

Table 5.6

Table 6.1

Table 6.2

Table 6.3

Table 6.4

Table 6.5

Lipid levels (g kg ™) and fatty acid composition (% total fatty
acid) of total lipids from sea bass at 34 dph and after 14
days of feeding the experimental diets (48 dph)................

Main lipid ingredient composition and analyzed lipid, protein
and vitamin E contents of the experimental diets................

Main fatty acids (% total of fatty acids) of the experimental
diets fed to European sea bass larvae for three weeks........

Lipid levels (g kg™) and main fatty acid compositions of total
lipids from sea bass larvae fed experimental diets for 21

Formulation of experimental diets................ccoiii i,

Main fatty acids (% total of fatty acids) of the experimental
diets fed to European sea bass for three weeks.................

Gross composition, a-tocopherol and selenium content in
experimental diets fed to sea bass larvae.........................

Sea bass larvae performance and levels of lipid
peroxidation products (TBARS), vitamin E (a-tocopherol)
and selenium content of sea bass larvae at the beginning
and after eating the experimental diets.................cccoveenne.

Main fatty acid composition of total lipids from sea bass
larvae after three weeks of feeding the experimental diets...

Effects of the dietary treatment, time and their interaction on
the global gene expression..........ccccvviiii i e

Formulation of experimental diets................covce i i,

Main fatty acids of the experimental diets fed to European
sea bass forthree weeks. ..o

Gross composition, a-tocopherol and ascorbic acid content
in experimental diets fed to sea bass larvae......................

Sea bass larvae performance and levels of lipid
peroxidation products (TBARS) and vitamin E (a-
tocopherol) content of sea bass larvae at the beginning and
after eating the experimental diets for three weeks.............

Main fatty acid composition of total lipids from sea bass
larvae after three weeks of feeding the experimental diets
(% total fatty aCid)........oueeieiiieie e

87

99

102

103
119

127

129

129

132

138

150

156

157

157

159



Table 7.1

Table 7.2

Table 7.3

Table 7.4

Table 7.5

Tabla 10.1

Tabla 10.2

Tabla 10.3

Tabla 10.4

Tabla 10.5

Tabla 10.6

Tabla 10.7

Tabla 10.8

Tabla 10.9

Formulation of experimental diets.................cccoooev s,

Sea bass larvae performance, levels of lipid peroxidation
products (TBARS) and vitamin E (a-tocopherol) content of
sea bass larvae at the beginning, middle and at the end of
the experimental trial................cocoo i

Gross composition and principal fatty acid methyl esters (%
of total fatty acids) of the experimental diets fed to sea bass

Main fatty acid composition of total lipids from sea bass
larvae at the beginning (14 dph), after three weeks (35 dph)
and after five weeks (49 dph) of feeding the experimental
diets (% total identified fatty acids)............c.ccoeeevviiiiiiiits

Effects of the dietary treatment, time and their interaction on
the global gene expression..........c.oooiiiii i i

Requerimientos de DHA para larvas de distintas especies
[T ] = T PP

Requerimientos de vitamina E para larvas de diferentes
LSS 01T 1=

Requerimientos de vitamina C para larvas de distintas
ESPECIES MANNAS. .. eue et ittt e e et e e re e e aeaes

Selenoproteinas presentes en el pez cebra y su funcion......

Algunos efectos patolégicos de los radicales libres en los
1ejidOS e PECES... vt e e

Diluciones empleadas para la preparacion de la curva
estandar del a-tocoferol.............ccovii i

Técnicas de tincion empleadas en la presente Tesis y su
SIGNITICAOD. .. ...t

Genes estudiados en la presente TeSIS..........ccoevviiniennnns

Sondas TagMan® de los genes empleados en la presente

176

183

184

185

191

223

232

236

238

241

257

260
262

266



List of Figures

Figure 1.1

Figure 1.2

Figure 1.3

Figure 1.4

Figure 1.5

Figure 1.6

Figure 1.7

Figure 1.8

Figure 1.9

Aquaculture production versus captures of European
sea bass in Europe from 1958 to 2009 (data obtained
from FAO FISHSTAT PIus 2.30).......ovviiiiiiiiee e

Development stages and nutrition schedule during fish

Main biosynthesis pathways of LC-PUFA from C18
precursors, a-linoleic acid (18:2n-6) and y-linolenic acid
(18:3n-3). Enzyme A6 desaturase acts in two steps,
whereas A5 desaturase acts onlyinone.....................

Generation of different ROS by energy transfer or
sequential univalent reduction of ground state triple
oxygen. Adapted from Apel and Hirt (2004).................

Antioxidant mechanisms within the cell. Adapted from
Machlin and Bendich (1987). CAT= Catalase; SOD =
Superoxide dismutase; GPX = Glutathione peroxidase;
GSH = Reduced glutathione................ccccoviiiiiiiinnnn,

Mechanisms of AOE protection. Superoxide (O;) is
dismutated to hydrogen peroxide (H,O,) by SOD. H,0,
is further reduced to water by the action of either GPX
or CAT. The linked oxidation and reduction cycles of
glutathione between the reduced (GSH) and oxidized
forms (GSSG) are shown in relation to the activities of
GPX and GR. H,O; can generate (OH’) by reacting with
metal ions such as iron in the fenton
FEACTION. .. et et e

Proposed mechanism for the reaction of a-tocopherol
with oxidizing lipids. The peroxyl radical group formed
during lipid oxidation is polar and floats to the surface
of the membrane where it can react with a-tocopherol,
rendering a lipid hydroperoxide and the tocopheroxyl
radical. Adapted from Hamre, 2011..................cceneeee.

Proposed mechanism for regeneration of a-tocopherol
from the tocopheroxyl radical according to Tappel
(1962). Ascorbic acid is oxidized in the process but can
be regenerated by glutathione (Mrtensson and Meister,
1991) either chemically or enzimatically by NADH
(Meister, 1994; Winkler et al.,, 1994). To reach this,
oxidized glutathione (GSSG) is reduced by GR at the
expense of NADPH (Meister, 1994)............ccoovieeennee.

Sources and cellular responses to reactive oxygen

Page N°

14

15

16

19

23



Figure 1.10

Figure 1.11

Figure 1.12

Figure 1.13

Figure 1.14

Figure 1.15

Figure 2.1

species (ROS). An increase in ROS leads to random
cellular damages on the different cellular components.
If continued along time will cause disease or even cell

Scheme showing the three phases of the free radical
chain mechanism of lipid peroxidation. The RH group
contains the unsaturated unit common to all PUFA. In
this case the reaction is quenched by a-tocopherol, but
other radical scavenger can be implicated. Although
PUFA are very vulnerable and the most probable target
of free radicals attack, proteins could also suffer a
peroxidative attack.............coooe i,

Non enzymatic oxidation of DHA is initiated after free
radical attack, resulting in an unstable DHA-radical
state that quickly undergoes isomerisation and
rearrangement of double bonds. Lipid hydroperoxides
further oxidize, keeping the carbon chain intact
(structure preservation) or it can be disintegrated
(structure disintegration), giving place to different
byproducts. Several possible isomers exist within each

Transverse section of sea bream white muscle,
haematoxylin and eosin staining (A) and Masson’s
trichrome (B). (A) Presence of adipose tissue between
muscle fibres can be observed as well as blood vessels
(arrow) (x200). (B) Note the collagen myosepta stained
iNblue (X400).......oi

Fibre typing and structure of muscle fibre in cross
sections of sea bass larvae, Toluidine blue. The trunk is
divided into two lateral halves, supported by the
vertebral column and skeletal processes. The
superficial monolayer of red fibres (RF) can be
observed in contact with the epidermis (EP). White
fiores (WF), larger than red ones and displaced in
several layers canbe seen.............cocoiiii i,

The environmental inputs and physiological systems
that affect the functional outputs of skeletal muscle in
teleost fish. If an appropriate nutritional supply is not
given to fish larvae it may have an effect on the
digestive system, liver and adipose tissue, reflecting
their damages in musculoskeletal system...................

Schematic representation of the disposition of actin and
myosin myofilaments in sea bass larvae white muscle

Scheme representation of the feeding sequence and
cultivation routine during the experimental period.........

Xl

28

29

30

33

34

36

37

44



Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

HPLC chromatograms showing identification of a-
tocopherol (arrows) in standard (1), diet (2) and larvae

HPLC chromatograms showing identification of vitamin
C (arrows) in standard (1) and diet (2).........cccevvvveenenn.

Agarose gel showing PCR products of each designed
10T

(A) Electrophoresis system employed in the present
Thesis. (B) Plate containing blue and white colonies
after transfection of E. coli with vector containing PCR
] (0o 11 Tox £ R

pGem — T Vector Map and sequence and sequence
reference points..........cooiiiie i

Obtained nucleotide sequences from sea bass
antioxidant enzymes genes and predicted aminoacid
sequences. Arrows indicate the position and
sequences of primers wused to amplify the

Standard curve and amplification plot of myosin heavy
Chain geNe..... .o

Survival rate of sea bass fed the experimental diets
containing several DHA and vitamin E contents for 14

Total length and dry weight of sea bass after 14 days of
feeding the experimental diets containing several DHA
and vitamin E contents.............coooiiiiiie i,

Survival of sea bass larvae 24 hours after the activity

Muscular lesions found in larvae fed diet 5/150 at 48
days old, Haematoxilin & Eosin staining (x400). A/B-
Initial lesion showing fibre swelling (arrows); C/D-
Fibres start breaking down (arrows); E/F- Intense
mononuclear infiltrate that traverse the basal laminal of
muscle fibre (AarroWs)........c.covev i

Incidence of muscular lesions in sea bass feeding the
experimental diets containing several DHA and vitamin
E. Larvae were considered injured when some kind of
lesion showed in Figure 3.4 was observed..................

X

56

58

67

68

69

70

73

83

83

84

88

89



Figure 3.6

Figure 3.7

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Vacuoles of ceroid pigment (arrows) within hepatocytes
fed diet 5/150 at 48 days old (x400). H&E (A) and PAS
(B) StAINING. .. ..t e e e

Incidence of ceroid pigment depending on the diets......

Total length of sea bass larvae (35 dph) following 21
days of feeding the experimental diets containing
different DHA and vitamin E contents........................

TBARS content in sea bass larvae larvae (35 dph)
following 21 days of feeding the experimental diets
containing different DHA and vitamin E contents..........

Muscular lesions found in sea bass larvae fed diets
5/150 and 5/300 at 35 dph, longitudinal sections,
haematoxylin and eosin staining. (A) Swollen portion of
a muscular fibre (*), partially fragmented showing
eosinophilic cytoplasm and the presence of some
macrophages (arrow). (B) Muscular debris (arrow)
surrounded by a severe inflammatory infiltrate (*)
undergoing phagocytic removal. (C) More detailed
feature of necrotic fibre showed in Figure 3A where
presence of flocculated cytoplasm and partial
fragmentation (arrow) can be appreciated. A marked
oedema can be appreciated (arrowhead). (D)
Macrophages aggregate (*) phagocytosing necrotic
Mmuscle fibre.......ooo

Incidence of muscular lesions (%) after 3 weeks of
feeding the experimental diets............ccccceeeevvieirieeiinnnnn,

Sea bass larvae fed diets 5/150 and 5/300 transversal
thick sections, toluidine blue staining. (A and B) We
can observe loss of regular architecture and oedema
(arrow) between red (RF) and white fibres (WF),
vacuoles (V) inside affected muscle fibres and swollen
cells (*).(C and D) More detailed features of necrotic
fibres are showed, observing the irregular staining of
the sarcoplasm due to the presence of
hypercontraction bands

Electro micrographs of 35 dph sea bass larvae fed
diets 5/150 and 5/300. (A) Different size between
muscle fibres is evident, as well as the lost of continuity
between them. Dilatation of sarcoplasmic reticulum (*)
is observed, leading to the formation of vacuoles (v)
within sarcoplasm. As well, two macrophages cells are
present (m). (B&C) Detail of macrophages attached to
different muscle fibres.............ooco

XV

90

90

104

104

105

106

106

107



Figure 4.7

Figure 4.8

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

(A) Normal (MF) and disorganized (disMF)
myofilaments inside a mildly affected muscle fibre. (B)
Presence of a sarcoplasmic halo in the periphery of the
fibre which was almost completely devoid of myofibrils
and mitochondria..............ocovii i,

Electron micrographs of transversal (A&D) and
longitudinal (B&C) sections of sea bass larvae fed diets
5/150 and 5/300. (A) Affected fibre presenting an
autophagic vacuole (av) within its sarcoplasm, adjacent
to the nucleus (N). (B) Presence of numerous myelin
figures (arrow) in a degenerated muscular fibre. (C)
Fragmentation of an affected muscle fibre (arrow)
surrounded by myelin figures. (D) Presence of
muscular satellite cells (S) between muscle fibres........

Semithin  micrographs of longitudinal (A) and
transversal sections (B) showing; (A) coagulation of
muscular proteins in affected fibre (arrow) and
hypercontraction of the surrounding muscular fibres (*).
(B) Mild affected fibres showed loss of the polyedrical
structure, abundant vacuoles (*) and dilatation of
sarcoplasmic membranes (arrow).............cooeevvevneenn.

Electro micrographs of transversal sections of sea bass
larvae fed 5/300 diet. (A) Damaged muscle fibre
showing autophagic (AV) and hydropic vacuoles (HV)
and swollen mitochondria (arrow). (B) Not affected fibre
where normal mitochondria can be observed (arrow).
(C) Presence of a satellite cell (SC) with a mitochondria
(*) between two damaged muscle fibres, with the
presence of vacuoles and degenerated mitochondria
(AITOW) e e

Characteristic skeletal anomalies found in sea bass
larvae: pugheadness (A), lordosis (B), kyphosis (C),
and vertebral compression (D).

Sea bass larvae bone mineralization and deformities
frequency (%) at 35 dph of fishes from the different
dietary treatments.............ccooiiiiii i

CAT, SOD and GPX expression levels measured by
real-time PCR in Dicentrarchus labrax larvae when
were fed diets 1/150¢§, 5/300 (m) or 5/300+Se (e).

mMRNA copy number of each gene was normalized as a
ratio to 100 ng total RNA.........coii i,

IGF-I and IGF-Il expression levels measured by real-
time PCR in Dicentrarchus labrax larvae when were fed
diets 1/150 (#), 5/300 (m) or 5/300+Se (o). MRNA copy
number of each gene was normalized as a ratio to 100

XV

108

109

130

131

133

134

135



Figure 5.7

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

Figure 6.6

Figure 7.1

Figure 7.2

Nngtotal RNA. ... e,

MyHC expression levels measured by real-time PCR in
Dicentrarchus labrax larvae when were fed diets 1/150
(#), 5/300 (m) or 5/300+Se (o). mMRNA copy number of
each gene was normalized as a ratio to 100 ng total

Longitudinal semithin (A) and transversal electro
micrographs (B) of sea bass larvae fed 5/300 diet. (A)
Damaged muscle fibres showing breakage (arrow) as
well as darkening due to protein coagulation (*). (B)
Affected fibre showing disarrangement of the
myofilaments (arrows), swollen sarcoplasmic reticulum
(SR) and myelin figures (*).......ccccoveviii i

Incidence of malformations (%) (A) and Ossification
degree rate (%) (B) at 35 dph in sea bass fed the
experimental dietS..........ccooviii i,

Skeletal deformities found in 35 dph larvae at the end
of the experimental period...............cocooiiiiiiii i,

CAT, SOD and GPX expression levels measured by
real-time PCR in Dicentrarchus labrax larvae when
were fed diets 1/1504«), 5/300 (m) or 5/300+AA (A).

MRNA copy number of each gene was normalized as a
ratioto 100 ngtotal RNA.........ciiiiii e,

IGF-I1 and IGF-Il expression levels measured by real-
time PCR in Dicentrarchus labrax larvae when were fed
diets 1/150 (#), 5/300 (m) or 5/300+AA (A). mRNA copy
number of each gene was normalized as a ratio to 100
ngtotal RNA. ...,

MyHC expression levels measured by real-time PCR in
Dicentrarchus labrax larvae when were fed diets 1/150
(#), 5/300 (m) or 5/300+AA (A). mRNA copy number of
each gene was normalized as a ratio to 100 ng total

Transversal semithin sections on the same selected
morphological area of 49 dph sea bass larvae fed
5/150 (A) or 1/150 (B) diets. (A) Damaged muscular
fibres showing hypercontraction of the myofilaments (*)
and coagulation of proteins, observed as darkening of
the fibre (arrow). Besides, loss of the polyedrical
structure can be observed, espcially if compared to
normal Muscle (B).......cooviiiii e,

CAT, SOD and GPX expression levels measured by
real-time PCR in Dicentrarchus labrax larvae when
were fed diets 1/1500f, 5/150 (m) or 5+1/150 (A).

MRNA copy number of each gene was normalized as a
ratioto 100 ngtotal RNA........c.ciiiiiii e,

137

138

160

161

162

163

164

165

186

188



Figure 7.3

Figure 7.4

Figure 8.1

Figure 8.2

Figura 10.1

Figura 10.2

Figura 10.3

IGF-I and -1l expression levels measured by real-time
PCR in Dicentrarchus labrax larvae when were fed
diets 1/150 (o), 5/150 (m) or 5+1/150 (A ). mMRNA copy
number of each gene was normalized as a ratio to 100
ngtotal RNA. ...

a-actin, MyHC and p-calpain expression levels
measured by real-time PCR in Dicentrarchus labrax
larvae when were fed diets 1/159), (5/150 (m) or

5+1/150 (A). mRNA copy number of each gene was
normalized as a ratio to 100 ng total RNA...................

Proposed pathological mechanisms on muscle during
oxidative stress in sea bass larvae. ROS exert their
adverse effects on bilayer membrane phospholipids,
altering the fibre permeability and favoring the massive
entrance of water, Na* and Ca®** and the decrease of
K*. Increase of sarcoplasmic Ca®* causes oedema in
several organelles such as endoplasmic reticulum (ER)
or mitochondria, apart from whole cell swelling.
Increased calcium may activate calpains, which will
promote protein degradation, therefore affecting the
cytoskeleton integrity. The entrance of water and Ca*
into the mitochondria will lead to the opening of the
mitochondrial permeability transition (MPT) pore and
the consequent release of cytochrome c. If the muscle
fibre is not able to counteract all these damages, the
cell will die through necrosis or apoptosis, which can
also happen due to the direct effect of cytochrome c.
Free radicals can also attack directly the membranes of
the organelles, for instance, the attack to lysosomes
membranes may allow the release of enzymes that
could digest different cellular components..................

Electro micrographs of transversal sections of muscle
of sea bass larvae fed 5/300 diet observing the
presence of marked caveolae (arrows).......................

La produccién de la acuicultura frente a las capturas de
lubina en Europa desde 1958 hasta el 2009 (datos
obtenidos de FAO FISHSTAT Plus 2.30).............c......

Estadios de desarrollo y modos de nutricion larvaria.
Adaptado de Gatesoupe etal., 2001.............c.covennen.

Principales rutas de biosintesis de LC-PUFA a partir de
sus precursores C18, acidax -linoleico (18:2n-6) y y-
linolénico (18:3n-3). La enzima A6 desaturasa actia en
dos pasos, mientras que la A5 desaturasa lo hace ®lo

XVII

189

190

205

209

214

216

221



Figura 10.4

Figura 10.5

Figura 10.6

Figura 10.7

Figura 10.8

Figura 10.9

Generacion de distintos ROS por transferencia de
energia o reduccién secuencial univalente del oxigeno
triplete. Adaptado de Apel y Hirt (2004)..............c........

Mecanismos antioxidantes del interior de la célula.
Adaptado de Machlin y Bendich (1987)......................

Mecanismos de protecciéon de las AOE. El superéxido
(O;) es dismutado en peréxido de hidrogeno (H,0y)
por la SOD. El H,0, es también reducido a agua por la
accion de la GPX o la CAT. Se muestran los ciclos
relacionados de oxidacidn-reduccion del glutation entre
las formas oxidadas (GSSG) y reducidas (GSH) en
funcién de las actividades de la GPX y la GR. El H,0,
puede regenerar el OH al reaccionar con iones
metalicos como el hierro en la reaccion fenton............

Seccién transversal del musculo blanco de dorada,
tincibn de H&E (A) y tricrdmico de Masson (B). (A)
Presencia de tejido adiposo entre las fibras musculares
asi como vasos sanguineos (flecha) (x200). (B) Se
puede apreciar el miosepto de colageno tefido de azul
(asterisCo) (X400).......eeie it e

Tipo de fibras y estructura de las fibras musculares en
una seccién transversal en una preparacion de larva de
lubina teflida con azul de toulidina. El tronco esta
dividido en dos mitades laterales, sirviendo la columna
vertebral y los procesos esqueléticos como soporte
estructural. Puede observarse que la monocapa
superficial de fibras rojas (RF) esta en contacto con la
epidermis (EP). Las fibras blancas (WF) son de mayor
tamafo que las rojas y se encuentran dispuestas en
iStiNtAS CAPAS... ...t e et

Representacion esquematica de la disposicion de los

filamentos de actina y miosina en el musculo de larvas
de lubina (35 dph)....ccvviiiiii

XVII

226

228

229

242

244

246



Glossary index of common and
scientific names used within this thesis

Common name
African catfish
Atlantic salmon
Barramundi

Brine shrimp
Brook trout

Brown sole
Cachama
Common carp
Channel catfish
Common dentex
Coral reef damselfish
Fat snook

Fine flounder
Grouper

Halibut

Herring

Indian major carp
Japanese flounder
Japanese parrotfish
Manchurian trout
Matrinxa

Milkfish

Nombre comun
Pez gato

Salmén del Atlantico
Perca gigante
Artemia

Trucha de arroyo
Acedia del Japon
Cachama

Carpa

Bagre de canal

Dentén

Rébalo

Lenguado fino

Mero malabarico
Fletan del Atlantico
Arenqgue del Atlantico
Labeo Roho

Falso halibut del Japén

Sabalo cola roja

Chano

XIX

Scientific name
Clarias gariepinus

Salmo salar

Lates calcarifer

Artemia sp.

Salvelinus fontinalis
Pleuronectes herzensteini
Colossoma macropomum
Cyprinus carpio

Ictalurus punctatus
Dentex dentex
Acanthocromis polyacanthus
Centropomus parallelus
Paralichthys adspersus
Epinephelus malabaricus
Hippoglossus hippoglossus
Clupea harengus

Labeo rohita

Paralichthys olivaceous
Calotomus japonicus
Brachymystax lenok
Brycon cephalus

Chanos chanos



Rainbow trout
Red sea bream
Rotifer

Sea bass

Sea bream
Senegalese sole
Spotted wolffish
Stripped jack
Striped trumpeter
Tilapia

Turbot
Yellowtail

Zebrafish

Trucha arcoiris
Dorada del Japon
Rotifero

Dorada

Lubina

Lenguado senegalés
Perro pintado

Jurel denton

Tilapia azul
Rodaballo
Medregal del Jap6n

Pez cebra

XX

Oncorhynchus mykiss
Pagrus major
Brachionus plicatilis
Dicentrarchus labrax
Sparus aurata

Solea senegalensis
Anharhichas minor
Pseudocaranx dentex
Latris lineata
Oreochromis aureus
Psetta maxima
Seriola quinqueradiata

Danio rerio



Acknowledgements

If I have been able to write this Thesis is thanks to the help of many people | would like

to remember...

Con el permiso de mis tutoras, me gustaria empezar esta seccion agradeciendo el
apoyo incondicional de dos personas que siempre han confiado en mi, han sido un
modelo ejemplar de esfuerzo y superacion y me han animado a seguir mis suefios,
porgue nada hay inalcanzable. Es por esto y mucho mas por lo que esta Tesis va

dedicada a ellos jGracias papis!

| would like to give my sincerest gratitude to my supervisors, Dr. M@ José Caballero and
Dr. Marisol Izquierdo for their steady guidance during all these years. Your enthusiasm
has influenced on me and been very important for this Thesis, as you have always
encouraged me and listened to my imaginative theories. Thank you also for giving me
the opportunity to present my work in different conferences and for bringing myself to
make several stays that have enriched my scientific knowledge. Thanks for supporting

and trusting on me!

My gratitude goes to Dr. Genciana Terova for opening me the doors of her lab and
letting me to introduce myself into a new and unknown world. Thanks to Samuela,
Elena and Simona for your patience and guidance into the gene expression analysis. |
would also like to thank Dr. Gordon Bell for accepting me into his lab and giving me the

chance to complete my scientific skills.

Many thanks to all the GIA members for your help during these years. | would
particularly like to thank Dr. Juanma Afonso for helping me with the statistical analysis,
Dr. Javier Roo for his advices on larval culture. Thanks also to Dr. Carmen M2
Hernandez-Cruz for always giving a hand in samplings and for showing me the

passionate world of larvae culture through university lessons...

| would also like to thank my good collegues at the GIA for some funny years. Special
thanks to Tibi, Silvia, Reda, Fefy, Tati, Pedro, Mohamed, Juan, Fran, Alex, Gercende,
Antonio, Davinia and Laura. Although | had my ups and downs you were always there
for supporting and encouraging me and thanks to your sustain | can be right here
defending my Thesis. | would also like to remember those who have gone past.
Without their help this document would not be real, so thanks to Eyad and Maria,

because part of you is on this Thesis.

XXI



A big thank you is due to the GIA staff, especially to the “mesocosms team”. Thanks
Ruben, Desi and Enma for guiding and helping me during the running of my trials.
Thanks also to Ada, Lore, Carmen, Silvia and Yurena for their technical advices and
smiles. Many thanks to the “Infectious Diseases girls” Lorena, Vale, Judith and Fatima.

Thanks to you and your ph-meter!

| am grateful to my colleagues from the Department of Morphology from the ULPGC for
their kind help and for allowing me to use their facilities. Especial thanks goes to
Alejandro and Oscar for their friendship during these years and also for all those

“venting chats”.

| am grateful to the Cabildo de Gran Canaria and the Fundacién Universitaria de Las
Palmas for financing my research and to the Instituto Canario de Ciencias Marinas
where all the experiments of the present Thesis were carried out. | would also like to
thank the Instituto de Acuicultura de Torre de la Sal for kindly providing the sea bass
larvae employed for this Thesis and to Croda Iberica for supplying the oils employed in

diets formulation.

Many thanks to Matthew for taking the time (not much really) to review my works, but
mainly for standing and calming me down when | have my fit of hysterics... Hope you

can still be my diazepam in the coming years.

| would like to deeply thank my “out-door” friends. | know sometimes you do not
understand me (fish can be stressed? Put larvae into a plastic bag and come to the
beach!) but you have been with me since school times and have always supported me.

Gracias Cris, Ele, Bea, Vane, José, Antonio, Vane, Mer, Car, Davi, Mari, Ino and Eli!

Finalmente, también me gustaria agradecer a toda mi familia la comprensién que han
tenido conmigo estos afios de ausencias a asaderos, sancochos, “recogidas” y otros

eventos familiares. Prometo que de ahora en adelante no me pierdo uno.

Gracias a todos

Moénica

XXII



Chapter 1

General Introduction

1.1 Aquaculture production

The overexplotation of traditional fishing areas and the limitations imposed by the
changes in the policy and agreements on international fishing areas caused a chronic
restriction in marine products supply. According to FAO previsions, to satisfy the high
demand of marine products, aquaculture is a feasible complement to wild captures. In
fact, aquaculture accounted for 47.9% of total food fish supply in 2010, representing a
continue increase from 42.7% in 2006 (FAO, 2011). In this sense, aquaculture remains a
growing, vibrant and important sector for high-protein food and continues to be the
fastest-world animal-food-producing system and to outpace population growth, with a
global production that increased from 7.3 millions mT in 1980 by weight to 55.1 millions
mT in 2009 (FAO, 2011). This exponential increase in production could be accomplished
by the improved control of fish reproduction, the development of optimized diets and
technological innovations that allowed the fast development of land- and sea-based
aquaculture facilities. However, growth rates for aquaculture production are slowing,
varying greatly among regions. For instance, the once leading countries in aquaculture
development such as Japan, Spain or France have shown falling production in the last
decades (FAO, 2011). Similarly, the average annual growth in aquaculture production in
Europe and North America since 2000 has also slowed substantially to 1.7% and 1.2%

respectively.

The aquaculture production in the European Union in 2008 was 1.2 millions mT
(FAO, 2011), with a market value of 3.8 millions €. However, the aquaculture production
rate has been decreasing since 1988 and has not been enough to fulfil the decrease in
capture fisheries. Spain is the European country with a higher aquaculture production in
tons (249,070 mT; 19.5%) followed by France (237,870 mT; 18.6%) and Italy (181,470
mT; 14.2%). The main marine fish species produced in southern Europe aquaculture are

sea bream (Sparus aurata) and European sea bass (Dicentrarchus labrax) (Figure 1.1),
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with a production of 89.3 and 58.5 mT respectively, being the Canary Islands the main
producers in Spain (32%; APROMAR, 2010). To maintain these high productions, quality
juveniles must be provided by hatcheries. In 2009 there were 16 hatcheries in Spain
producing 69.3 millions of sea bass and sea bream fingerlings, a reduction of 26.5%
from production levels in 2008. Besides, this quantity is not enough to cover the farms
demand, so importations from other European countries, such as France, Italy or Greece
are necessary. It fits to mention that aquaculture in Canary Islands completely depends
on sea bass fry imports due to the absence of any local commercial hatchery.
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Figure 1.1 Aquaculture production versus captures of European sea bass in Europe from 1958
to 2009 (data obtained from FAO FISHSTAT Plus 2.30).

1.2 Rearing techniques and production considerations

The hatchery phase remains as one of the production bottlenecks in marine fish
aguaculture, mainly due to the poor development, high mortality rates (over 75%) and
weakness of fish larvae at hatching. Marine fish species egg hatching is produced after
some days, depending on water temperature, leading to a secondary embrionary stage

(Figure 1.2). Yolk reserves are mainly formed by lipoproteins and in some species,
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including sea bass, by a lipid droplet (Sargent et al., 2002). These components will be
employed for tissues formation or to obtain energy. The embryo phase is terminated
when the esophagus opens and the larval phase commences with exogenous feeding
(Gatesoupe et al., 2001; Figure 1.2). At present, the accepted practice worldwide for the
intensive larval rearing of marine fish is the feeding with live prey during the first weeks,
followed by a gradual weaning to a dry diet (Fernandez-Diaz and Yufera, 1997,
Kolkovski et al., 1997). Live preys are a heterogeneous group of organisms belonging to
different phytoplankton and zooplankton groups, such as crustaceans, mollusks or
protozoans. Rotifers (Brachionus sp.) and the brine shrimp (Artemia sp.) are extensively
used as live food for the larval stages of commercially important fish species, using the
former during the first days of exogenous feeding and Artemia nauplii when the larvae
has reached a larger size. The use of different strains of rotifers is due to the easiness of
its mass production, its adequate dimensions to fit mouth size of early larvae, its
planctonic habits, slow movements and the possibility to control its nutritional value for
fish larvae. However, the nutritional value of this live prey varies notably according to its
feed and environmental conditions such as light intensity and photoperiod, temperature
or salinity. As pointed out previously, rotifers are progressively replaced by brine shrimp
from 9 days post hatching (dph) onwards and, subsequently, with dry feeds of different
dimensions (Barnabé, 1974). In sea bass larvae, due to their large mouth diameter,

larvae can be fed with Artemia nauplii straight after mouth opening instead of rotifers.

Nevertheless, neither rotifer nor Artemia constitute the natural preys of marine
fish larvae, a fact that frequently causes several problems in larval production leading to
high mortalities, imposing serious constrictions to the further development of larval
rearing production and controlled quality. Thus, the improvement of larval rearing, and
especially larval fish nutrition, remains to be one of the principal objectives of the

aguaculture industry in order to improve competitiveness.
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Figure 1.2 Development stages and nutrition schedule during fish life. Adapted from Gatesoupe
et al., 2001.

1.3 Use of inert microdiets for marine fish larvae

The use of live preys in the first stages of fish culture results in some difficulties.
The extra effort in terms of manpower, infrastructure, time and energy to produce rotifers
and Artemia species represents a significant cost. In this sense, Person-Le Ruyet et al.
(1993) calculated the cost involved with feeding live prey to sea bass larvae. The live
food accounted for 79% of the production costs for juveniles up to 45 dph. In the first
three months of life, live food represented 50% of the feed cost even though they

represented only 1.6% of the total dry weight of the food required.

In addition, the supply and nutritional quality of live food can vary, providing a
sub-optimal nutrition to the larvae (Jones et al., 1993; Kolkovski et al., 1993; Barnabé
and Guissi, 1994; Roselund et al., 1997). Besides, from an experimental point of view,
live prey enrichment with some nutrients such as phospholipids (PLs) or protein is limited
since they are genetically determined (Roselund et al., 1997; Koven et al., 2001). For
these reasons and for those stated before, compound diet substitution for live prey is

crucial for sustaining cost effective production of high and constant quality juveniles.

4
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However, a lower performance is commonly reported when inert diets are fed to
larvae from the onset of exogenous feeding. This may be due to the composition,
palatability or physical characteristics of dry feed (Person Le Ruyet et al., 1993) or an
inability to properly digest it (Holt, 1993; Kolkovski et al., 1993; Walford and Lam, 1993;
Zambonino-Infante and Cahu, 1994; Kolkovski, 2001). The feeding of an inert diet may
also decrease water quality if not carefully controlled (Leu et al., 1991). Nevertheless,
results can be clearly improved when inert food is combined with live prey (co-feeding)
from first feeding (Fernandez-Diaz and Ydufera, 1997; Kolkovski et al., 1997; Rosenlund
et al., 1997; Sandel et al., 2010).

Microparticulated diets can be prepared in microbound, microcoated or
microencapsulated. In microbound diets, the powdered ingredients are microbound with
a water stable matrix such as agar, carrageenan or calcium alginate (Lépez-Alavarado et
al., 1994) or by a protein such as casein or zein (Person-Le Ruyet et al., 1993). The
manufacturing process of microbound diets is the simplest and most commonly used
method, as it has been suggested that due to the absence of a capsule are easily
digested and attraction is increased through greater nutrient leaching (Kolkovski, 2001;
Yufera et al., 2003; Kolkovski, 2006). Microcoated diets are produced by coating the
powdered ingredients with a glucidic (carraggeenan, alginate), proteic (gelatin, zein) or
lipid binder to reduce leaching (Onal and Langdon, 2004). Microencapsulated diets are
defined as microparticulate diets made by encapsulating a solution, colloid or suspension
of diet ingredients within a membrane and is produced with a cross-linking agent (Yufera
et al., 1999). The capsule wall helps maintain the integrity of the food particle until it is
consumed preventing leaching and degradation of the nutritional ingredients in the water.
Microencapsulation produces regular shape and water soluble microparticles, but the
microcapsules can be difficult to digest and can reduce the larvae attraction to the food
particles (Yufera et al., 2003; Kvale et al., 2006; Kolkovski, 2008).

The production of microparticulate diets could be a convenient and economic
alternative to live feed, in spite of the problems of nutrient leaching and water stability
normally encountered when producing microparticles (Baskerville-Bridges and Kling,
2000; Onald and Landgon, 2000; Pouséo-Ferreira et al., 2003). An integrative approach
needs to be taken in the development of microdiets for fish larvae, taking into account
the physiology and ontogeny of the larval digestive system, feed technology (leaching,
binders, feeding regime) as well as nutritional requirements. In this sense, the nutritional
components of microparticulate diets for fish larvae should be determined on the basis of
the requirements of the larval fish for proteins, amino acids, lipids, carbohydrates,
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vitamins and minerals. Moreover, the efficient development of microparticulate diets for

the fish larvae has promoted the improvement of nutritional requirement studies.

The optimum protein level for fish larvae differs, probably due to a variety of
factors, such as the differences in food habits, age of larvae, water temperature, protein
sources used and energy level of the diet. However, because the requirements of larval
fish are still undefined, protein sources having high nutritional values are used, such as
krill meal, squid meal, scallop meal or fish meal (Teshima et al.,, 1982). Knowledge
about the vitamin requirements of larval fish are limited. Most studies on vitamin
requirements of fish have been conducted on juveniles. Few studies exist on vitamin
requirements in fish larvae, mainly because there were no efficient compound diets
available for these developmental stages. On the other hand, many experiments have
been conducted to determine the optimal lipid composition in diets formulated for marine
fish larvae, paying particular attention to long chain polyunsaturated fatty acids (LC-
PUFA) and PL requirements (Takeuchi, 1997). Lipids included in microparticulate diets
come, in part, from meals incorporated in the diet as protein sources. Other lipids, such
as cod liver oil, roe oil or menhaden oil are added as triglycerides and PLs come from
soy lecithin (terrestrial) or marine PLs (from fish or krill). To have a better control of the
lipid fraction in the diet, meals can be defatted, so that lipids will result from the addition

of different oils.

1.4 Importance of lipids in marine fish larvae nutrition

Lipids are, along with proteins, the major organic constituents of fish, with
carbohydrates being quantitatively less prominent. Indeed the lipid content of fish can
markedly exceed the protein content, reflecting the major role of lipids (Sargent et al.,
2002). Lipids are an important source of metabolic energy, components of biological
membranes and precursors of essential metabolites (Sargent et al., 1989). Dietary lipids
provide a rich source of energy and PLs, vital to the structure of biomembranes. Besides,
dietary lipids also serve as carriers for absorption of other nutrients, including the fat-
soluble vitamins A, D, E and K, and natural or synthetic pigments. On the other hand,
lipids are components of hormones and precursors for synthesis of various functional
metabolites, such as prostaglandins. Besides, lipids are of particular importance in
teleost fish larvae, which are characterized by extremely high growth rates coupled with
high demands for energy and structural components. Additionally, a relationship exists

between dietary lipids and skeletal formation in aguatic animals (Cahu and Zambonino-
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Infante, 2003; Villeneuve et al., 2005, 2006; Roo et al., 2009; Izquierdo et al., 2010;
Sandel et al., 2010; Scolamacchia, 2010). As a reflect of this importance, for instance in
marine fish species such as the sea bream and the sea bass diets have become highly
energetical (~25% lipid) in comparison with a decade or so ago (~12% lipid) (Izquierdo et
al., 2003). The importance of lipids in marine larvae nutrition has made them the focus of
numerous studies. Therefore, the success of larval rearing is greatly influenced by first-
feeding regimes and the nutritional quality of the diets used, with dietary lipids being
recognized as one of the most important nutritional factors that affect larval growth and

survival (Izquierdo et al., 2000).

However, dietary lipid utilization by the larvae is directly or indirectly affected by
several morphological and physiological changes occurring during larval development.
For instance, although at the end of the larval lecithotrophic phase the enterocytes of sea
bass larvae are functional, they are still poorly developed (Deplano et al., 1991;
Zambonino-Infante et al., 1997), their size, number and expansion of organelles being
increased in the following days. Therefore, throughout larval development the number of
intestinal folds is also increased, the stomach is formed and its function improved. These
changes in enterocytes and the digestive system imply an improvement in the digestion
and absorption efficiency of the juvenile. Another important fact is that lipid levels may
affect larval lipid digestion capability. Hoehne (1999) and Olsen et al., (2000) indicated
that a high dietary lipid level might lead to lower larval digestion ability. Similarly, Kjarsvik
et al., (1991) reported an overload of the digestive capacity in the hindgut of turbot larvae
fed rotifers with a high lipid content. However, conversely to these results, Zambonino-
Infante and Cahu (1999) proved an earlier maturation of enterocytes in sea bass larvae

fed high lipid levels as well as better larval development.

Lipids are constituted by fatty acids (FA), being fish rich in LC-PUFA with carbon
chain lengths of 20 or more carbons and 3 or more ethylenic bonds. In order to achieve a
normal growth and development including reproduction, fish require three LC-PUFA:
docosahexaenoic acid (DHA; 22:6n-3), eicosapentaenoic acid (EPA; 20:5n-3) and
arachidonic acid (ARA; 20:4n-6). The essentiality of these fatty acids is corroborated as
they are selectively retained throughout embryonic development (Rainuzzo et al., 1993;
Lie, 1993) or at the expense of other fatty acids during periods of starvation (Tandler et
al., 1989). Besides, these fatty acids are considered essential in marine fish species due
to the limited activity of A6- and A5-desaturase and elongase enzymes to synthesize
ARA, EPA and DHA when their precursors are included in the diet, in contrast to fresh

water species (Figure 1.3). In this sense, although certain A6-desaturase expression has
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been found in sea bream larvae, its activity was not enough to fulfii sea bream

requirements for this fatty acid (Izquierdo et al., 2008).

18:3n-3 18:2n-6
! A6 desaturase
18:4n-3 18:3n-6
Elongase
20:4n-3 20:3n-6
A5 desaturase
20:5n-3 20:4n-6
Elongase
22:5n-3 22:4n-6
l Elongase +
24:5n-3 24:4n-6
! A6 desaturase !
24:6n-3 24:5n-6
v Partial B-oxidation +
22:6n-3 22:5n-6

Figure 1.3 Main biosynthesis pathways of LC-PUFA from C18 precursors, a-linoleic acid (18:2n-
6) and y-linolenic acid (18:3n-3). Enzyme A6 desaturase acts in two steps, whereas AS
desaturase acts only in one (Sargent et al., 1995).

The biochemical, cellular and physiological functions of these three PUFAs are

broadly the same in fish as in other vertebrates and fall into two categories:

(1) Role in maintaining the structural and functional integrity of cell membranes:
Fish tissues have in general much higher concentrations of DHA and EPA
than ARA and fish have correspondingly high dietary requirements for n-3 LC-
PUFA. As structural components of the membrane phospholipids, essential
FA (EFA) can facilitate key-intramembranal reactions and processes, where
DHA is particularly important (Izquierdo and Koven, 2010)

(2) Precursors of the group of highly biologically active hormones, known as
eicosanoids: Eicosanoids are a range of highly active C20 compounds formed
in small or even trace amount by virtually every tissue in the body, are
involved in a great variety of physiological functions and are produced in

response to stressful situations. The major precursor of eicosanoids in fish is
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ARA with eicosanoids formed from EPA being less biologically active than
those formed from ARA (Tocher, 2003).

Thus, adequate levels of lipids, especially LC-PUFA, must be included in marine fish
diets. However, this is not always feasible. As it has been pointed out previously,
aquaculture is one of the most rapid developing animal production systems. To sustain
such fast growth, an increased demand in fishmeal and fish oil is required. However, the
use of ingredients of terrestrial vegetal origin is necessary to fullfil lipid sources demand.
These ingredients lack essential fatty acids (EFA) and this restricts their use in diets for
marine species. Therefore, requirements for such fatty acids must be precisely
determined to predict optimal levels of inclusion. To study requirements of these fatty

acids in any fish larvae species some premises must be taken into account:

- The marked chemical similarities of the three LC-PUFA lead to competitive
interactions in the plethora of biochemical and physiological reactions they and
their precursors and products undergo.

- Marine fish species have a limited ability to synthesize EFA from their precursors
by the action of elongase and desaturase enzymes, requiring DHA, EPA and
ARA to be supplied by their diets.

- EFA requirements could be affected both quantitatively and qualitatively by
environmental factors such as temperature (Farkas et al., 1980; Olsen et al.,
1999), salinity (Borlogan and Benitez, 1992) and light (Ota and Yamada, 1971) or
the presence of other nutrients such as antioxidants (Izquierdo and Koven, 2010).

- As larvae grow faster than juveniles or adults, their necessity of n-3 LC-PUFA is
expected to be higher than juveniles in the early stages of development
(Izquierdo et al., 1989a).

The necessity of these fatty acids was first pointed out by the reduced growth
observed in turbot (Scophtalmus maximus) (Gatesoupe and Le Millinaire, 1985), red sea
bream (Pagrus major) (Izquierdo et al., 1989a, 1989b) and gilthead sea bream
(Rodriguez et al., 1993, 1994; Salhi et al., 1994) larvae fed deficient levels of EFA.
Similarly, a drop in survival was observed when larvae were fed low levels of these fatty
acids in red sea bream (lzquierdo et al., 1989a, 1989b), sea bream (Rodriguez et al.,
1993, 1994; Salhi et al., 1994) and halibut (Hippoglossus hippoglossus) (Holmefjord and
Olsen, 1991). On the other hand, insufficient contents of these EFA in the diet give rise
to several alterations in larvae such as poor feeding and swimming activities (Izquierdo
et al.,, 1989a; Rodriguez et al., 1993, 1994), altered fish larvae behavior (Benitez-
Santana et al., 2007), hydrops (Yamashita, 1981), deficient swim bladder inflation



General Introduction

(Koven, 1991), abnormal pigmentation (Kanazawa, 1993; Rainuzzo et al., 1994),
disaggregation of gill epithelia (Arnaiz et al., 1993), immune-deficiency and raised

cortisol levels (Izquierdo, 1996).

Competitive interactions exist between DHA and EPA or EPA and ARA. The DHA
and EPA competition results from both molecules using the same enzymes to esterify
fatty acids into PL structures (Mourente et al., 1991; Sargent et al., 1999). However, in all
marine fish larvae, DHA has been demonstrated to be superior to EPA in conferring
vitality to the larvae (Watanabe, 1993). Besides, although both EFA have been found to
be essential to marine fish larvae, DHA is generally present at about twice the level of
EPA in fish membrane PLs, being the highest levels of DHA contained in
phosphatidylethanolamine (PE; Rodriguez et al., 1997; Copeman et al., 2002). All these

evidences prove the essentiality of this fatty acid regarding to the other EFA.

1.5 Importance of DHA for larvae

DHA is a carboxylic acid with a 22-carbon chain and six cis double bonds. As
stated previously, marine fish have a limited, almost negligible, capability to synthesize
EFA from their precursors, linoleic and linolenic acids, and, therefore, it must be included
in sufficient amounts in larval feeds. Besides, adequate DHA supply is very important in
rapidly growing and developing marine fish larvae (Table 1.1). These high requirements
of DHA are reflected in larval tissue composition, being incorporated in the developing
visual and neural tissues (Mourente, 2003), which, at this stage, account for a higher

percentage of neural tissue in their relatively small body mass.

The particular structure of DHA provides this fatty acid with many important
functions in fish metabolism (Izquierdo, 2005). It is incorporated into cell membranes
regulating membrane integrity and function, this fatty acid being an important component
of phosphoglycerides, particularly PE and phosphatidylcholine in larvae. The essentiality
of DHA for fish is corroborated by its retention in starved or low-EFA fed fish, possibly
due to the lower cell oxidation rates than other fatty acids (Koven et al., 1989; Madsen et
al., 1999). Still in terms of essentiality, it seems to have a greater potential than EPA to
promote growth and stress resistance in red sea bream among other species (Watanabe
et al., 1989; Watanabe and Kiron, 1994), being its requirement more limiting for growth
and survival than those for n-3 LC-PUFA (Izquierdo, 1996).
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Table 1.1 DHA requirements for fish larvae of different marine species (% DW in rotifers, Artemia

or microdiets)

Species Tested parameter Requirement Reference
Acanthochromys Growth 0.5 Southgate and
poliacanthus Survival Kavanagh, 1999
Calotomus japonicus Growth 1-2 Kanazawa, 1993
Centropomus parallelus  Growth >0.6 Seiffert et al., 2001

Survival
Swim bladder inflation
Dentex dentex Growth 24 Mourente et al., 1999a
Survival
Hippoglossus Pigmentation 2.5 Hamre and Harboe,
hippoglossus Eye migration 2008
Latris lineata Growth 1.3 Brandsen et al., 2004
Survival
Behaviour
Pagrus major Growth 0.95-1.62 Furuita et al., 1996a
Survival

Salinity tolerance

Growth 1.5 Rotifers or  Izquierdo et al., 1990
Survival Artemia
Pagrus pagrus Growth 15 Hernandez-Cruz et al.,
Survival 1999
Paralychthis olivaceous  Growth 1 Kanazawa, 1995
Psetta maxima Growth 0.8 Reitan et al., 1994
Pseudocaranx dentex Growth 1.6-2.2 Takeuchi et al., 1996
Pseudopleuronectes Growth 0.6 Rotifers Satoh and Takeuchi,
herzensteini Survival 1.4-2.8 Artemia  2009a

Starvation resistance
Larval development

Sparus aurata Growth >3 Izquierdo, 2005
Survival

Scophtalmus maximus Growth 3.2 Le Milinaire, 1984

Seriola dumerilii Growth 4 Izquierdo, 2005
Survival

The importance of DHA for larvae, starts prior to the hatching. Eggs contain an
adequate content of DHA (Laurel et al., 2010) to ensure proper larval development on
hatching, and this can be achieved by controlling broodstock feeding (Fernandez-
Palacios et al., 2011). Thus, the DHA, vital for early survival and development of newly
hatched larvae is determined by the lipids derived directly from the dietary input of
broodstock in the period preceding gonadogenesis (Kjgrsvik et al., 1990; Sargent, 1995).
However, Watanabe (1993) reported that the DHA content in marine fish larvae rapidly

11
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decreases during the first ten days after hatching, therefore high contents of DHA must

be supplied to larvae in order to maintain the adequate levels of DHA in growing larvae.

A deficiency in this fatty acid has been shown to cause alterations of the
neurological system in fish, such as impaired vision at low light intensities in herring
(Clupea harengus) (Bell et al., 1995) or retarded development of normal behavior in
yellowtail (Seriola quinqueradiata) (Masuda et al.,, 1998), striped trumpeter (Latris
lineata) (Brandsen et al., 2005) and sea bream (Benitez-Santana et al., 2007) larvae.
Besides, low dietary levels of DHA can increase the incidence of skeletal deformities in
sea bass (Cahu et al., 2003), gilthead sea bream (Roo et al., 2010), red porgy (Pagrus
pagrus) (Roo et al., 2009; Izquierdo et al., 2010) or brown sole (Pseudopleuronectes
herzensteini) (Satoh and Takeuchi, 2009b) larvae, reduce tolerance to stressful
situations in beluga (Huso huso) larvae (Jalali et al., 2008), cause malpigmentation and
irregular eye migration in flatfish (McEvoy et al., 1998; Bell et al., 2003) or altered gut
and liver structure in striped trumpeter larvae (Brandsen et al., 2005). But the main
detrimental effects observed may be those related to the low culture performance and
survival in different larval species (Watanabe et al., 1989; Furuita et al., 1996a, b;
Copeman et al., 2002; Rezek et al., 2010).

Not only the decrease in dietary DHA can cause alterations in fish, also excessive
levels of this EFA may lead to several changes, especially when the increase in n-3 LC-
PUFA is not accompanied by adequate quantities of antioxidants. For instance, an
excessive amount of PUFA accelerated osteoblasts differentiation when dietary vitamin
A levels were low, causing supranumerary vertebrae in sea bass larvae (Villeneuve et
al., 2006). Thus, to avoid adverse effects and improve performance, supplementation of
antioxidants, such as vitamin E are necessary when high levels of n-3 LC-PUFA are
incorporated into larval diets. For instance, beluga larvae fed with high LC-PUFA
enriched Artemia showed a better performance in terms of growth and tolerance to
salinity stress when a 20% of a-tocopherol was included in the enrichment media (Jalali
et al., 2008). Similarly, Stéphan et al. (1995) reported that in vivo and in vitro oxidation of
lipids in turbot larvae muscles is reduced when dietary a-tocopherol was supplemented
in the diet. The supplementation with antioxidants is necessary as the susceptibility of a
particular PUFA toward oxidation increases with an increase in the number of
unsaturated sites in the lipid chain due to the vulnerability of the methylene group located
between two double bonds (Nagaoka et al., 1990). Since DHA has five of these
methylene groups, it is particularly oxidizable. Therefore, DHA will be highly at risk of

suffering oxidative processes that any other PUFA.
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Typically, high amounts of DHA can be found in commercial preparations used to
enrich the live preys (Koven et al., 2001) to compensate the reduced capability of marine
fish larvae to convert linolenic acid to DHA. This trend is being followed in marine fish
larvae microdiets formulation, by the premise that high DHA contents will lead to higher
culture performances, therefore much money is spent to include concentrated DHA oils.
However, it has been shown that too high levels of this EFA could have detrimental
effects on larvae (Brandsen et al., 2005; Villeneuve et al., 2005; Izquierdo et al.,
submitted) or even have no effects at all (Kraul, 1993; Seiffert et al., 2001), therefore

high inclusion of DHA in microdiets for marine fish larvae needs a deep revision.

1.6 Reactive oxygen species: Generation, detoxification and

oxidative stress

The evolution of aerobic metabolic processes such as respiration, unavoidably
leads to the production of reactive oxygen species (ROS), all having a high capacity to
cause oxidative damage to proteins, DNA and lipids. As it has been pointed out
previously, fish and, specially, fish larvae, are highly at risk of suffering peroxidative
attack to their membranes, as they contain great quantities of LC-PUFA. To counteract
ROS negative effects, complex arrays of non-enzymatic and enzymatic detoxification
mechanisms exist. However, when ROS production exceeds their removal by these
mechanisms oxidative stress occurs and ROS may cause cellular damages and

alterations on the different cellular elements.

1.6.1 Generation of ROS

Molecular oxygen, essential for aerobic organisms, has a dominant role in
eukaryotes being that of terminal electron acceptance in mitochondrial respiration, where
it is ultimately reduced to water during the process of oxidative phosphorilation, the major
source of ATP in aerobes. Oxygen may be converted to the much more reactive ROS
forms either by energy transfer or by electron transfer reactions (Figure 1.4). The former
leads to the formation of singlet oxygen, whereas the latter results in the sequential

reduction to superoxide, hydrogen peroxide and hydroxyl radical (Klotz, 2002).

Pathological effects of ROS depend on the free radical produced. Superoxide

radical ion (O,-) stimulates the production of leukocyte and other cells degrading
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enzymes. Can cause direct lesions to lipids, proteins and DNA and usually acts close to
the place where it is produced. Hydrogen peroxide (H,O,) can be converted to hydroxyl
radical (OH-) or hypochlorite (OCI), both having capacity to destroy microbes and cells.
This free radical can act away from their production site. Hydroxil radical represents the
most common free radical derived from oxygen and is mainly responsible of lipid, protein
and DNA attack.

Dyoxigen Superoxide radical Peroxide ion Oxene ion Oxide ion
ion
e _ e} _ e F
30, — 0y — 0, — 0,* 0O —s 0%
l ll’“ 12H+ 2H* lH+ 12H+
Single Parhydroxyl Hydrogen Water Hydroxil Water
oxygen radical peroxide radical

Figure 1.4 Generation of different ROS by energy transfer or sequential univalent reduction of
ground state triple oxygen. Adapted from Apel and Hirt (2004).

In addition to mitochondrial electron transport, other sources of endogenous ROS
production include the electron transport chains of microsomes (Winston and
Cederbaum, 1983), the respiratory burst associated with phagocytosis by leukocytes
(Chung and Secombes, 1988) and the activities of enzymes, such as xanthine oxidase,
tryptophan dioxygenase, diamine oxidase and prostaglandin synthase (Fridovich, 1978;
Halliwell, 1978).

1.6.2 ROS detoxification: antioxidant defence mechanisms

An antioxidant is any substance that, when present at low concentrations
compared to those of an oxidable substrate is able to interact with free radicals to
terminate the reaction (Halliwell and Gutteridge, 1990). An array of antioxidants defence
mechanisms to detoxify ROS has evolved to counteract the potentially deleterious
effects of activated oxygen (Yu, 1994). The antioxidant systems in living organisms may
be divided in two types, one is represented by enzymes and the other one by low
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molecular weight molecules. These compounds may be found in the cell plasma,
mitochondria or cell membranes (Figure 1.5). Antioxidants can act at different stages in
the oxidation process and some may have more than one mechanism of action. They
can exert their action by different mechanisms such as breaking the chain of an initiated

seguence, scavenging singlet oxygen or decreasing local O, concentrations.
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Figure 1.5 Antioxidant mechanisms within the cell. Adapted from Machlin and Bendich (1987).
CAT= Catalase; SOD = Superoxide dismutase; GPX = Glutathione peroxidase; GSH = Reduced
glutathione.

1.6.2.1 Enzymatic systems

Diverse antioxidant enzymes (AOE) prevent the cascade of oxidant reactions,
intercepting and inactivating the reactive intermediates of oxygen. Particularly adapted
enzymes such as superoxide dismutase (SOD; EC 1.15.1.1), glutathione peroxidase
(GPX; EC 1.11.1.19), glutathione reductase (GR) or catalase (CAT; EC 1.11.1.6) have
been detected in most fish species studied to date (Rudneva, 1997). All these enzymes
are very important in antioxidant defence, although SOD plays a crucial role being the
first enzyme responding to oxygen radicals and preventing the initialization of the radical
chain reaction that the superoxide anion produces (McCord and Fridovich, 1969;
Winston and Di Giulio, 1991). Superoxide is converted to hydrogen peroxide by the
action of SOD (Figure 1.6). SOD does not easily cross biological membranes,
consequently it must be detoxified in the compartment where it is generated (Fridovich
1995). This explains the presence of different SOD in eukaryotes, which are classified in

two distinct groups according to metal content; manganese SOD and copper/zinc SOD.
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Hydrogen peroxide is subsequently metabolized to oxygen and water by the
selenium-containing enzyme GPX, which uses glutathione (GSH) as a cofactor in the
reaction. GPX converts most of the hydrogen peroxide in the cytoplasm and there is also
evidence that GPX plays a role in cellular signaling by mediating hydrogen peroxide
concentrations (Brigelius-Flohe, 1999; Figure 1.6). There are four main GPX; cytosolic
(GPX1), gastrointestinal (GPX2), plasma (GPX3) and phospholipid hydroperoxidase
(GPX4). Selenium is required at the active sites of all the GPXs. Finally, GR reduces the
oxidized glutathione (GSSG) into GSH.

TN

FeZ* Fenton Fe?*

SOD
0, =——>» H)0, <€ > OH + OH
CAT GPX \
/ GSSG 2GSH H,0

" W

Figure 1.6 Mechanisms of AOE protection. Superoxide (O,) is dismutated to hydrogen peroxide
(H>,0,) by SOD. H,0., is further reduced to water by the action of either GPX or CAT. The linked
oxidation and reduction cycles of glutathione between the reduced (GSH) and oxidized forms
(GSSG) are shown in relation to the activities of GPX and GR. H,0, can generate (OH) by
reacting with metal ions such as iron in the fenton reaction

CAT is a hemoprotein with four atoms of iron per molecule and its function is to
break down hydrogen peroxide to molecular oxygen and water (Figure 1.6). At sites of
relatively high concentrations of hydrogen peroxide, such as peroxisomes, catalase is an
important antioxidant enzyme. Hydroxil radical and peroxynitrite are among the most
reactive species present in biological systems and are capable of oxidizing nucleic acids,
protein, lipids and carbohydrates moieties in cell.

In several fish species it has been reported that the level of AOE rises with larval
development, whereas, the level of low molecular weight antioxidants falls (Aceto et al.,
1994; Rudneva, 1999; Zhang et al., 2009). This fact indicates a compensation for a lower
AOE level by an increase in antioxidant molecules. In this way, increase in AOE levels
could be due to the higher oxygen consumption during the initial stages of larval
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development. Therefore, the AOE system seems to be induced as a response to these
unfavourable conditions. For instance, CAT and GPX activities are increased from
hatching to 9 dph in unfed Dentex dentex larvae, whereas vitamin E content decreases
with age (Mourente et al., 1999b). CAT activity is also increased after hatching in
rainbow trout (Oncorhynchus mykiss) (Aceto et al., 1994) and from embryos to 11 dph in
turbot larvae (Peters and Livingstone, 1996). Similarly, in Senegal sole (Solea
senegalensis) larvae, CAT and GPX activities tend to increase along development (Solé
et al., 2004).

1.6.2.2 Non enzymatic scavengers

A second line of defence is established by antioxidants that can be provided only
by nutritional supplements (Sen, 1995) such as vitamin E, C, carotenoids or selenium.
Due to the high levels of PUFA in marine organisms, the presence of low molecular
weight antioxidants, including water and lipid soluble substances, promotes the

resistance of cell membrane in developing embryos against the oxidative stress.

1.6.2.2.1 Vitamin E

Vitamin E is a general term for a group of lipid soluble compounds, tocopherols
and tocotrienols, that protect polyunsaturated lipids against oxidation (Table 1.2). The
tocopherols and tocotrienols are all powerful antioxidants in food and edible oils, while in
fish the vitamin E activity of a-tocopherol by far exceeds that of the vitamin E
homologues (Hamre, 2011).

The pure tocopherols are fat-soluble oils that are capable of esterification to form
crystalline compounds. In the absence of oxygen, the tocopherols are stable to heat and
acids, but are rapidly oxidized in the presence of peroxides or other oxidizing agents
(Dam and Sondergaard, 1964). The tocopherols are sensitive to ultraviolet light and are
excellent antioxidants in the free form, whereas the tocopherols esters are poor in vitro
antioxidants. The esters are more stable and are commonly used as dietary
supplements, anticipating hydrolysis in the gut and absorption of the free alcohol to act

as an active intra- and inter-cellular antioxidant.
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Table 1.2 Derivatives of tocol or trienol

Tocopherols Chemical formula

a-Tocopherol Co9H500, 5,7,8-Trimethyltocol
B-Tocopherol Co5H450, 5,8-Dimethytocol
y-Tocopherol C2gH4502 7,8-Dimethytocol
{>-Tocopherol CosH450, 5,7-Dimethytocol
n-Tocopherol Cy7H460, 7-Methylcolol
o-Tocopherol Cu7H460:2 8-Methylcolol
g-Tocopherol CosH420, 5,8-Dimethyltocotrienol
{;-Tocopherol 5,7,8-Trimethyltocotrienol

a-tocopherol is a structural component of biological membranes (Putham and
Comben, 1987) and functions as a lipid soluble antioxidant (Sargent et al., 1997). In fish,
as in other animals, vitamin E is also thought to affect disease resistance and health
through modulation of the immune response (Waagbg, 1994, 2006; Montero et al., 1995;
Verlach Trichet, 2010).

The tocopherols act as inter- and intra-cellular antioxidants to maintain
homeostasis of labile metabolites in the cell and tissue plasma. a-tocopherol short-
circuits the destructive propagative cycle and can intercept the peroxyl radical (ROO)
more rapidly than PUFA. The a-tocopherol donates its phenolic hydrogen atom to the
radical and converts it to a hydroperoxide product (Figure 1.7), thereby breaking the
chain of reactions involved in lipid auto-oxidation. Result of this reaction is the
tocopheroxyl radical, that is sufficiently stable to be unable to continue the oxidation
chain and, instead, is removed from the cycle by reaction with another peroxyl radical to
form inactive non radical products. Besides, the tocopheroxyl radical is resonance
stabilized and reacts slowly with PUFA and could be reduced by ascorbate, thereby
regenerating a-tocopherol (Figure 1.7). Therefore, unless it is regenerated, vitamin E will
need to be replenished either directly through the diet or from reserves elsewhere
(Burton and Traber, 1990).

18



General Introduction

@ O o .4/ S O

X- XH 0,
A \ —_—
.
\N
00-
Phospholipid  Penta dienyl Peroxyl a-tocopherol Lipid Tocopheroxyl
with PUFAs radical radical hydroperoxide radical

Figure 1.7 Proposed mechanism for the reaction of a-tocopherol with oxidizing lipids. The
peroxyl radical group formed during lipid oxidation is polar and floats to the surface of the
membrane where it can react with a-tocopherol, rendering a lipid hydroperoxide and the
tocopheroxyl radical. Adapted from Hamre, 2011.

Because a-tocopherol can compete for peroxyl radicals much faster than can
PUFA, a small amount of a-tocopherol is able to protect a large amount of fatty acids. In
this sense, Burton et al. (1983) calculated that one molecule of a-tocopherol can protect
approximately 1000 molecules of PUFA against oxidation. Besides, it has been reported
that vitamin E supplementation improves fillet quality in rainbow trout (Frigg et al., 1990;
Chaiyapechara et al., 2003, Yildiz, 2004), Atlantic salmon (Salmo salar) (Hamre et al.,
1998; Scaife et al., 2000), turbot (Psetta maxima) (Ruff et al., 2003; 2004) and sea bass
(Gatta et al., 2000; Pirini et al., 2000). a-tocopherol has been proved to protect flesh from
oxidation, improve shelf life, avoid colour deterioration and prevent the appearance of
rancid flavour. In fact, a-tocopherol has been proposed to be the most important factor in

maintaining the post-mortem membrane stability of fish fillet (Baker, 1997).

The role of vitamin E in skeletal health has been studied extensively in terrestrial
mammals but not in fish. Vitamin E is important for proper skeletal development (Xu et
al., 1995; Jilka et al., 1996). Tocopherol associates with the lipid bilayer of bone cells
allowing it to be the first line of defence against free radicals (Arjmandi et al., 2002).
Endogenous and exogenous free radicals stimulate osteoclastic differentiation and inhibit
osteoblastic activity (Tintut et al., 2002; Parhami, 2003). This may cause bone resorption
and lead to improper bone formation/abnormalities. However, not many studies exist on
the effect of ROS on fish bone. Lewis-McCrea and Lall (2007) described the effect of
feeding juvenile Atlantic halibut with moderately oxidized oils on the development of
skeletal abnormalities, finding an increase in the incidence of scoliosis along with

increasing levels of oxidized oils. On the other hand, some studies exist regarding the
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effect of chemical pollution on fish vertebral column (Karen et al., 2001; Mochida et al.,
2008; Danion et al., 2011). These conseguences may be quite similar to those observed
when an oxidative stress is produced through the diet, as pollutants usually exert their

negative effects by altering the oxidative status.

Little is known about the exact vitamin E requirements in marine fish larvae, as
most of the studies have been mainly focused on adults or juvenile fish, values ranging
from 25 to 120 mg kg™. It is generally believed that fish larvae have higher nutrient
requirements than adults, therefore using adult values may underestimate the
requirements (Table 1.3). In this sense, fish larvae may have specific growth rates in the
range of 30% per day (Otterlei et al., 1999), which suggest that they need a nutritious

food.

Table 1.3 Optimal vitamin E for different larval fish species

Species Tested parameter Requirement Reference
Latris lineata Growth 437 mg kg™ Brown et al., 2005
Salmo salar Growth 120 mg kg™ Hamre and Lie, 1995a
Sparus aurata Growth 136 mg kg™ Gonzalez et al., 1995
Survival
Sparus aurata Growth 3000 mg kg™ Atalah, 2008
Survival

It is also important to keep in mind that in larvae higher LC-PUFA requirements
must be associated with higher dietary levels of vitamin E as it has been suggested in
carp (Cyprinus carpio) (Watanabe et al., 1981; Schwarz et al., 1988), Atlantic salmon
(Hamre and Lie, 1995b) and sea bream (Atalah et al., 2008). In this sense, Izquierdo and
Fernandez-Palacios (1997) observed an increase in vitamin E content from hatching up
to 10 dph, whereas from there on and until day 20, content decreased in sea bream
larvae. Interestingly, this reduction was parallel to the reduction in the larval PUFA
contents along larval development (lzquierdo, 1988), suggesting a close relation

between both nutrients.

On the other hand, formulated diets for marine fish larvae contain high levels of
PUFA and pro-oxidants, for example in the form of minerals. Besides, the high surface to
volume ratio of the feed particles also favors oxidative processes as fatty acids are more
exposed. It is therefore important to supplement marine fish larval diets with enough

amount of vitamin E.
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1.6.2.2.2 Vitamin C

Ascorbic acid (vitamin C) is a water soluble vitamin considered to be an essential
component in diets for teleost fish as they are unable to synthesize it or synthesize it fast
enough to meet the requirements, due to the lack of the enzyme gulonolactone oxidase
(Chatterjee, 1973; Dabrowski, 1990). It is a white, odorless, crystalline compound,
soluble in water but insoluble in fat solvents. Ascorbic acid readily forms salts and is
labile to free oxygen. Reduced ascorbic acid is very stable in acid solutions because of
the preservation of the lactone ring, but in alkaline solutions hydrolysis occurs rapidly
and vitamin activity is lost. Vitamin C is very heat labile and prone to atmospheric
oxidation, especially in the presence of copper, iron or several other metallic catalysts.
The reduced form is the most biologically active form, but several derivatives or salts

may be formed with varying degrees of ascorbate activity (Woodruff, 1964; WHO, 1970).

Ascorbic acid is a cofactor in many biological processes including collagen
synthesis and cellular functions related to neuromodulation, hormone and immune
system. In channel catfish (Ictalurus punctatus) adequate vitamin C must be supplied for
the formation of structural components such as bone matrices, collagen synthesis and
connective tissue (Wilson and Poe, 1973). Ascorbic acid is a cofactor in the
hydroxylation of proline and lysine, necessary for the conversion of procollagen to
mature collagen (Barnes and Kodicek, 1972; Padh, 1991). Lower proportions of
hydroxylysine and hydroxyproline are common in ascorbic acid deficient fish resulting in
underhydroxylated collagen (Satoh et al., 1982). Besides, when dietary ascorbic acid
levels are low, a decrease in alkaline phosphatase levels is observed, indicating a
reduction in osteblastic activity. Therefore, vitamin C deficiency results in poor bone
calcification and metabolism (Tietz et al., 1983; Johnston et al., 1994).

In this sense, skeletal malformations common in ascorbic acid deficient fish are
caused by impaired biosynthesis of collagen (Halver, 2002). Decreased proline
hydroxylation results in soft, brittle bones as observed in scorbutic channel catfish and
turbot (Wilson and Poe, 1973; Coustans et al., 1990), while in Indian major carp (Labeo
rohita) poor calcium absorption in bone, muscle, gills and skin was observed (Agrawal
and Mahajan, 1980). Enlarged, slightly curved vertebrae are frequently one of the early
signs of vitamin C deficiency as observed in channel catfish (Lim and Lovell, 1978).
Skeletal abnormalities such as lordosis and scoliosis have been observed in scorbutic

brook trout (Salvelinus fontinalis) (Poston, 1976), rainbow trout (Dabrowski et al., 1990)
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and Atlantic salmon (Hardie et al., 1991). In agreement, restricted dietary vitamin C
contents have been found to cause cartilage reduction and damage that reflects in
anomalies especially in structures that undergo chondral ossification (for instance, jaws)

together with an over stimulation of the vitamin C receptor (Darias et al., 2009).

Since ascorbic acid is a prominent antioxidant, poor quality feeds can increase
the amount of free radicals on the body thus decreasing tissue ascorbic stores (Sies et
al., 1992) as observed in rainbow trout fed oxidized dietary lipids (Hung and Slinger,
1980). Another interesting role of vitamin C as an antioxidant is the regeneration of
tocopheroxyl radical, which has been showed to be feasible in vitro (Tappel, 1962;
Packer et al., 1979; Niki et al., 1985). The increase in vitamin C content from O to 60 mg
kg™ did not influence the retention of a-tocopherol in Atlantic salmon as long as the fish
were not vitamin C deficient (Hamre et al. 1997). Similar results were found in yellow
perch (Perca flavescens) and channel catfish (Lee and Dabrowski, 2003; Yildirim-Aksoy
et al., 2008). Moreover, in Atlantic salmon, tissue vitamin E levels were independent of
vitamin C supplementation between 50 and 2750 mg kg™ (White et al. 1993). On the
other hand, there was a large drop in liver vitamin E concentration in Atlantic salmon that
became vitamin C deficient (Hamre et al., 1997). Liver concentration of vitamin E was
also increased by dietary vitamin C in vitamin E deficient yellow perch and channel
catfish (Lee and Dabrowski, 2003; Yildirim-Aksoy et al., 2008). A parallel development of
liver vitamin E, vertebrae hydroxyproline, growth and mortality was observed in vitamin E
supplemented salmon in response to dietary vitamin C, suggesting that vitamin C status
above deficiency is necessary to maintain the body stores of vitamin E (Hamre et al.
1997). These results may be taken as support of the hypothesis that vitamin C
regenerates vitamin E in vivo in adults and juveniles fish (Figure 1.8). On the other hand,
high dietary vitamin E levels appears to have a prooxidant effect in fish deficient in
vitamin C, as tocopheroxyl radicals are accumulated in the membranes and may

promote irreversible oxidation of the remaining vitamin C (Hamre, 2011).
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Figure 1.8 Proposed mechanism for regeneration of a-tocopherol from the tocopheroxyl radical
according to Tappel (1962) in the cell lipid bilayer. Ascorbic acid (Asc-H) is oxidized in the
process, producinf the resonance-stabilized tricarbonyl ascorbate free radical (Asc:). This free
radical can be regenerated by glutathione (Mrtensson and Meister, 1991) either chemically or
enzimatically or enzymatically by NADH (Meister, 1994; Winkler et al., 1994). To reach this,
reduced glutathione (GSH) donates a hydrogen atom to two molecules of Asc-, giving place to the
formation of Asc-H and its metabolite dehydroascorbic acid (DHA). Oxidized glutathione (GSSG)
is reduced by GR at the expense of NADPH generated in the pentose phosphate shunt (Meister,
1994). This scheme is an adaptation from that showed at Hamre, 2011.

Fish larvae are particularly sensitive to vitamin C deficiency (Dabrowski et al.,
1996), probably having higher vitamin requirements due to their rapid growth and high
contents of PUFA in larval feeds (Table 1.4). Moreover, high ascorbic acid content has
been found in fish eggs (Kossmann, 1988; Dabrowski and Bloom, 1994), which might be
an indication of the importance of this micronutrient during early development. Addition
of vitamin C to larval diets improved survival, growth performance, skeleton
development, stress resistance and immune response in sea bass and turbot (Merchie et
al., 1996) or sea bream (Atalah et al., 2010) larvae. Besides, it has been hypothesized
that in early stages on embryogenetic development of marine organisms the low

molecular weight antioxidants, such as vitamin C, play an important protective role
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against oxygen damage, as an enhancement of the activity of antioxidant enzymes has
been observed as larvae develop (Rudneva, 1999). Thus, control of vitamin C
administered to broodstock, as well as adequate supplementation of vitamin C to young

larvae are of vital importance to reach a balance oxidative status in marine fish larvae.

Table 1.4 Optimal vitamin C for different larval fish species

Species Tested parameter Requirement Reference

Cirrhina mrigala Growth 650-700 mg kg Mahajan and
Survival Agrawal, 1980
Behaviour
Morphology

Clarias gariepinus Growth 1600 mg kg™ Merchie et al., 1997

Cyprinus carpio Growth 45 mg kg™ Gouillou-Coustans
Vitamin C content etal., 1998

Dicentrarchus labrax Growth 2500 mg kg™ Merchie et al., 1995
Survival
Stress resistance

Dicentrarchus labrax Growth 30-50 mg kg™ Darias et al., 2011
Survival e
Deformities

Scophtalmus maximus Growth 20-130 mg kg™ Merchie et al., 1997
Survival

1.6.2.2.3 Selenium

Selenium is a trace mineral and an essential micronutrient for vertebrates
(Johansson et al., 2005), but also has the smallest window of any element between
requirement and toxicity (Chassaigne et al., 2002; Polatajko et al., 2006). It is an
essential component of several major metabolic pathways, including thyroid hormone

metabolism, antioxidant defence systems and immune function.

Selenium (Se) is widely distributed at low concentrations in freshwater (0.2-10 pg
liter") and seawater (approximately 0.09 ug liter) (NRC, 1993). It also occurs naturally
in foods and feedstuffs in organic complexes, primarily in the form of selenomethionine,
selenocystine and selenocysteine. Fish meals and marine byproducts represent the best
natural sources of Se among the common feedstuffs for fish. However, Bell and Cowey
(1989), reported that selenium present in fish meal has low digestibility, whereas
selenomethionine is highly digestible. The relative availability of Se in pure compounds

is:
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Selenite > selenate > selenomethionine > selenide > elemental selenium

In fish, Se is also involved in thyroid hormone and insulin function, maintenance
of fertility as well as regulation of cell growth (Table 1.5; Lall, 2002; Kohlmeier, 2003).
Besides, selenium can promote either bone formation or mineralization. However,
excessive intakes of this mineral have deleterious effects on vertebrates skeletal tissue
metabolism (NRC, 2005). Recent work by Penglase et al. (2010) has shown that feeding
cod larvae with selenium-supplemented rotifers, causes a trend of increased deformities
in individual vertebra. This could be caused by an alteration in skeletal mineralization in
its ionic form, or via selenoenzymes as an antioxidant (Lall and Lewis-McCrea, 2007) or

by regulating thyroid hormone ratios (Power et al., 2001).

Se is incorporated as selenomethionine at the active site of a wide range of
proteins. In zebrafish (Danio rerio) a total of 18 selenoproteins have been identified,
including three that do not have known orthologs in mammals (Kryukov and Gladyshev,
2000). One of the major Se function is as a component of the selenoproteins GPX,
isoenzymes that protect lipid components and membranes at both the cellular and
subcellular level from oxidative damage (Arteel and Sies, 2001). Other selenoproteins
can have antioxidant functions as well, and can be observed at Table 1.5. Only
selenomethionine can be incorporated into proteins, being the storage form of Se mainly
in the skeletal muscle. In contrast, sodium selenite can be incorporated into active
selenoproteins, such as GPX, but not into selenomethionine as storage protein in liver
and muscle (Rider and Sweetman, 2008).

Se deficiency can lead to oxidative stress in organs (Gatlin et al., 1986; Bell et al.,
1986, 1987), reduced growth (Wang and Lovell, 1997) and increased mortality (Gatlin et
al., 1986; Bell et al., 1987) in several fish species. The major effects of selenium toxicity
are reduced growth, poor feed efficiency and high mortality. Besides, toxicity occurred in
rainbow trout and catfish when dietary selenium exceeded 13 and 15 mg kg™
respectively (Hilton et al., 1980; Gatlin and Wilson, 1984). It must be taken into account
that selenium requirements of fish varies with the form of selenium ingested, PUFA and
vitamin E content of the diet, as well as concentration of waterborne selenium (Lall,
2002).
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Table 1.5 Zebrafish selenoproteins and presumptive function. Adapted from Kryukov and
Gladyshev (2000)

Selenoprotein Zebrafish Known function (mammals)
1. Glutathione peroxidase 1 GPXla Hydroperoxide catabolism
GPX1b Sperm structure
2. Glutathione peroxidase 2 GPX2
3. Glutathione peroxidase 4 GPX4a
GPX4b
4. Thyroid hormone deiodinase 3 DI3 T4 activation

T3 inactivation
5. Thioredoxin reductase 2 TR2 Protein thiol redox regulation

6. Thioredoxin reductase 3 TR3 Vitamin C recycling
Synthesis of DNA

7. Selenoprotein P SelPa Selenium transport
8. Selenoprotein Pb SelPb Antioxidant
9. Selenoprotein W1 Selw1 Antioxidant
10. Selenoprotein W2 SelW2a
Selw2b
11. Selenoprotein T1 SelTla Unknown
SelT1lb
12. Selenoprotein T2 SelT2 Unknown
13. 15 kDa selenoprotein Sell5 Cancer etiology??
14. Selenoprotein R SelR Unknown
15. Selenoprotein N SelN Unknown

Recent studies (Hamre et al., 2008a) have shown that Se content in rotifers is
considerably low (0.08-0.09 mg kg™* DW) than both fish requirements (0.5-0.3 mg kg™
DW; NRC, 1993) and copepod levels (3-5 mg kg DW) and may contain insufficient Se
to meet larvae requirements. Therefore, Se could be one of the trace elements with a
higher potential of being deficient in rotifers. Enrichment of rotifers with sodium selenite
and sodium iodide proved to increase survival in Atlantic cod larvae, but no differences
were observed in growth compared to the control group (Hamre et al., 2008b). Increase
in the level of Se in rotifers enhanced the mMRNA expression and activity of GPX in cod

larvae (Penglase et al., 2010), suggesting that extra supplementation is needed to
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protect larvae against lipid oxidation and the resulting oxidation products, which can be
abundant in cultured live feed enriched with n-3 LC-PUFA. It is important to notice that
vitamin E provides some compensation against Se deficiency (Gatlin et al., 1986; Awad
et al., 1994), therefore, larvae could protect themselves from ROS by accumulating other

antioxidant nutrients as it has been observed in cod larvae (Penglase et al., 2010).

1.6.3 Oxidative stress

Oxidative stress occurs when the ROS generation rate exceeds that of their
removal (Sies, 1985; Figure 1.9). Its deleterious effects include oxidation of proteins and
DNA, as well as peroxidation of unsaturated lipids in cell membranes. This produces
unstable lipid hydroperoxides which are highly reactive, threatening the cell integrity. In
addition these products can break down into free radicals that can perpetuate the
destructive cycle of lipid-peroxidation chain reactions. The repair of proteins damaged by
ROS appears restricted to the reduction of oxidized derivatives of the sulfur-containing
amino acid residues. Repair of other kinds of protein oxidation has not been
demonstrated. Instead, the damaged proteins are targeted for degradation to amino acid
constituents by the action of various endogenous proteases, including cathepsin and
calpain. In contrast, the oxidative damage to nucleic acids is subject to repair by highly
efficient excision/insertion mechanisms. Nevertheless, modifications of cellular DNA
upon exposure to ROS is the likely initial event involved in the induction of the mutagenic

and lethal effects of various oxidative stress agents (Basu-Modak and Tyrrel, 1993).

In juvenile and adult fish some diseases have been related to free radical damage
such as hemolisis (Kawatsu, 1969), anaemia (Cowey et al., 1984), jaundice (Sakai et al.,
1989), liver degeneration (Cowey et al., 1984) or skeletal alterations (Hata and Kaneda,
1980; Watanabe et al., 1989; Lewis-McCrea and Lall, 2007). Among these skeletal
alterations, one of the frequently most described in fish juveniles and adults is muscular
dystrophy (Lovell et al., 1984; Gatlin et al., 1986; Frischknecht et al., 1994; Bowater and
Burren, 2007).
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Figure 1.9 Sources and cellular responses to reactive oxygen species (ROS). An increase in
ROS leads to random cellular damages on the different cellular components. If continued along
time will cause disease or even cell death. Adapted from Finkel and Holbrook, 2000.

1.6.3.1 Auto-oxidation of lipids

Lipids oxidation, which can be defined as an autocatalytic process initiated by
free radicals resulting in the deterioration of PUFA, is an important consequence of
oxidative stress. ROS prefer to steal electrons from the lipid membrane of a cell, initiating
lipid oxidation process. Auto-oxidation of lipids proceeds by a chain reaction whereby a
single radical species has the ability to abstract a hydrogen atom from a methylene
group of a PUFA, yielding a lipid radical (Figure 1.10). As a consequence, a self-
sustaining reaction cycle is established, where the lipid peroxyl radical formed by one
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turn of the cycle reacts with a new PUFA. In the absence of antioxidants, lipid oxidation
may proceed as long as PUFAs are available for oxidation (Hamre, 2011). The lipid
peroxidation chain can be terminated by two lipid radicals reacting to form a non-radical

product or by quenching by a radical scavenger (Hglmer 1993; Frankel, 1998).

[ Initiating reaction ]
= INITIATION
¢ Carbon-centered J
R-00-H R Free Radical i
0,
[ Chain reaction ] = PROPAGATION
R-OO _
R-H Peroxy! Radical a-TOH 7
K TERMINATION
Lipid (PUFA) o-TO - via
R-O0-H OXIDATION
Hydroperoxide i

Figure 1.10 Scheme showing the three phases of the free radical chain mechanism of lipid
peroxidation. The RH group contains the unsaturated unit common to all PUFA. In this case the
reaction is quenched by a-tocopherol, but other radical scavenger can be implicated. Although
PUFA are very vulnerable and the most probable target of free radicals attack, proteins could also
suffer a peroxidative attack. Adapted from Burton and Traber, 1990.

In general, the overall effects of lipid peroxidation are a decrease in membrane
fluidity, an increase in membrane permeability to normally impermeable substances and
an inactivation of membrane-bound enzymes. The primary products of lipid oxidation are
the conjugated dienes which are then converted into lipid hydroperoxides, which may
undergo cleavage to form different secondary products of low molecular weight such as
aldehydes and hydrocarbons (Hglmer, 1993; Frankel, 1998). Lipid hydroperoxides
further oxidize, keeping the carbon chain intact into isoprostane, isofuran and mono- or

dihydroxy fatty acids.
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DHA oxidation specifically yields F4-type isoprostane, isofuran and mono- or
dihydroxy DHA. Eight subfamilies of F4-isoprostanes could be formed from DHA owing
to free radical attack at positions Cs Co, Ciz, Ci5 and Cig. Furthermore, lipid
hydroperoxides can lead to a complete loss of membrane integrity with the carbon chain
disintegration resulting in the formation of different molecular species of aldehydes with
different carbon length alkalenes and/or alkalenes as byproducts. The most stable
product from DHA oxidation is 4-hydroxyhexenal (Van Kuijk et al., 1990). A combination
of water and lipid-soluble antioxidants may be necessary to reduce these oxidation
products. However, the effect of each individual antioxidant molecule can vary
depending on the organisms and the specific tissue (Dietrich et al., 2002). Besides, lipid
oxidation-induced damage to the lyososome membrane can result in hydrolytic enzymes

escaping into the cell cytoplasm, further damaging the cell.
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Figure 1.11 Non enzymatic oxidation of DHA is initiated after free radical attack, resulting in an
unstable DHA-radical state that quickly undergoes isomerisation and rearrangement of double
bonds. Lipid hydroperoxides further oxidize, keeping the carbon chain intact (structure
preservation) or it can be disintegrated (structure disintegration), giving place to different
byproducts. Several possible isomers exist within each class. Adapted from Siddiqui et al. (2008).
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Fish tissues are at a high risk of suffering from lipid oxidation, as they contain
relatively large quantities of PUFA. This risk will be even higher in marine fish larvae, as
their PUFA requirement is more elevated and will be reflected in their tissues. However,
susceptibility of fish to lipid oxidation rate depends, to a large extent, on the tissue fatty
acid profile and levels and type of antioxidants present. Thus, to avoid in vivo lipid

peroxidation, sufficient amounts of antioxidants must be included in diets.

1.7 Pathological effects of oxidation on fish tissues

Several studies have evidenced the adverse effects of oxidation on diverse
marine and fresh water species. Apart from alteration of production parameters such as
reduced growth or increased mortalities (Watanabe et al., 1970; Blazer, 1982; Wang et
al., 2006) several pathological symptoms have been related to different sources of
oxidative stress in adults and juveniles of different fish species (Table 1.6). As it can be
observed in this Table, one of the most notorious signs is the appearance of muscular

dystrophy.

1.7.1 The adverse effects of oxidative stress on musculoskeletal

system

1.7.1.1 Muscular tissue

In teleost fish, axial musculatures are organized into a series of segmentally
arranged myotomes that have a complex three-dimensional morphology. The individual
myotomes are separated by collagenous sheets called myosepta and have a complex
geometry associated with the requirements for mechanical stability during body bending
(Figure 1.12; Van Leeuwen, 1999). The number and shape of the myotomes show a
significant variation with ontogenetic stage, position along the trunk, body morphology,
phylogeny and style of locomotion (Johnston et al.,, 2011). Each myotome contains a
superficial, wedge-shaped region lying directly beneath the lateral line, where the muscle

fibores are arranged in a helical fashion, forming angles of up to 40° This typical
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orientation of the muscle fibres is associated with the need for constant amounts of
sarcomere shortening at different body flexures (Rome and Sosnicki, 1990). In sea bass,
as in many other fish species, there is an epaxial and a hypaxial myomere for each

vertebra separated by the horizontal septa and lateral line (Figure 1.12).

Table 1.6 Some pathological effects of free radicals on several adult and juvenile fish species

and tissues
Sign Species Source of oxidation Author

Jaundice Seriola Unknown Sakai et al., 1989. 1998
quinqueradiata

Nutritional muscular  Cyprinus carpio VitE DEF Watanabe et al., 1970

dystrophy Cyprinus carpio OO+VitE DEF Miyazaki, 1986
Ictalurus punctatus Se+VitE DEF Gatlin et al., 1986
Ictalurus punctatus T FA Lewis et al., 1985
Ictalurus punctatus OO+VitE DEF Murai and Andrews, 1974
Lates calcarifer VitE DEF Bowater, 2007
Salmo gairdneri OFO Cowey et al., 1984
Salmo gairdneri VitE+Se DEF Bell et al., 1985
Oncorhynchus mykiss  VitE, VitC, VIitE+C DEF  Frischknecht et al., 1994

Haemolysis Salvelinus fontanalis Kawatsu, 1969
Salmo gairdneri OO+VitE/C DEF Smith, 1979
Salmo gairdneri OFO+VitE/Ethoxyquin Moccia et al., 1984
Salmo salar VitE+Se DEF Poston et al., 1976

Skeletal abnormalities Hippoglossus OFO Lewis McCrea and Lall,
hippoglossus 2007

Ceroid pigment Seriola Unknown Sakai et al., 1989

quingueradiata
Salmo salar 00 Roald et al., 1981
DEF: Deficiency; OO: Oxidized oil; OFO: Oxidized fish oil
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Figure 1.12 Transverse section of sea bream white muscle, haematoxylin and eosin staining (A)
and Masson’s trichrome (B). (A) Presence of adipose tissue between muscle fibres can be
observed as well as blood vessels (arrow) (x200). (B) Note the collagen myosepta stained in blue
(x400).

The locomotor muscles of all groups of fish are very highly specialized to meet
the wide range of force production that is required from the muscular system both during
sustained cruising and also at high velocity bursts. The solution adopted universally to
these conflicting requirements has been to divide the locomotor system into several parts
containing different muscle fibres. Therefore, the locomotor muscles are organized in
axial muscle formed mainly by fast-white fibres, covered by a thin layer of slow-red
muscle fibres, and a layer of pink or intermediate muscle between them. Muscle colour is
indicative of the degree of vascularization of each muscle type. The superficial red
muscle, or slow muscle, appears dark because of its high myoglobin content, has
abundant mitochondria in their centre and periphery, as well as, high fat and glycogen
content (Figure 1.12; Johsnton, 1980; Shindo et al., 1986; Ayala et al., 1999). The red
fibres are aerobic and have a high respiratory activity. These fibres are small in diameter
(25 — 45 pm) and usually constitute less than 10% and never more than 30% of the
myotomal musculature (Boddeke et al., 1959). The major ultrastructural features of this
muscle type are high amount of subsarcolemmal and intermyofibrillar mitochondria of the
lamellar type as well as lipid droplets. Transversally these fibres show a rectangular

morphology. Generally this muscle type is used at high swimming speed.

The white muscle, also known as fast muscle, never represents less than 70%
and shows the largest fibre diameters ranging between 50 and 100 um or even larger
(Figure 1.12). Ultrastructurally, it shows a marked radial orientation and retain a relatively
uniform width. These fibres have a polygonal morphology, abundant myofilaments and

scarce mitochondria. White muscle fibres are fast contracting and fatigue rapidly.
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In accordance to their name, intermediate or pink fibres are intermediate in
position between red and white muscle fibres. The relative amount of intermediate
muscle differs both among fish species and developmental stages, in fact, in sea bass
larvae this kind of fibres can be appreciated at the end of the larval stages (Scapolo et
al., 1988; Veggetti et al., 1990; Ramirez-Zarzosa et al., 1995; L6pez-Albors et al., 2005).

e yom
£\ ¥

Figure 1.13 Fibre typing and structure of muscle fibre in cross sections of sea bass larvae,
Toluidine blue. The trunk is divided into two lateral halves, supported by the vertebral column and
skeletal processes. The superficial monolayer of red fibres (RF) can be observed in contact with
the epidermis (EP). White fibres (WF), larger than red ones and displaced in several layers can
be seen. NC notochord; LL lateral line; V vertebra; SPC spinal cord; MS myosepta.

Muscle growth in fish differs from that of mammals in that muscle recruitment
continues throughout most of the life cycle (Greer-Walker, 1970; Stickland, 1983).
Besides, both hyperplasia and hypertrophy occur during myogenesis in larval and adult
muscle growth of sea bass, which reaches a large adult size (Weatherley et al., 1988).
However, the number of myotomes is fixed before or shortly after hatching (Blaxter,

1988). Three phases of muscle formation can be distinguished in fish:

(1) Embrionic myogenesis: The formation of the embryonic fibre together with a
population of undifferentiated myosblasts takes place.
(2) Stratified hyperplasia: This phase can be observed in yolk-sac larvae.

Germinal zones of myoblast proliferation are observed at the dorsal and
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ventral apices of the myotomes (Veggetti et al., 1990; Brooks and Johnston,
1993; Rowlerson et al., 1995).

(3) Mosaic hyperplasia: Myoblasts on the surface of the embryonic muscle fibres
are activated. This process can continue throughout much of the adult life
(Koumans et al., 1995; Johnston et al., 1995; Rowlerson et al., 1995).

It is known that several abiotic factors can affect fish myogenesis (Figure 1.13).
Feeding is a key factor affecting the development and growth of fish muscles as
suggested by the differences in size, morphology and proliferation rate of the myogenic
progenitor cells isolated from the fed or starved fish (Fauconneau and Paboeuf, 2000).
Besides, at larval stages, the supply of appropriate food that meets all the requirements
of rapidly developing organs (including muscle) is crucial (Koumans and Akster, 1995).
However, the incidence that lack or excess of determinate nutrients can have on fish
marine larvae muscle is widely unknown. For instance, despite some reports have
pointed out the effects that vitamin E and/or selenium deficiency can have on Atlantic
salmon, channel catfish or barramundi (Lates calcarifer) adults or juveniles muscle
(Poston et al., 1976; Lovell et al., 1984; Bowater and Burren, 2007), none of them relates
to larval stages. Additionally, dietary lipid and/or protein level may have a direct effect on
muscle oxidation as it has been shown in juvenile sea bass and rainbow trout (Alvarez et
al., 1998).

Although the cell biology of myogenesis in teleosts is distinct from that described
in mammals, the genes involved in growth regulation are apparently highly conserved
(Watabe, 2001). However, slightly different regulatory mechanisms exist in the regulation
of fish muscle development and growth. In teleost fish larvae, pluripotent stem cells
become myoblasts, which are committed to a myogenic fate to form the Myogenic
Progenitor Cell (MPC) population, involving the expression of myogenic regulatory
factors (MRFs). Afterwards, MPCs are thought to undergo an asymmetric division to
regenerate the MPC and provide a daughter cell committed to terminal differentiation.
The MPC progeny may undergo a proliferation phase controlled by positive and negative
signaling pathways and can migrate through the muscle and have several fates.
Myoblasts in fast muscle can fuse to form myotubes in a myoblast-myoblast fusion
event, which probably involves calpain. Calpains (EC 3.4.22.17) are calcium dependent
cytosolic neutral proteases existing in two main ubiquitous forms, depending on the
concentration of Ca®* necessary for their activation: p-calpain and m-calpain. Although it
has been hypothesized that calpains may have a regulatory role in muscle growth, most

reports in fish have been conducted to study the post mortem proteolytic activity of these
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enzymes as well as their effect on flesh quality (Geesink et al., 2000; Chéreta et al.,
2009; Caballero et al., 2009; Terova et al., 2011).
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Figure 1.14 The environmental inputs and physiological systems that affect the functional
outputs of skeletal muscle in teleost fish. If an appropriate nutritional supply is not given to fish
larvae it may have an effect on the digestive system, liver and adipose tissue, reflecting their
damages in musculoskeletal system. CVS: Cardiovascular system. Adapted from Johnston et al.,
2006.

Once formed, myotubes initiate the programme of myofibrillargenesis and mature
into muscle fibres. When viewed in longitudinal section, mature muscle fibres show
transverse striations of alternating light (1) and dark (A) bands, with an amazing degree
of evenness and regularity (Figure 1.14). A band is compound of thick (myosin) and thin
(actin) myofilaments, whereas | band is exclusively formed of thin filaments. Each | band
is dissected by a dark transverse line, the Z line. The structure remaining between two Z
lines is denominated sarcomere and is the muscular contraction unit. In the centre of the
A band there is a smaller band, exclusively compound of thick myofilaments and termed
H band. In the middle of this H band exists another line called M line, where thick
myofilaments are ingrained through different kind of proteins. Myofibrillargenesis is
initiated on actin stress fibres formed on Z bodies (precursor of Z lines) prior to the

integration and alignment of the thick filaments and associated proteins in a multi-step
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process that appears to be conserved within vertebrates (Sanger et al., 2009). On the
other hand, myosin is a hexamer consisting of two heavy protein chains (MyHC) and four
light chains, including embryonic isoforms. Thus, MyHC are the main marker when
studying the phenotypic determination of fibres and whole muscles during growth and
adaptation. Both actin and myosin can be used as late markers of myogenesis, as they

are expressed at the end of the myogenesis process.

Actin Myosin Actin +
(thin filaments) (thick filaments) myosin

Zline H zone

Transverse section Iline Aband
Sarcomere

Figure 1.15 Schematic representation of the disposition of actin and myosin myofilaments in sea
bass larvae white muscle (35 dph).

MPC are also called satellite cells, although some authors claim that they should
not be called satellite cells, as MPC are not always found beneath the basal lamina of
muscle fibres (Veggetti et al., 1990; Johnston et al., 2003). Besides, satellite cells, once
activated, are responsible for postembryonic growth in teleosts. On the other hand, some
works have analyzed the role of satellite cells in muscle regeneration in teleosts
(Rowlerson et al.,, 1997), showing similar features compared to mammals muscle
regeneration. In response to muscle injury, satellite cells are activated in order to
proliferate and fuse to form new muscle fibres (Goldspink et al., 2001). These new fibres
transiently express the developmental MyHC in a way that resembles those isoforms that
are expressed during embryonic stages (Whalen et al., 1990).

The regulation of fibre mass is thought to be controlled by signaling pathways
involving insulin-like growth factor | (IGF-I) and IGF-II. The IGF are single-chain growth
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promoting polypeptides with structural homology to proinsulin. Depending on the
biological context, IGF may stimulate cell growth, promote cell differentiation and inhibit
apoptosis (Jones and Clemmons, 1995). IGF action can be influenced, both positively
and negatively, by a family of IGF-binding proteins (IGFBP) and most, if not all, of their
actions are mediated by the IGF-receptors (Jones and Clemmons, 1995). IGFs are one
of the central pathways regulating protein synthesis in skeletal muscle. For instance, in
zebrafish embryos, two IGF-II paralogues regulate midline development (White et al.,
2009). Similarly, fish muscle has a substantially greater abundance of IGF-I receptors
than insulin receptors (Parrizas et al., 1995). This indicates that IGF-I contributes more to

the regulation of muscle function than insulin in fish, in contrast to mammals.

In mammals, it has been proved that various properties of skeletal muscle render
it particularly susceptible to free radical injury, even when systemic oxidative stress takes
place. Thus, muscle seems to be primarily, if not selectively, affected. This may relate to
the high degree of susceptibility of muscle to oxidative stress by virtue of its requirement
and ability to undertake rapid and coordinated changes in energy supply and oxygen flux
during contraction. This property makes muscle very prone to oxidative injury as a result
of increased electron flux and from the mitochondrial respiratory chain (Haycock et al.,
1996). On the other hand, there is a very high concentration of myoglobin in muscle and
it is known that such a heme-containing protein confers a greater sensitivity to free
radicals (Ostdal et al., 1997). Finally, the requirement of skeletal muscle membrane for
PLs may render those membranes particularly susceptible to oxidative damage (Murphy
and Kehrer, 1989).

Thus, muscle seems to be at a higher risk of suffering the attack of ROS than any
other tissue. It is logical to think that antioxidant protection mechanisms should be
enhanced in muscular tissues. However, it has been showed in Atlantic salmon that
retention of a-tocopherol is particularly low in white muscle, especially if compared to
other organs, like liver which showed an exponential retention of vitamin E (Hardie et al.,
1990; Hamre and Lie, 1997). The linear model for a-tocopherol retention for muscle and
the exponential model for liver are supported by other studies with tilapia (Oreochromis
aureus; Satoh et al., 1987) and rainbow trout (Hung et al., 1980; Frigg et al., 1990;
Puangkaew et al., 2005). Similar results are found with other antioxidant nutrients, like
Se. Monteiro et al. (2009) found a lower retention of Se in muscle of Brycon cephalus fed
a diet supplemented with Se in comparison to gills or liver. Besides, SOD, CAT and GPX
activities showed to be lower in Manchurian trout (Brachymystax lenok, Pallas) larvae
muscle compared to viscera, brain and gills (Zhang et al., 2009). Therefore, these

conditions should be considered as additional possible causes of muscle injury in fish.
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1.7.1.2 Bone-skeletal system

The skeletal system serves many physiological functions, including the support of
the body structural integrity during development and locomotion. Besides, the skeleton
also provides sites for muscle attachment, protects vital organs and serves as a mineral
reservoir (Lall and Lewis-McCrea, 2007). Teleost fish show a high variety of skeletal
tissues. Indeed, more than bone and cartilage, fish skeletal tissue is often best described
as a continuous spectrum ranging from connective tissue to cartilage and to bone (Hall
and Witten, 2007). Cartilage and several other tissues with histological characteristics
between bone and cartilage have been identified in fish and play an important role in
skeletal development (Benjamin, 1990; Beresford, 1993; Huysseune, 2000). Bone is a
specialized vascularised connective tissue consisting of cells and a mineralized
extracellular matrix. Before mineralization, the extracellular matrix is composed mainly by
collagen type | that subsequently becomes mineralized through the osteoblast mediated
deposition of hydroxyapatite (Hall and Witten, 2007; Nordvick, 2007). Cartilage is an
avascular skeletal tissue composed of chondrocytes that are embedded in an
extracellular matrix, primarily composed by collagen type Il and proteoglycans (Witten et
al., 2010). The chondroid bone is an intermediate tissue that is found, for instance, in the
mandibullar and maxillary tissue of teleost fish and has intermediate characteristics of

both bone and cartilage, but may be mineralized.

Different cells are involved in the formation and remodeling of axial skeleton
bone. Osteoblasts are bone forming cells and their role is to secrete the non-mineralized
bone matrix and control matrix mineralization. Osteoclasts are the cells involved in the
resorption of the bone tissue and can be viewed as multinucleated macrophages.
Osteocytes are cells trapped inside the bone matrix and are thought to be involved in the

maintenance of bone substances and the exchange of ions from body fluids.

Several studies dealing with the impact of first feeding on fish development
showed that different nutrients play a central role in the appearance of skeletal
malformation when they are not supplied during the larval phase (Cahu, 2003). Besides,
the development of skeletal disorders in larval and juvenile fish may be linked to a poorly
understood relationship between nutrition, environment and genetic factors. Therefore to
try to avoid the appearance of skeletal deformities in cultured larvae, adequate

supplementation of nutrients such as vitamins, minerals or lipids is of vital importance.

Information of the role of oxidized lipids and free radicals in the development of

skeletal abnormalities in teleost fish is limited. In humans, it is known that ROS
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contribute mostly to bone remodeling by promoting bone resorption (Bai et al., 2005).
This is probably the result of an inhibition of osteoblasts and a stimulation of osteoclasts
ultimately causing a net bone loss (Parhami et al., 1997; Parhami, 2003). The reduction
in bone formation accompanied by a stimulation in bone resorption could result in
development of skeletal abnormalities, as observed in halibut fed oxidized lipids (Lewis-
McCrea and Lall, 2007). Recently, studies with sea bream larvae showed that high
dietary levels of DHA induced a higher percentage of skeletal deformities, finding in
these larvae the highest value of TBARS, indicative peroxidative processes (Izquierdo et
al.,, submitted). Vitamin E supplementation did not reduce the frequencies of
abnormalities observed in juvenile halibut fed oxidized diets (Lewis-McCrea and Lall,
2007), neither in larval sea bream fed high DHA rotifers (Izquierdo et al., submitted),
whereas vitamin E supplementation improved bone quality in adult mice who had been
exposed to normal oxidative stress (Wang et al., 2000). Therefore, dietary oxidative
products can cause deficiencies of antioxidant nutrients resulting in skeletal
abnormalities. Further research on the effect of oxidized dietary lipid on skeletal

development is required to understand the pathogenic effect on fish bone.
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Objectives

Presently, the production of juveniles is still a bottleneck in marine aquaculture.
The use of a compound dry diet is crucial for sustaining production of high and
constant quality juveniles. However, the exact requirements of marine fish larvae are
not completely known. High dietary requirements of polyunsaturated fatty acids and
particularly DHA are known to be increasing oxidative risk. However, little is known
about the damages caused by free radicals in fish larvae and the potential effects of
antioxidant nutrients on oxidative damages. Therefore, the objectives of this Thesis

were:

1.- Determine the potential damage on sea bass larvae of high dietary
levels of DHA. Traditionally high contents of PUFA, especially DHA, have been
included in larval feeds to promote growth and survival. However, due to its high
unsaturation, DHA is highly prone to peroxidation. This fact together with other
characteristics can make marine fish larvae very susceptible of suffering oxidative

stress on their tissues.

2.- Evaluate the antioxidant protective effect of vitamin E when different
dietary levels of DHA are supplied. The inclusion of enough quantities of antioxidant
nutrients must be included in diets to counteract the negative effects of ROS. Graded
levels of a-tocopheryl acetate were tested in order to avoid oxidative stress adverse
effects.

3.- Investigate the protective effect of the combination of vitamin E and
selenium when high contents of DHA are included in the diet. A diet containing
high DHA and vitamin E contents together with selenium supplementation was tested.

4.- Investigate the protective effect of the combination of vitamins C and
E when high contents of DHA are included in the diet. To reach thos objective,

high levels of vitamin C were added to a diet already containing
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Chapter 2

General Materials and Methods

2.1 Experimental animals and conditions

2.1.1 Fish

Sea bass (Dicentrarchus labrax) larvae were obtained from natural spawnings from
Ecloserie Marine de Gravelines (Gravelines, France, Chapter 3) and Instituto de
Acuicultura de Torre la Sal (Castellén, Spain, Chapters 4, 5 and 6). During the first days
of acclimation, water temperature was monitored through coolers (16°C) and water flow
was increased up to room temperature (19.5-20°C). Larvae were cultured in keane tanks
until they were 12 dph (Chapters 4, 5, 6 and 7) or 32 dph (Chapter 3), when they were
randomly distributed into the experimental tanks and after an acclimation period of two

days, fed one of the experimental microdiets.

2.1.2 Experimental conditions

All the experiments were carried out in Instituto Canario de Ciencias Marinas (ICCM,

Telde, Canary Islands, Spain) facilities.

2.1.2.1 Green water pre-cultures

Sea bass recently hatched were incubated in a well-aerated 2000 L tank under an
open circulating sea water system (7 water renovations d*) during the first five days. The
sixth day, when larvae already had their mouth open, the sea water circuit was closed
and larvae were cultured in green water. Everyday 20 L of Nanochloropsis gaditana (205

x 10° cells mI™) were added and the enriched rotifers density maintained at 10 ind ml™
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(Figure 2.1). For this purpose fresh rotifers were supplied twice a day (8:00; 15:00). The
non-ingested rotifers were removed from the tank by filtration, thus avoiding the
presence of starved low nutritional value rotifers in the tank. Larvae were cultured under
natural photoperiod (around 10 h light) for 12 (Chapters 4, 5, 6 and 7) or 32 (Chapter 3)
days until larvae were transferred to the experimental tanks.

2.1.2.2 Experimental tank cultures

Each tank (170 L light grey colour cylinder fibreglass tanks) was supplied with filtered
sea water (about 34 g L™ salinity) previously stored at a 500 L tank for degasification.
Water was filtered with a 50 ym mesh and entered in tanks at an increasing rate of 1.0 -
1.5 L min™ in an open circulation system. Water was continuously aerated (125 ml min™),
attaining 5-8 g L' dissolved O, and saturation ranged between 60 and 80%.
Temperature and oxygen were daily measured by using an Oxy Guard-handy beta
instrument (Zeigler Bros, Gardners, USA). Light intensity was kept at 1700 lux (digital
Lux Tester YF-1065, Powertech Rentals, Western Australia, Australia). The photoperiod
was kept at 12 h light: 12 h dark. Tanks were daily manually cleaned between 18:00 and
20:00 with a hose by a siphon system.

WATER MANAGEMENT
Siphoning/cleaning of culture tank bottom

<
<

v

Water change (% of tank volume)
25% day™ 50% day™ 75% day™

P
<

<
<«

FEEDING SCHEME
Nanochloropsis gaditana

v
A
v

n
»

Green water 205x10° cel ml* Clear water
Enriched rotifers Rotifers
10 rotif mI™? 5 rotif ml™
< » ¢——mm
Microdiets
[ [ [ [ | [ [ [
0 5 10 15 20 25 30 35
dph

Figure 2.1 Scheme representation of the feeding sequence and cultivation routine during the
experimental period.
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2.2 Diets and feeding

2.2.1 Rotifers

Rotifers (Brachionus plicatilis) were cultivated in 1700 L cylindrical containers. The
container was provided with a central aeration system through a porous stone that was
maintained at 20 cm from the bottom. The cultures contained a combination of natural
sea water (80%) and freshwater (20%). Rotifers, strain S-1, of 150-250 um length, were
inoculated at initial densities of 100 ind ml™. They were fed with 1.2 g fresh yeast extract
10°% ind™* d?, ration divided in two doses. Every four days the rotifers were carefully
filtered through a 64 pm mesh, rinsed in water, the container washed and the culture

resuspended in clean water at optimum culture densities of 100-250 ind ml™.

The rotifers were used to feed sea bass larvae during green water culture and
during the first five days of microdiet trials. The rotifers supplemented along the green
water cultures were previously enriched (24 h), at densities of 300 rotifers ml™, with
emulsified DHA Protein Selco® (INVE, Belgium; 0.125 g Selco I"* ration in two doses).
During the first five days of microdiet testing, yeast-fed rotifers were directly
supplemented in a co-feeding regime to the experimental larval tanks, providing no
source of LC-PUFA (Figure 2.1).

2.2.2 Microdiets

Several isonitrogenous and isolipidic microdiets containing different levels of DHA,
vitamin E, vitamin C or selenium were formulated. Diets were expected to contain around

a 65% of protein and a 15% of lipids.

2.2.2.1 Microdiets formulation

EPA 50 and DHA 50 (Croda, East Yorkshire, United Kingdom) oils in tryglicerides
form were used as sources of DHA and EPA. Vitamin E in a-tocopheryl acetate form was
obtained from Sigma-Aldrich (Madrid, Spain) and ROVIMIX Stay-C-35 (ascorbyl

monophosphate; Roche, Paris, France) was employed as vitamin C source. An organic
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form of selenium extracted from yeast (Sel-Plex, Alltech Inc, Lexington, KY) was
employed. The desired lipid content was completed with a non essential fatty acid
source, oleic acid (Merck, Darmstadt, Germany). Soybean lecithin (Acrofarma,
Barcelona, Spain) containing around 50% of polar lipids was used as a source of
phospholipids. The attractants mixture according to Kanazawa et al. (1989), the hydro-
and lipo-soluble vitamins mixture and minerals mixture according to Teshima et al.
(1982) with some modifications is shown in Table 2.1. The protein source used was
squid powder (Riber and Son, Bergen, Norway). To guarantee a best control of the
microdiet fatty acid profile, squid powder was defatted three consecutive times with a
chloroform:meal ratio of 3:1. Squid meal was suspended in three volumes of solvent and
agitated for a few minutes. The particles of the mixture were filtered under a vacuum
pump and the defatted meal was separated from the chloroform fraction. After each
extraction, the defatted squid meal was spread in a laboratory tray and the remaining
solvent was evaporated during 12 h at 38°C. Fatty acid composition of these dietary

components are shown (Table 2.2).

2.2.2.2 Microdiets preparation

The microdiets were prepared according to Liu et al. (2002). Firstly, squid powder
was mixed with water soluble components (Table 2.1) in a mortar. Separately, oils and
fat-soluble vitamins were combined to obtain a homogeneous mix which was afterwards
joined together with the powder mix. Then gelatine was dissolved in warm water and
added to the previously mixed ingredients. The paste was compressed, pelleted
(Severin, Suderm, Germany) and dried in an oven at 38°C for 24 h (Ako, Barcelona,
Spain). Pellets were grounded (Braun, Kronberg, Germany) and sieved (Filtra,
Barcelona, Spain) to obtain the desired particle size (from 125-500 um). Diets were
analyzed for proximal and fatty acid composition of dry basis and each diet was tested in

triplicates (Chapters 3, 5 and 6) or quadruplicates (Chapters 4 and 7).

2.2.3 Feeding

Diets were manually supplied every 45 min from 8:00 to 19:00. Larvae were fed
twice a day for at least five days with rotifers that had been fed only with baker’s yeast to
avoid any n-3 LC-PUFA content. Initial density was 2 individuals mI™* and then reduced to
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1 individual mI™. To guarantee feed availability, daily dry supply was initially 2.0 g and

increased 0.5 g each week.

Table 2.1 Mix of attractants, minerals and vitamins employed in the formulation of experimental

microdiets
Vitamins mg 100g™* DW Attractants mg 100g™* DW
Hydro-soluble vitamins | Inosine 5- 500
monophosphate
Cyanocobalamin 0.030 Betaine 660
Astaxanthin 5.000 L-Serine 170
Folic Acid 5.440 L-Tyrosine 170
Pyridoxine-HCI 17.280 L-Phenilalanine 250
Thiamine-HCI 21.770 DL-Alanine 500
Riboflavin 72.530 L-Sodium aspartate 330
Calcium Pantothenate 101.590 L-Valine 250
p-aminobenzoic acid 145.000 Glycine 170
Ascorbic polyphosphate 180.000 Total 3000
Nicotinic acid 290.160 Minerals mg 100g™ DW
myo-Inositol 1450.900 NaCl 215.133
Subtotal 2289.700 MgSO,7H,0 677.545
NaH,PO,H,0 381.453
Lipo-soluble vitamins | K,;HPO, 758.949
Retinol acetate 0.180 Ca(H,P0O4)2H,0 671.610
Ergocalciferol 3.650 FeCsHsO 146.884
Menadione 17.280 C;H5051/2Ca 1617.210
a-Tocopherol acetate 150.000 Alx(S04)36H,0 0.693
Subtotal 171.110 ZNSO,7H,0 14.837
CuS0,.5H,0 1.247
Choline chloride 2965.800 MnSO,H,0 2.998
Total 5426.610 KI 0.742
CoSO,7H,0 10.706
Total 4500.007
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Table 2.2 Main fatty acids of the major dietary lipids sources used in the different experiments.
(% total identified fatty acids)

EPA 500 DHA 500 Oleic acid Soy lecithin
14:0 0.20 0.08 0.50 0.07
15:0 n.d. n.d. 0.02 0.04
15:1n-5 n.d. n.d. n.d. 0.02
16:0 0.22 0.61 6.69 17.29
16:1n-7 0.33 0.38 0.14 0.07
16:2n-6 0.19 0.12 n.d. n.d.
16:2n-4 0.16 0.20 0.03 0.11
17:0 0.18 0.09 0.04 0.06
16:3n-3 0.11 0.07 n.d. n.d.
16:4n-3 0.20 n.d. n.d. n.d.
18:0 0.62 2.64 1.56 3.50
18:1n-9 2.75 5.33 76.77 16.99
18:1n-7 1.14 0.97 n.d. 1.24
18:1n-5 0.04 0.03 n.d. 0.05
18:2n-9 0.35 n.d. n.d. n.d.
18:2n-6 1.49 0.71 13.20 54.12
18:2n-4 0.76 0.08 n.d. n.d.
18:3n-6 0.47 0.30 n.d. n.d.
18:3n-4 0.36 0.09 n.d. n.d.
18:3n-3 0.95 0.27 0.16 5.41
18:3n-1 0.12 n.d. n.d. n.d.
18:4n-3 4.54 0.29 n.d. n.d.
18:4n-1 0.51 n.d. n.d. n.d.
20:0 0.14 0.60 0.14 0.23
20:1n-9+n-7 0.65 2.75 0.41 n.d.
20:1n-5 n.d. 0.28 n.d. n.d.
20:2n-9 0.41 0.03 n.d. n.d.
20:2n-6 0.23 0.50 n.d. 0.03
20:3n-6 0.53 0.16 n.d. 0.03
20:4n-6 3.71 2.37 n.d. n.d.
20:3n-3 0.10 0.37 n.d. n.d.
20:4n-3 2.13 0.70 n.d. n.d.
20:5n-3 62.91 9.93 0.03 0.03
22:1n-11 0.10 1.04 0.07 0.45
22:1n-9 0.93 0.62 0.05 n.d.
22:4n-6 1.60 0.50 n.d. n.d.
22:5n-6 0.35 3.31 n.d. n.d.
22:5n-3 1.87 3.60 n.d. n.d.
22:6n-3 8.65 60.93 0.21 0.23

n.d., not determined.
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2.3 Sampling

2.3.1 Biological parameters

At the beginning, final and intermediate points of each experiment, samples of live

larvae unfed for 12 h were taken to determine total length and whole body dry weight.

2.3.2 Proximate analysis

To analyze biochemical composition, all the remaining larvae in each tank, after a
starving period of 12 h, were collected, washed with distilled water and kept at -80°C in
air free labelled plastic sampling bags until analysis. Prior to the beginning of the dietary
experiments, samples from the keane tanks were taken to know initial biochemical

composition.

2.3.3 Histology

At each sampling point 30 sea bass larvae from each tank were collected and
fixed in 10% buffered formalin. Other 30 larvae were fixed for 24 h at 4°C in 2.5%
glutaraldehyde in 0.2 M phosphate buffer (pH 7.2) for transmission electron microscopy
(TEM) study.

2.3.4 Molecular biology

At each sampling point around 200 mg of unfed sea bass larvae were collected,
washed in DEPC (Diethyl pyrocarbonate) water and conserved in 1000 pl of RNAlater
(Sigma-Aldrich, Madrid, Spain) overnight at 4°C, then RNAlater was removed and
samples conserved at -80°C until RNA extraction.
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2.3.5 Activity test and final survival

Before the end of some of the experiments (Chapter 3 and 4) an activity test was
conducted by handling 20 larvae tank™ out of the water in a scoop net for 1 min and,
subsequently, allocating them in another tank supplied with clean seawater and aeration,
to determine survival after 24 h. Final survival was calculated by individually counting all

the alive larvae at the beginning and at the end of the experimental trials.

2.3.6 Growth evaluation

Growth was determined by measuring dry body weight and total length. Whole
body weight was determined by 3 replicates of 10 starved larvae washed with distilled
water and dried in a glass slide at an oven at 110°C until constant weight, for
approximately 24 h, followed by 1 h periods. Total length of 30 anesthetised larvae from
each tank was measured in a Profile Projector (V-12A Nikon, Nikon Co., Tokyo, Japan)

at each sampling point.

2.4 Biochemical analysis

2.4.1 Proximate analysis

2.4.1.1 Moisture

Moisture content was determined by thermal oven drying to constant weight at
110°C, with a first 24 h drying period, followed by 1 h periods until weight was nor
reduced any further. Sample weight (approximately 100 mg) was recorded before drying
and after each drying period, following the cooling in a dessicator. Moisture was
expressed as a percentage of the weight according to Official Methods of Analysis
(A.O.A.C., 1995), using the following equation:

100—(B—A)—(C - A)

Moisture (%) = 5 A
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Where:
A = Weight of empty flask
B = Weight of wet sample + flask

C = Weight of dry sample + flask

2.4.1.2 Ash

Ash content was determined by drying the samples (approximately 200 mg) in an

oven at a temperature of 450°C until a constant weight was attained (A.O.A.C., 1995).

2.4.1.3. Proteins

Proteins were estimated from total nitrogen present in the sample, using the
Kjeldhal method (A.O.A.C, 1995) after the digestion of the sample (=250 mg) with
concentrated sulphuric acid at a temperature of 420°C. Total nitrogen content was

converted to total crude protein value by multiplying by the empirical factor 6.25.

2.4.1.4 Total lipids

Lipids were extracted following the method of Folch et al. (1957). The method
starts taking a sample amount between 50-200 mg and homogenising it in an Ultra
Turrax (IKA-Werke, T25 BASIC, Staufen Germany,) during 5 min in a solution of 5 ml of
Chloroform:Methanol (2:1) with 0.01% of BHT. The resulting solution was filtered at
reduced pressure through glass wool and 0.88% KCI added to increase the water phase
polarity. After decantation and centrifugation at 2000 rpm during 5 min the watery and
organic phases were separated. Once watery phase was eliminated, solvent was dried

under nitrogen atmosphere and subsequently total lipids weighed.

2.4.2 Fatty acid methyl esters preparation and quantification

Fatty acid methyl esters (FAME) were obtained by acid transmethylation of total
lipid with 1% sulphuric acid in methanol following the method of Christie (1982). The
reaction was conducted in dark conditions under nitrogen atmosphere for 16 h at 50°C.
Afterwards, fatty acid methyl esters were extracted with hexane:diethyl ether (1:1, v/v)

and purified by adsorption chromatography on NH, Sep-pack cartridges (Waters S.A.,
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Massachussets, USA) as described by Christie (1982). Fatty acid methyl esters were
separated by GLC (GC-14A, Shimadzu, Tokyo, Japan) in a Supercolvax-10-fused silica
capillary column (length:30 mm, internal diameter: 0.32 mm; Supelco, Bellefonte, USA)
using helium as a carrier gas. Column temperature was 180°C for the first 10 min,
increasing to 215°C at a rate of 2.5°C min™ and then held at 215°C for 10 min, following
the conditions described in Izquierdo et al. (1992). Fatty acid methyl esters were
quantified by FIED and identified by comparison with external standards and well
characterized fish oils (EPA 28, Nippai, Ltd. Tokyo, Japan).

2.5 Measurement of thiobarbituric reactive substances (TBARS):

The measurement of TBARS in triplicated samples was performed using a method
adapted from that used by Burk et al. (1980). Approximately 20-30 mg of larval tissue per
sample was homogenized in 1.5 ml of 20% trichloroacetic acid (w/v) containing 0.05 ml
of 1% BHT in methanol using a rotating probe homogeniser (Ultra-Turrax; IKA-Werke,
T25 BASIC, Staufen, Germany). To this 2.95 ml of freshly prepared 50mM thiobarbituric
acid solution was added before mixing and heating for 10 min at 100°C. After cooling and
removing protein precipitates by centrifugation (Sigma 4K15, Osterode and Harmz,
Germany) at 2000 X g, the supernatant was read in a spectrophotometer (Evolution 300,
Thermo Scientific, Cheshire, UK) at 532 nm. The absorbance was recorded against a
blank at the same wavelength. The concentration of TBA-malondialdehyde (MDA)
expressed as nmol MDA per g of tissue was calculated using the extinction coefficient

0.156 pM™ cm™ applying the following formula:

50

nmol MDA g tissue™ = X :
0.156 Sample weight

2.6 Determination of vitamin E content

Vitamin E concentrations (a-tocopherol) were determined in diets and tissue
samples using a reverse phase high-pressure liquid chromatography (HPLC) with UV
detection after samples saponification. Vitamin E analysis was performed during a stay

at the Institute of Aquaculture, University of Stirling (Scotland, UK).
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2.6.1 Preparation of standards and calibration curve

Vitamin E quantification was achieved by comparison with (+)-a-tocopherol
(Sigma-Aldrich, Madrid, Spain) as an external standard. To prepare standards a stock
solution of 1 mg ml™ in 25 ml of methanol was prepared by adding 37 mg of oil to 25 ml
of methanol in a volumetric flask and mix. From the 1 mg ml™ stock solution 200 pl were
removed and 10 ml added to give a working standard concentration of 20 pg mi™* and
absorbance read at 293 nm in a plastic cuvette using as blank methanol. The following

equation was used to calculate the concentration of vitamin E:

A 293 nm
71

=g vit E 100 mI™*
Where, A is the absorbance and 71 is the molar extinction of vitamin E at 293 nm.

Therefore,

gVvitE
100 ml x 10

= ug vit E 50 pl injection™
20 Hg piny

The calibration curve is prepared using five concentrations ranging between 1-100 pg ml

! taking volumes showed at Table 2.3.

Table 2.3 Dilutions employed for the preparation of a-tocopherol standard curve

Concentration (ug Stock solution (ul) 100 ug mi™* vial Methanol
mi™) (ki) (ml)
100 400 - 3.6
50 200 - 3.8
25 100 - 3.9
10 - 400 3.6
1 - 40 3.96

Each concentration vial was measured on the spectrophotometer (CECIL CE 2021
series, CECIL instruments, Cambridge, UK) at 293 nm and the correct concentrations

calculated. Standards solutions were randomly injected in triplicates onto HPLC and
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store under nitrogen in the freezer (~-18°C). The standard curve was run with each batch

of samples.

2.6.2 Vitamin E extraction from feeds

Vitamin E extraction from the diets was conducted in triplicates according to
McMurray et al. (1980). Approximately 1 g of feed was weighed and 25 ml of 6% (w/v)
ethanolic pyrogallol was added to 100 ml stoppered cylinders that would be incubated at
70°C for approximately 5 min. After this, 5 ml 60% KOH was added to the tubes that
were vigorously shaken and return to the water bath for approximately 10 min, shaking
the cylinders at approximately 5 min intervals. Next, tubes were removed from the water
bath and cooled on ice before adding 40 ml chilled filtered water and 30 ml diluted iso-
hexane + BHT. Each tube was vigorously shaken exactly for a minute to allow the layers
to separate. To facilitate this process tubes were placed in a freezer (~ -18°C) for
approximately 10 min. Once the layers have separated, 20 ml of the top layer were
removed to medium size tubes, solvent evaporated to dryness on a nitrogen evaporator
and re-suspended in 5 ml of methanol. Seven ml of the solved extract were transferred
to 7 ml glass vials and stored under nitrogen in the dark in a fridge prior to HPLC
analysis.

2.6.3 Vitamin E extraction from larval tissues

Vitamin E extraction from larval tissues was conducted in triplicates according to
Cowey et al. (1981). Approximately 50 mg of larval tissues were homogenised with a
Ultra-turrax (IKA-Werke, T25 BASIC, Staufen, Germany) in 5 ml 2% (w/v) ethanolic
pyrogallol and incubated for 5 min in a water bath at 70°C. Once removed from the
water, 1 ml 60% KOH was added to tubes that were flushed with nitrogen, stoppered,
shaken and returned to the water bath for 20 min. Next, were removed, cooled on ice
and 4 ml distilled water and 6 ml iso-hexane + BHT added. Tubes were whirlmixed for
exactly one minute to extract the vitamin E into the iso-hexane layer (top). To facilitate
layers separation tubes were placed in a freezer (~ -18°C) for approximately 10 min.
Once layers were separated, 4 ml of the top layer were removed, placed in a small tube,
evaporated to dryness, re-dissolved in 1 ml methanol and transferred to 2 ml glass vials

prior to analysis by HPLC.
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2.6.4 Vitamin E quantification by HPLC

Conditions employed for vitamin E determination in feed and larval tissues are

shown in Table 2.4.
Table 2.4 HPLC conditions for vitamin E determination

Chromatograph Thermo liquid chromatograph equipped with an
injection valve type 7125 (100 pl), a LDC 4100 and a
multi-wavelength UV-VIS detector.

Column 150 x 4.60 mm reverse phase Luna 5um C18 column

(Phenomenox, California, USA).

Mobile phase 98% methanol (methanol:ultrapure water)
Flow 1.0 ml min™*

Pressure <1000 psi

Detection uv

Wavelength 293 nm

T° of column Room temperature

Injection volume 50 pl

Run time Approximately 25 min

Elution order was &-tocopherol, B-tocopherol, y-tocopherol and a-tocopherol. Retention

time of a-tocopherol was estimated approximately at 12 min (Figure 2.2).
Calculations to know vitamin E content are:

peak area y V is0 — hexane y V MeOH y 1
average std area V layer removed V injected weight

Vitamin E (ng/g) =
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ude: 1262 maAll

Figure 2.2 HPLC chromatograms showing identification of a-tocopherol (arrows) in standard (1),
diet (2) and larvae (3).

2.7 Determination of vitamin C content

Ascorbil-2-monophosphate was extracted from feeds using a phosphate buffer and
guantitated by reversed-phase HPLC with UV detection as developed by Roche Vitamins
Ltd. Vitamin C analysis was performed during a stay at the Institute of Aquaculture,
University of Stirling (Scotland, UK).
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2.7.1 Vitamin C extraction from feeds

Samples were grinded and 5 g weighed into a 100 ml conical flask. 50 ml of 0.4 M
phosphate buffer pH 3.0 was added and tubes stirred for 15 min at room temperature.
Two aliquots of 1.5 ml were centrifuged (1610 x g) for 5 min at room temperature and
supernatant was transferred into a 7 ml glass bottle. One ml was removed with a
disposable syringe and filter through a disposable 0.45 um filter unit into a 2 ml glass

bottle. Vials were kept in fridge (4°C) until HPLC analysis.

2.7.2 Vitamin C determination by HPLC

Conditions employed for vitamin C determination in feed and larval tissues are
shown in Table 2.5. Retention time for ascorbic acid was estimated approximately 7.4

min (Figure 2.3).

Table 2.5 HPLC conditions employed for vitamin C determination

Chromatograph Thermo liquid chromatograph equipped with an
injection valve type 7125 (100 pl), a LDC 4100 and a
multi-wavelength UV-VIS detector.

Column 150 x 4.60 mm reverse phase Gemini 5um C18
column (Phenomenox, California, USA) fitted with a

Gemini precolumn.

Mobile phase 30% eluant 1* and 70% eluant 2°
Flow 0.8 ml min™

Pressure <1000 psi

Detection uv

Wavelength 293 nm

T° of column Room temperature

Injection volume 50 ul

Run time Approximately 9 min
Absorbance range 0.1 AUFS

®Eluant 1: Dissolve 21.6 g KH,PO, in 1.8 | of filtered water, add 4 ml of 1,5-dimethyhexylamine
and adjust the pH to 3.0 with phosphoric acid. Adjust the volume to 2.0 | with filtered water. Filter
through a white nylon 0.45 um filter to degas the solvent.

® Eluant 2: Mix 900 ml of eluant 1 with 140 ml acetonitrile/ethanol 7:3 (V).
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Figure 2.3 HPLC chromatograms showing identification of vitamin C (arrows) in standard (1)
and diet (2).

2.7.3 Preparation of standards and calculation of their

concentration

To prepare stock solution approximately 15 mg of 2-phospho-L-ascorbic acid tri
sodium salt were weighed into a 20 ml volumetric flask, dissolved and volume adjusted
with 0.4 M phosphate buffer pH 3.0. One ml of the stock solution was diluted to 25.0 ml
using 0.4 M phosphate buffer pH 3.0 to make an approximately 0.1 mM solution.

The concentration of ascorbyl-2-monophosphate (Cavp) was calculated in our

working standard according to the following formula:

mst><100>< P « 0.463
500 0

Camvp =
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Where:

mst = the weight of tris-(cyclohexylammonium) ascorbic acid-2-phospate

1000 = Conversion from mg to pug; mst is the dilution factor

P = Purity of tris-(cyclohexylammonium) ascorbic acid-2-phospate

100 = Conversion of % purity

0.4363 = Conversion from tris-(cyclohexylammonium) ascorbic acid-2-phospate (MW =
553.7)

To calculate the response factor (RF) of ascorbyl-2-monophosphate (mVsml/ug) the next

formula was applied:

RFawp = Ast/Cavp

Where:

Ast= Mean peak area from injection of working standard solution (mVs)
Cawmp = Calculated concentration of ascorbyl-2-monophosphate

Experimental determinations are given as ascorbic acid equivalents (AAE)

Asa ><V1><V?>
RFamp x msa V2

Cawvp (Mmg/kg) =

17.61
256.1

Cane (mg/kg) = Camp X = Camp X 0.6876

Where,

Cawp = Content of ascorbyl-2-monophosphate in sample (mg kg™)
Caae = Content of ascorbic acid equivalents in sample (mg kg™)
Asa = Area obtained from the injection of the sample (mVs)

RFave = Calculated response factor of ascorbyl-2-monophosphate (mVsml pg™?)
Ms, = weight of sample (g)

V1 = Volume of the sample extract (ml)

V, = Volume of the aliquot taken for dilution (ml)

V3 = Volume of the diluted sample solution (ml)

176.1 = MW of ascorbic acid (g mol™)

256.1 = MW of ascorbyl-2-monophosphate (g mol™)

0.6876 = Conversion factor of AMP to AAE
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2.8 Selenium determination

Total selenium concentration was measured in total larvae and feeds. Samples
were acidified in a microwave digestor (MarsXpress, CEM, Kamp-Lintfort, Germany) with
5 ml of 69% pure nitric acid. The resultant solution was poured after digestion into a 10
ml volumetric flask and made up to volume with distilled water. A total of 0.4 ml of this
solution was then added to a 10 ml sample tube, 10 ul of the internal standard (Ga and
Sc, 10 ppm) included and 0.3 ml of methanol added. The tubes were made up to volume
with distilled water and total selenium measured in a collision/reaction cell ICP-MS
(Thermo Scientific, Cheshire, UK) using argon and hydrogen as carrier gas.
Collision/reaction cell ICP-MS is a technique that uses ion-molecule chemistry to
eliminate polyatomic interferences from the mass spectrum of an ICP-MS. In this way,
this technique has enabled ICP-MS to become virtually free of polyatomic interferences.
Selenium determination was performed during a stay at Institute of Aquaculture,
University of Stirling (Scotland, UK).

2.9 Histological analysis

2.9.1 Paraffin inclusion

Sea bass larvae were fixed in 10% buffered formalin for 1 or 2 days when they
were processed. For its histological process larvae were dehydrated through graded
alcohols (70-96°) thanks to Histokinette 2000 tissue processor (Leica, Nussloch,
Germany), then xylene and finally embedded in paraffin wax (Jung Histoembedder,
Leica, Nussloch, Germany). Paraffin blocks were sectioned at 3 ym on a microtome
(Leica, RM2135, Leica Instruments, Nussloch, Germany) and stained with Haematoxilyn
and Eosin (H&E) staining for its histopathological evaluation (Martoja and Martoja-
Pearson, 1970). As well, several special staining techniques were employed, such as
Periodic-acid-Schiff (PAS), Perl’s Prussian blue (PB), modified long Ziehl-Neelsen (ZN)
and Sudan black (SB) staining (Martoja and Martoja-Pearson, 1970) to check the
presence of different components (Table 2.6). The mounted sections were examined
under light microscopy using a Olympus CX41 binocular microscope (Olympus,
Hamburg, Germany) connected to an Olympus XC30 camera (Olympus, Hamburg,
Germany), which was linked to a computer using image capturing software (CellB®,
Olympus, Hamburg, Germany).
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Table 2.6 Staining techniques employed in the present Thesis and their significance

Technique

H&E

PB

PAS

ZN

SB

Significance

Histopathological evaluation

Demonstrates the presence of
ferric  iron, derivated from
erythrocyte lysis

Detects substances resultants
from lipid peroxidation, such as
lipofucsins or ceroid pigment
Detects substances resultant from
oxidation of lipids and
lipoproteins, such as lipofucsins
or ceroid pigment

Detects substances resultant from

Results
Collagen — Pale pink
Muscle — Deep pink
Acidophilic cytoplasm — Red
Basophilic cytoplasm — Purple
Nuclei — Blue
Erythrocytes — Cherry red
Ferric iron — Blue
Nuclei — Red

Ceroid — Magenta
Nuclei — Blue

Ceroid — Magenta

Nuclei — Blue

Background — Pale magenta to
pale blue

Ceroid and red blood cells — Black

oxidation of lipids and Background — Pale grey
lipoproteins, such as lipofucsins
or ceroid pigment

2.9.2 Resin inclusion

Ten larvae per tank were fixed for 24 h at 4° in 2.5% glutaraldehyde in 0.2 M
phosphate buffer (pH 7.2) and stored in cacodylate buffer until processed according to
Millonig (Bancroft and Stevens, 1996). Samples were then rinsed in phosphate buffer
and post-fixed for 1 h in 2% osmium tetraoxide in 0.2 M potassium ferrocyanide and
dehydrated in acetone. Each larva was then embedded in an Araldite (Durcupan, Fluka,
Buchs, Switzerland) resin block and kept in the oven at 60°C overnight. Serial transverse
and longitudinal larvae thick sections were cut at 1 um on the ultramicrotome (Leica LKB

Ultratome Nova, Nussloch, Germany), stained with 1% toluidine blue in 1% sodium
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tetraborate and examined under light microscopy (Hoffman et al., 1983). This inclusion
technique is used as a method to select regions to obtain ultrathin sections for TEM and

to obtain a higher resolution for optical microscopy.

Once the region was selected, thin sections were cut at 50 nm with a diamond
blade, placed on a copper grid and stained with lead citrate before its observation at a
ZEISS EM 910 (Carl ZEISS, Oberkochen, Germany) transmission electron microscope
at the Electron Microscope Service of University of Las Palmas de Gran Canaria.
Microphotographs were taken employing a proscan Slow-scan CCD-Camera (Froscan
Elektronische Systeme, Germany) which was linked to a computer using an image

capturing software (Soft Imaging System, Germany).

2.9.3 Whole mount staining

A whole mount staining protocol was applied in order to determine tissue
mineralization and the incidence of deformities in early larval stages at Chapters 4 and 5.
At 35 dph (end of the experimental trial) 100 larvae per tank were stored in buffered
formalin to examine skeletal deformities and 50 larvae to determine the ossification level.
Larvae were stained with Alizarin red S to demonstrate bone following the protocol of
Vandewalle et al. (1998) (Table 2.7). Larvae from the different experimental groups were

stained simultaneously in order to prevent any technical variability.

After staining larvae were measured by a Profile Projector (V-12A Nikon, Nikon
Co., Tokyo, Japan) under a magnification objective of 50X and classified in three total
length size classes (<10 mm; 10-12 mm and >12 mm). Larvae belonging to the second
size class were considered for deformities study and observed under a
stereomicroscope (Leica DM2500, Nussloch, Germany). Deformities were classified in
three groups attending to their localization:

- Head deformities: Include deformities such as pugheadness, alteration of
brachistegals rays and opercula.

- Lordosis: Defines an inward curvature of the vertebral column.

- Kyphosis: Defined as the curvature of the upper spine.

- Others: Including deformities such as scoliosis, vertebral compression or

coiled vertebrae.
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The surface corresponding to bone in whole larvae was visualized and quantified
using a computerized image analysis package (Image-Pro Plus®, Media Cybernetics,
Maryland, USA) after staining with Alizarin red S. A list of image processing commands
was used, encompassing the selection of pixel colour range and quantification. Selecting
ranges of pixel values in colour images allowed the pixels associated with red to be
distinguished. A mask was applied in order to turn all the selected pixels in bright
objects. The number of selected pixels was then quantified using a particle analysis
operation and by counting the area of all bright objects (in pixels). Larval size was

estimated by calculating the surface areas (in pixels) covered by whole stained larvae.

2.10 Molecular biology

All processes indicated in this section were performed during a stay at the
University of Insubria, Department of Biotechnology and Lifer Sciences (Varese, Italy).
Studied genes are showed in Table 2.8. Catalase (CAT), superoxide dismutase (SOD)
and glutathione peroxidase (GPX) enzyme gene sequences were reconfirmed prior to its
use for quantitative real time PCR (RT-PCR). Primers of these genes were ordered to

Eurofins (Ebersberg, Germany) (Table 2.9).

Table 2.8 Genes studied in the present Thesis

Gene Accession number
Superoxide dismutase FJ860004
Catalase FJ860003
Glutathione peroxidase FM013606
Insulin-like Growth Factor | AY800248
Insulin-like Growth Factor Il AY839105
a-Actin FJ716131
Myosin heavy chain DQ317302
Calpain 1 FJ821591
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2.10.1 Total RNA extraction

Total RNA was extracted from sea bass larvae (=200 mg) using PureYield RNA
Midiprep System (Promega, Milan, Italy). Larvae were homogenised on ice in 2ml of
Lysis buffer with 40 ul of B-Mercaptoethanol using a rotating probe homogeniser (Ultra-
Turrax; IKA-Werke, T25 BASIC, Staufen, Germany). The rotating probe was washed
between samples with NaOH 1M, Ethanol 100° and DEPC water. Afterwards lysates
were incubated on ice for 10 min to complete the lysis and 2 ml were transferred to a
disposable tube. To clear lysates 4 ml of RNA Dilution Buffer was added and mixed
thoroughly by inverting the tube 3-4 times and then vortexing. Then 1 ml of Clearing
Agent was added and once again mixed and vortexed. Afterwards tubes were placed in
a water bath at 70°C and incubated for 5 min to denature the samples and cooled at
room temperature for at least 5 min. Samples were placed inside one Pureyield™
Clearing Column in a 50 ml collection tube and centrifuged at 12000 x g for 10 min at 20-
25°C temperature. Lysate discard was saved and 4 ml isopropanol were added. RNA
purification was performed using a Vacuum Manifold (Promega, Milan, Italy), so
centrifugation was not needed at this point. Lysates samples were poured into a
PureYield™ Binding Column and vacuum was applied allowing the mixtures to pass
through the column. Successively 20 and 10 ml of RNA wash solution were added to
columns and allowed to pass through. After a 3 min vacuum to dry the columns was
applied, 1 ml Nuclease-Free Water was added to the columns, incubated at room
temperature for 2 min and vacuum applied. The purified RNA was stored at -80°C in

RNase-free-microcentrifuge-tubes.

2.10.2 RNA quality check

RNA measurements and quality checks were performed using a Bio-Rad
SmartSpec Plus spectrophotometer (Bio-Rad, Milan, Italy). Purity was assessed the
absorbance ratio at 260:280, indicating a ratio higher than 1.8 a high level of purity and
that the sample is not contaminated by protein (McKenna et al., 2000). Furthermore,
RNA degradation was checked by running 2ug of total RNA on a 1% agarose gel stained
with ethidium bromide after separation by gel electrophoresis. Samples were run at 90 V
for 45 min and then gel visualized on an UV transluminator (Bio-Rad UV Transluminator
2000, Milan, Italy).
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2.10.3 Synthesis of cDNA

Complementary DNA (cDNA) is typically generated from messenger RNA (mMRNA)
by action of a retroviral reverse transcriptase which reverse transcribes a single strand
molecule of RNA into single stand cDNA. After DNAse treatment (Invitrogen, Milan,
Italy), 3 ug of total RNA was reverse transcribed into cDNA in a volume of 12 pl,
including 1 ul of oligo dT16 primer (50 pmol) and 1 ul of 10 mM deoxynucleotide
triphosphates (dNTPS). This mix was heated at 65°C for 5 min, chilled on ice and then 4
ul of 5x reverse transcription buffer, 2 pyl 0.1M dithiothreitol (DTT), 1 yl RNAse out and 1
pl of Moloney murine leukemia virus (M-MLVRT) added. After incubation at 37°C for 50
min, reaction was stopped by heating at 75°C for 15 min.

2.10.4 Cloning and sequencing

To amplify selected primers sequences, touch up PCR was performed. The
selection of this specific kind of PCR was due to the wide variety of melting temperatures
of the primers (Table 2.9). In this sense, with a touch up PCR, the initial temperature of
54°C increases to 0.5°C in each cycle, arriving to a final temperature of 72°C. A total of
30 cycles (10 touchdown) of the PCR amplification were performed for all primer sets,

using an automated Thermal Cycler (Mycycler, Bio-Rad, Italy).

Table 2.9 Oligonucleotide primer sequences and melting temperatures used for PCR to produce
standard curves

Oligo name Sequence (5"—3) Tme°C

SOD_T7 GTAATACGACTCACTATAGGGGTTGGAGAC 73.4
CTGGGAGATGT

SOD antisense CTCCTCATTGCCTCCTTTTC 57.3

CAT_T7 GTAATACGACTCACTATAGGGATGGTGTGG 73.4
GACTTCTGGAG

CAT antisense AGTGGAACTTGCAGTAGAAACG 58.4

GPX_T7 GTAATACGACTCACTATAGGGAGTTAATCC 71.3
GGAATTCGTGAGA

GPX antisense TGAGTGTAGTCCCTGGTTGTTG 60.3
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An aliquot of 4 pul of the resulting cDNA was amplified using 25 pl GoTaq Green
Master Mix (Promega, Milan, Italy) in 50 pl of final volume containing 5 pl high fidelity
buffer, 10 mM dNTPs and 50 pmol of each designed primer.

A total of 31 PCR amplification cycles (eight touchup) were performed for all primer
sets, using an automated Thermal Cycler (MyCycler, BioRad, Milan, Italy). An aliquot of
each sample was then electrophoresed on a 1% agarose gel in 1X Tris-acetate-EDTA
(TAE) buffer (BioRad, Milan, Italy) and bands were detected by ethidium bromide.
Samples ran with a 100 bp+1.5 Kb DNA ladder to control molecular weight of DNA and
with a negative control consisting of reaction mixture without cDNA, confirming in that

way the absence of genomic contamination (Figure 2.4).

200 bp

Figure 2.4 Agarose gel showing PCR products of each designed primer.

Prior to cloning, the PCR product was purified by cutting a DNA fragment of the
predicted molecular weight from the gel and processing it with Wizard Clean-up System
(Promega, Milan, Italy) according to the manufacturers instructions. After gel slice was
dissolved it was placed on one SV Minicolumn and incubated one minute at room
temperature. Columns were then centrifuged at 14000 x g for 1 min, liquid discarded and
washed with 700 pl of Membrane Wash Solution diluted with 95% ethanol. After
centrifugation the mini column was placed on a new microcentrifuge tube and eluted with
50 ulI of Nuclease-Free water. The purified PCR product concentration was then

measured using a SmartSpec Plus spectrophotometer (Bio-Rad, Milan, Italy). The
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amount of PCR product to include in the cloning reaction was calculated using the

following formula:

ng Vector x Kb Insert
Kb Vector

ng Insert = x Insert : Vector molar ratio

Where:

ng vector= 50 ng

Kb vector= 3.0 Kb
Insert:Vector molar ratio= 3:1

Kb size of insert = In this case the genes had a length of 200 bp, so 0.2 Kb

Figure 2.5 (A) Electrophoresis system employed in the present Thesis. (B) Plate containing
blue and white colonies after transfection of E. coli with vector containing PCR products.

The cloning vector used in this study was pGEM®-T Easy cloning vector system
(Promega, Milan, Italy; Figure 2.3). The ligation of the PCR product was performed by
the intrinsic topoisomerase activity associated with the commercial cloning vector
preparation. The cloning reaction was performed overnight at 4°C and next day 50 ul of
Escherichia coli bacteria (Promega, Milan, Italy) was added to this mixture and incubated
in ice for 30 min. A heat shock was then performed in a water bath (40°C) without
shaking for 45 sec and tubes immediately returned to ice for 2 min. 940 pl of SOC
medium (Sigma) was then added and the mixture was incubated at 37°C for 2 h on a
shaker mixer. The mixture containing the transformed cell was then spread on a 3
selective LB Agar plates per gene and incubated overnight at 37°C. The selective LB
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Agar plates contained ampicilin (100pg mi™), X-gal and IPTG. As a result, only the cells
containing the plasmid which contained ampicilin resistant gene would grow. Moreover,
the selection of cells containing a ligated PCR fragment was based on the colorimetric
metabolic reaction of X-gal by Lacza gene, as the ligation of the PCR product would
result in disruption of the Lacza reading frame leading to the production of white
colonies. Five white colonies per gene were solved in 20ul of RNase-Free Water, being
used 4l of this solution to make a new PCR.
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Figure 2.6 pGem — T Vector Map and sequence and sequence reference points.

According to the quality of the bands, one colony will be chosen and grown
overnight at 37°C in 10 ml of LB Agar containing ampicilin. The plasmid vector was
purified using the Pureyield Midiprep System Kit (Promega, Milan, Italy) as described in
the manual. The column was eluted with 30 pl of RNase-Free Water, concentration
calculated with a SmartSpec Plus spectrophotometer (Bio-Rad, Milan, Italy) and
conserved at -20°C. Extracts were dried up and subsequently sent to BMR Genetics

(Padova, ltaly) for its gene sequencing in both directions (T7 and SP6).
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SOD

gttggagacctgggagatgtaactgcaggaggagataacattgccaagatcgacatcacg - 60
v 6 bL 6GDVTAGSGI DN NI AKTODI T

gacaagatgctcactctcacaggcccgttatccattattggaagaaccatggtgatccac - 120
DK ML TULTGW®PWLS 1T I1 GRTMVYV 1 H

P

gagaaggccgatgacctgg‘gaaaaggaggcaatgaggag — 159
E K ADDULGIK G G N E E

CAT

[

atggtgtgggacttctggz;gcctgaggcctgagtgtctgcatcaggtgtctttcttgttc - 60
M VWD FWSLIRUPET CLHIGQV S F L F

agcgatcgaggtttgcctgatggctaccgccacatgaacggctacggctcccacaccttec - 120

S DR G L P DGYRHMNGY G S HTF
aaactggtcaatgccgatggtgz;gcgtttctactgcaagttccact - 166
K LV NADGEWRFY CK F H

GPX

[

gttaatccggaattcgtgagaatggctggaaacgtgaaaaggttttacgacctgacagct - 60
vV NP E F V R MAGNVYV KR F Y D LT A

aagctgctgtctggagaaatgttgagtttctctgcactgaaggggaaagttgtgctcatt - 120

K L LS GEWMLSFSALKGK V V LI
gagaatgtggcgtctctatgagga:acaacaaccagggactacactca - 167
E NV ASL - G TTTRDY T

Figure 2.7 Obtained nucleotide sequences from sea bass antioxidant enzymes genes and
predicted aminoacid sequences. Arrows indicate the position and sequences of primers used to
amplify the cDNAs.

2.10.5 Quantitative real-time RT-PCR

2.10.5.1 Generation of in vitro-transcribed cRNAs for standard

curves

The number of each target gene transcript copies could be absolutely quantified

by comparing them with a standard graph constructed using the known copy number of
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MRNAs of each gene. For this, a forward and a reverse primer were designed (Table
2.7) based on the mRNA sequences of Dicentrarchus labrax. These primer pairs were
used to create templates for the in vitro transcription of cRNAs for each gene. The
forward primers were engineered to contain a T7 or a T3 phage polymerase promoter
gene sequence to their 5’ end and used together with the reverse specific primer in a
conventional RT-PCR of total sea bass larvae RNA. RT-PCR products were then
checked on a 2.5% agarose gel stained with ethidium bromide, cloned using pGEM®-T
Easy cloning vector system (Promega, Milan, Italy) and subsequently sequenced in the
SP6 direction.

In vitro transcription was performed using T7 or T3 RNA polymerase and other
reagents supplied in the Promega RiboProbe In Vitro Transcription System kit according

to the manufacturer’s protocol.

The molecular weight (MW) of the in vitro-transcribed RNAs were calculated

according to the following formula:

MW = [(n° of A bases) x 329.2) + (n° of U bases) x 306.2) + (n° of C bases) x 305.2) +
(n° of G bases) x 345.2)] + 159.

Spectrophotometry at 260 nm gave a concentration of each cRNA. Therefore, the
concentration of the final working solutions were calculated and expressed as n° of

molecules pl™ (Table 2.10).

2.10.5.2 Generation of standard curves

The cRNAs produced by in vitro transcription were used as quantitative standards
in the analysis of experimental samples. Defined amounts of cRNAs at 10-fold dilutions
were subjected in triplicates to real-time PCR using one-step TagMan EZ RT-PCR Core
Reagents (Applied Biosystems, lItaly), including 1X Tagman buffer, 3 mM MnOAc, 0.3
mM deoxynucleotide triphosphates (dNTP) except deoxythymidine triphosphate
(dTTP), 0.6 mM deoxyuridine triphosphate (dUTP), 0.3 uM forward primer, 0.3 uM
reverse primer, 0.2 yM FAM-6 (6-carboxyfluorescein-labeled probe), 5 units rTH DNA
®

polymerase, and 0.5 units AmpErase UNG enzyme in a 25 pl reaction. AmpErase

uracil-N-glycosylase (UNG) is a 26-kDa recombinant enzyme encoded by the
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Escherichia coli uracil-N-glycosylase gene. UNG acts on single-and double-stranded dU-
containing DNA. It acts by hydrolyzing uracil-glycosidic bonds at dU-containing DNA
sites. The enzyme causes the release of uracil, thereby creating an alkali-sensitive
apyrimidic site in the DNA. The enzyme has no activity on RNA or dT-containing DNA.
For TagMan® assays, AmpErase® UNG treatment can prevent the reamplification of
carry over PCR products from previous PCR reactions. When dUTP replaces dTTP in
PCR amplification, AmpErase® UNG treatment can remove up to 200,000 copies of
amplicon per 50 pl reaction. RT- PCR conditions were: 2 min at 50°C, 30 min at 60°C,
and 5 min at 95°C, followed by 40 cycles consisting of 20 s at 92°C, 1 min at 62°C. The
Ct (cycle threshold) values obtained by amplification were used to create standard

curves for target genes (Figure 2.8).

Table 2.10 Molecular weights and number of molecules pl™* of genes

Gene Molecular weight Molecules pl™
Superoxide dismutase 51833.8 3.25 x 10%
Catalase 53428.2 5.53 x 102
Glutathione peroxidase 54530.6 3.43 x 10*
Insulin growing factor | 181336.2 1.07 x 10*
Insulin growing factor II 208412.8 1.44 x 10"
Myosin 112235.0 1.39 x 10™
a- actin 156736.6 5.69 x 10™
Calpain 1 191785.2 5.21 x 10™*
Cathepsin-L 144192.0 1.00 x 10*

72



General Materials and Methods

Amplification Plot
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Figure 2.8 Standard curve and amplification plot of myosin heavy chain gene.

2.10.5.3 Quantitation of transcripts by one-step RT-PCR TagMan®
system

A hundred nanograms of total RNA extracted from the experimental samples

were subjected, in parallel to triplicates of 10-fold-diluted, defined amounts of standard
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cRNAs, to real-time PCR under the same experimental conditions as for the
establishment of the standard curves. Real-time Assays-by-Design™ PCR primers and
gene-specific fluorogenic probes were designed by Applied Biosystems (ABI; Monza,

Iltaly). TagMan® probes of the obtained target genes are showed at Table 2.11.

Table 2.11 TagMan® probes of genes employed in the present Thesis

Genes Kind of primer Sequence (5" —3)
Forward primer ATGGTGTGGGACTTCTGGAG
CAT Reverse primer GCTGAACAAGAAAGACACCTGATG
TagMan® probe CAGACACTCAGGCCTCA
Forward primer TGGAGACCTGGGAGATGTAACTG
SOD Reverse primer TCTTGTCCGTGATGTCGATCTTG
TagMan® probe CAGGAGGAGATAACATTG
Forward primer AGTTAATCCGGAATTCGTGAG
GPX Reverse primer AGCTTAGCTGTCAGGTCGTAAAAC
TagMan® probe AATGGCTGGAAACGTG
Forward primer GCAGTTTGTGTGTGGAGAGAGA
IGF-I Reverse primer GACCGCCGTGCATTGG
TagMan® probe CTGTAGGTTTACTGAAATAAAA
Forward primer TGCAGAGACGCTGTGTGG
IGF-II Reverse primer GCCTA CTGAAATAGAAGCCTCTGT
TagMan® probe CAAACTGCAGCGCATCC
Forward primer ACTTTACAGGCGGCGTGA
Calpn Reverse primer GGCTCTGCTGATGATGTTGTAGA
TagMan® probe TCAGATCGTACATTTCCG
Forward primer CCTCTTCCAGCCTTCCTTCA
a-actin Reverse primer TGTTGTAGGCGGTCTCATGGATA
TagMan® probe CCAGCAGACTCCATACCGA
Forward primer TGGAGAAGATGTGCCGTACTCT
MyHC Reverse primer CGTGTCATTGATTTGACGGACATTT

TagMan® probe

AACTGAGTGAACTGAAGACC
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TagMan® PCR was performed on a StepOne Real Time PCR System (Applied
Biosystems; Monza, Italy). To reduce pipetting errors, master mixes were prepared to set

up duplicate reactions (2 x 30 pl) for each sample.

2.10.5.4 Sample quantification

Data from TagMan® PCR runs were collected with StepOne™ Software v 2.0. Ct
values corresponded to the number of cycles at which the fluorescence emission
monitored in real time exceeded the threshold limit. The Ct values were used to create
standard curves to serve as a basis for calculating the absolute amounts of mRNA in
total RNA (n° molecules/ng total RNA).

2.11 Statistical analysis

The statistical analysis showed within this Thesis were performed using the SPSS
software package (SPSS for Windows 14.0; SPSS Inc., Chicago, IL, USA, 2005). A

significance level of 5% (P<0.05) was used for all tests performed.

The arithmetic or sample mean was used to provide as an estimate of the
population mean together with the standard deviation (SD) to represent sample

distribution and was calculated for each parameter measured.

2.11.1 Parametric testing

Parametric tests were performed based on the assumptions that the observations
were made at random and that the test variances independent. Furthermore, the sample
variances must be homogeneous and the data normally distributed. Where data failed to

meet these requirements, non-parametric tests were employed (Section 2.11.2).

A Levene’s test was used to determine the normality and homogeneity of
variances and once met the assumptions, were analyzed using a one-way analysis of
variance (ANOVA) and where data differed significantly (P<0.05), Duncan multiple
comparison post-hoc test was applied using a SPSS software (SPSS for Windows 14.0;
SPSS Inc., Chicago, IL, USA, 2005). For analysis of one-way ANOVA the following

general linear model was used:
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Yi=u+ o+ g
where Yj is the mean value of the tank, x is the mean population, D; is the fixed effect of

the diet and e; is the residual error.

In addition, the two variables general linear model (GLM) features was used to
analyze the molecular biology data sets. In this sense, the factor “sampling time” was
incorporated into the model, thus allowing to observe differences between variables
diets, effect of time and interactions. The model employed was:

Yik = pt at+ g+ (ad)+ &
Where Yj is the mean value of the tank, p is the mean population, ¢; is the fixed effect of
the diet, ¢ is the fixed effect of the time, (a0); is the interaction between diet and time

and e is the residual error.

2.11.2 Nonparametric testing

Data failing to meet the assumptions for parametric tests or categoric data were
analyzed using nonparametric statistical methods. A Kruskall-Wallis test was performed
using a SPSS software (SPSS for Windows 14.0; SPSS Inc., Chicago, IL, USA, 2005).
Means bearing significant differences (P<0.05) were further tested using squared Chi

post-hoc test.
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Chapter 3

a-tocopherol in weaning diets for European sea bass

(Dicentrarchus labrax) improves survival and reduces tissue

damage caused by excess dietary DHA contents

This work was published in Betancor et al. (2011) Aquaculture Nutrition, 17(2): ell2-

el22.

ABSTRACT
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myopathy
oxidative stress
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vitamin E

The obijective of the present study was to investigate the combined effect
of several dietary contents of vitamin E and polyunsaturated fatty acids,
mainly DHA, on growth, survival, biochemical composition and tissue
morphology of sea bass along early development. A feeding experiment
was conducted in sea bass larvae using five different diets with the same
proximate composition and different ratios of DHA concentrated fish oil (1,
3 and 5 % dry weight) and vitamin E (a-tocopheryl acetate) (150 and 300
mg 100 g'l dry weight). DHA was readily deposited in fish tissues and
associated to higher sea bass mortalities probably due to increased
peroxidation risks. Besides, the elevation of dietary DHA contents up to
5% severely increased the incidence of muscular lesions and the
presence of ceroid pigment within hepatocytes. However, elevation of
dietary vitamin E levels markedly reduced the incidence of these
symptoms in sea bass, increasing the tissue content in several
polyunsaturated fatty acids and improving growth and stress resistance.
Moreover, when sea bass was fed diets containing high vitamin E levels,
fish showed a significant improvement in growth when dietary DHA was
raised from 1 to 3 %. Therefore, in sea bass larvae a ratio of 3% DHA
and 300 mg 100 g™ vitamin E seems to be adequate to achieve a good

larval performance and to avoid muscular lesions.




Vitamin E/DHA imbalances in sea bas larvae

3.1 Introduction

Most marine fish larvae require high amounts of n-3 LC-PUFA (long chain
polyunsaturated fatty acid) such as eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA) in their diets as essential fatty acids for normal growth and development,
differing from freshwater species that can produce these fatty acids from linolenic acid
(Sargent et al., 1999). Dietary levels of these essential fatty acids in marine fish larvae
vary over a range between 0.3 and 39 g kg™ (formulated diet or live prey) dry weight
(DW; lzquierdo, 1996). Besides, an increase of dietary n-3 LC-PUFA in larval sea bream
(Sparus aurata) up to 8% improves larval growth and survival (Liu et al., 2002);
meanwhile inclusion levels of 1.5% promote maximum growth in sea bream juveniles
(Ibeas et al., 1994), proving the essentiality of these fatty acids in larval stages. These
fatty acids are very sensitive to peroxidation and they are even more exposed in
formulated diets for marine fish larvae which are formed by micro-particles with a large
surface area to volume ratio. On the other hand, fish larval tissues are known to be very
rich in those polyunsaturated fatty acids (PUFA) (Salhi et al., 1997) and require the
action of antioxidants to protect them intra- and extra-cellularly from free radical

compounds (Sargent et al., 1997).

Vitamin E (a-tocopherol; a-TOH) is a structural component of cell membranes
which has an important role as an antioxidant, controlling peroxidation of unsaturated
fatty acids (Putnam and Comben, 1987). Thus, for physiological protection against
oxidation, the increasing in dietary PUFA must be combined to an increase in a-TOH
(Sargent et al., 1997). Mourente et al., (1999a) reported that Dentex dentex larvae fed
Artemia enriched with apparently supra-optimal levels of n-3 LC-PUFA showed
significantly lower a-TOH contents and poorer performance indicating increased
oxidative stress. Tocher et al., (2003) have shown that supplementation of a-TOH to an
oxidized diet improves sea bream juveniles growth and reduces lipid peroxidation
products content in sea bream and turbot (Psetta maxima) tissues. Indeed, tissue a-TOH
contents are closely related with tissue PUFA levels (Izquierdo and Fernandez-Palacios,
1997), both nutrients showing a synergistic effect on the non-specific immune responses
and disease resistance in Japanese flounder (Paralychthis olivaceous) (Wang et al.,
2006). Dietary vitamin requirements of fish decrease as the age and weight of the animal
increases and as the growth rate decreases (Amezaga and Knox, 1990). Growth rates
are much higher for larvae than for adult fish (Gatesoupe 1994), and therefore, young

fish are more susceptible to a lack of vitamins in their food than are juveniles or
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subadults (Dabrowski, 1986). Thus, early nutritional studies have showed that a-TOH is
essential for marine fish larvae (Watanabe et al.,, 1970; Murai and Andrews, 1974;
Gonzalez et al., 1995). In gilthead sea bream larvae, Gonzalez et al. (1995) found that

the increase in microdiet a-TOH content improves larval growth and survival.

Lipid peroxidation as a consequence to an imbalance between PUFA and
antioxidants will damage the biomembranes, producing several pathological conditions in
fish (Sakai et al., 1989) and could cause irreversible changes in the developing tissues of
marine fish larvae. Thus, lipid oxidation in marine fish larvae could be at least partly
responsible for the higher disease incidence and subsequent larval mortalities as
suggested by some authors (Tocher et al., 2002). However, there is a complete lack of
studies regarding the combined effect of dietary PUFA levels and a-TOH and its relation

on potential pathological damages on fish larvae.

Thus, the objective of the present study was to investigate the combined effect of
several dietary contents of a-TOH and PUFA, mainly DHA, on growth, survival, larval

fatty acid composition and tissue morphology of sea bass along early development.

3.2 Materials and methods

3.2.1 Fish

Sea bass (Dicentrarchus labrax) larvae were obtained from natural spawnings from
France (Ecloserie Marine de Gravelines, Nord-Pas-de-Calais), the experiment was
carried out in the Instituto Canario de Ciencias Marinas facilities (Telde, Canary Islands,
Spain). A trial was conducted to test 5 microdiets in triplicates. Larvae were previously
fed a commercial microdiet until they reached 34 days old. Larvae (total length 12.11 +
1.06 mm, dry body weight 1.9 mg) were randomly distributed into the experimental tanks
at a density of 600 larvae tank™ and were fed one of the experimental diets tested in
triplicates for 14 days, at a water temperature of 19.5 to 20°C. All tanks (170 L light grey
colour cylinder fibreglass tanks) were supplied with filtered sea water (34 g L™ salinity) at
an increasing rate of 1.0 - 1.5 L min™ along the feeding trials. Water entered the tank
from the bottom and get out from the top; water quality was daily tested and no
deterioration was observed. Water was continuously aerated (125 ml min™), attaining 5-8

g L™ dissolved O, and saturation ranged between 60 and 80%.
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3.2.2 Diets

Five isonitrogenous and isolipidic experimental microdiets (pellet size<250 pm)
similar in their EPA content and different in DHA and vitamin E content were formulated
(Table 3.1) using concentrated fish oils EPA500 and DHA500 (CRODA, East Yorkshire,
England, UK) as sources of EPA and DHA. The a-TOH (DL- a- Tocopheryl Acetate)
contents were tested in 150 and 300 mg 100 g* DW (Sigma-Aldrich, Madrid, Spain).
Given the scarcity of works focusing on the initial requirements of a-TOH in marine fish
larvae, these levels were based on previous studies performed by Tocher et al. (2002)
and Ortuiio et al. (2000) in fry sea bream. The protein source used (squid meal) was
defatted (3 consecutive times with a chloroform:squid meal ratio of 3:1) to allow a
complete control of the fatty acid profile of the microdiet. The microdiet based on
defatted squid meal (2.6% lipid content), EPA500 and DHA500 were added in different
quantity to obtain the desired ratios, and the oleic acid was added to equalize the lipid
content in each diet (Table 3.1). The microdiets were prepared according to Liu et al.
(2002) by mixing squid powder and water soluble components, then the lipid and fat
soluble vitamins and, finally, warm water solved gelatine. The paste was pelleted and
dried in oven at 38°C for 24 h. Pellets were ground and sieved to obtain particle size
below 250 um. Diets were analyzed for proximate and fatty acid composition of dry
basis. Diets were manually supplied; fourteen times per day every 45 min from 9:00-
19:00. Daily feed supplied was 2.0 and 2.5 g tank™ during the first and second week of

feeding, respectively.

3.2.3 Growth and survival

Before the end of the experiment an activity test was conducted by handling 20
larvae tank™ out of the water in a scoop net for 1 min and, subsequently allocating them
in another tank supplied with clean seawater and aeration, to determine survival after 24
hours. Final survival was calculated by individually counting all the live larvae at the
beginning and at the end of the experiment. Growth was determined by measuring dry
body weight (105 °C 24 hours) and total length (Profile Projector V-12A Tokyo, Nikon) of
30 fish tank™ at the beginning, in the middle and at the end of the trial.
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Table 3.1 Proximate composition of the experimental diets.

Dietary DHA/vitamin E 1/150 1/300  3/150  3/300  5/150

EPA g kg (DW) 2729 2741 27.05 27.08 24.40
DHA g kg™ (DW) 760 853 30.80 3148 58.70
a-TOH mg kg™* (DW) 1490 2960 1560 2900 1520
Oleic acid g kg™ 82.60 88.08 64.03 63.97 37.45
Lipid (DW) 17.05 17.50 17.97 18.16 17.88
Protein (DW) 70.07 69.86 69.82 70.23  69.95
Humidity (%) 965 1140 10.69 9.38  9.71

3.2.4 Biochemical analysis

Besides, all the remaining larvae in each tank were washed with distilled water,
sampled and kept at -80°C for biochemical composition analysis after 12 hours of
starvation at the end of the trial. Moisture (A.O.A.C., 1995), protein (A.O.A.C., 1995) and
crude lipid (Folch et al., 1957) contents of larvae and diets were analyzed. Fatty acid
methyl esters were obtained by transmethylation of crude lipids as described by Christie
(1982) separated by GLC, quantified by FID (GC -14A, Shimadzu, Tokyo, Japan) under
the conditions described in lzquierdo et al. (1992) and identified by comparison to

previously characterized standards and GLC-MS.

3.2.5 Histopathological sampling

Thirty larvae from each tank were collected at the beginning, middle and end of
the feeding trial and fixed in 10% buffered formalin for 1 or 2 days, dehydrated through
graded alcohols, then xylene and finally embedded in paraffin wax. Six paraffin blocks
containing 5 larvae per tank were sectioned at 3 um, and sections were stained with
Haematoxilin and Eosin (H&E) for histopathologic evaluation. Sections were further
stained by the Periodic Acid-Schiff's (PAS), Ziehl-Neelsen and Sudan Black methods to
control the presence of ceroid pigments and with Prussian blue for iron pigments

(Martoja and Martoja-Pearson, 1970).
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3.2.5 Statistical analysis

Survival and growth data were tested for normality and homogeneity of variances,
not requiring any transformation. Chi-squared test was employed for incidence of
muscular lesions and ceroid pigment. Survival and growth data were treated using one-
way ANOVA. Means were compared by Duncan’s test (P<0.05) using SPSS software
(SPSS for Windows 14.0; SPSS Inc., Chicago, IL, USA, 2005). For analysis of one-way
ANOVA the following general linear model was used:

Yi=m+ D+ e
where Yj; is the mean value of the tank, m is the mean population, D; is the fixed effect of

the diet and e; is the residual error.

3.3 Results

All experimental microdiets were well accepted by larvae. For a given dietary
vitamin E content, increase in dietary DHA significantly reduced larval survival at the end
of the experiment (Figure 3.1), whereas for a given dietary DHA content, elevation of
dietary vitamin E significantly improved total length and resistance to an air exposure
stress (Figures 3.2 and 3.3). Increase in DHA did not improve total length at the lowest
dietary a-TOH contents, but it significantly improved (P=0.003) total length at dietary a-
TOH values of 300 mg 100 g™ (Figure 3.2). Lowest growth was found in larvae fed the
highest DHA levels (5/150). The one way ANOVA analysis showed a significant and
positive effect of the elevation of DHA from 1 to 3%, being larvae fed this later level a 4%
larger. But further elevation of DHA levels up to 5% significantly reduced total length,
being these larvae a 7% smaller. This analysis also showed a positive significant effect

of a-TOH on final total length, being larvae fed with 300 mg a 6% larger.
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Figure 3.1 Survival rate of sea bass fed the experimental diets containing several DHA and a-
TOH contents for 14 days.
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Figure 3.2 Total length and dry weight of sea bass after 14 days of feeding the experimental
diets containing several DHA and a-TOH contents
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Figure 3.3 Survival of sea bass larvae 24 hours after the activity test.

Diets fatty acids compositions were similar in saturated content, whereas they
differed in their monounsaturated and polyunsaturated fatty acids contents (Table 3.2).
Diets containing about 1% DHA (1/150 and 1/300) showed 28.47 % higher monoenoic
fatty acids and 27.79 % higher n-9 fatty acids than diets containing 3 or 5 % DHA (3/150,
3/300 and 5/150) due to the higher oleic acid content in the former diet. Elevation of
dietary DHA also increased n-3, n-3 LC-PUFA and n-6 fatty acids. Total lipid content of
sea bass larvae did not vary among dietary treatments, moreover, fatty acid composition
of the larvae generally reflected the fatty acid composition of the diet (Table 3.3).
However, in larvae fed 1% DHA diets, elevation of a-TOH from 150 to 300 mg 100 g™,
increased EPA in a 12.79 %, n-3 in a 5.20 % and n-3 LC-PUFA in a 5.82 %, whereas in
larvae fed 3% DHA, elevation of a-TOH from 150 to 300 mg 100 g increased

arachidonic acid in a 1.44 %, DHA in a 1.62 % and n-6 in a 23.78 % increase.

Microscopic lesions were observed in skeletal muscle tissues. These lesions
showed a hyaline degeneration characterized by eosinophilic and pale cytoplasm which
lost the normal cytoplasmatic striations and the adjacent nucleous (Figure 3.5, A-B).
Afterwards, cytoplasm became flocculated or granular as the myofibre starts to fragment
(Figure 3.5, C-D). Mononuclear infiltrate, mainly lymphocytes and macrophages

surrounded the affected fibres, crossing the basal lamina and clearing cytoplasmatic
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debris (Figure 3.5, E-F). A higher incidence of muscular lesions was found in larvae fed
lower a-TOH content (1500 mg 100 g™), which was increased by the increase in dietary
DHA up to 5% (Figure 3.6). A lower incidence of muscular lesions was found in fish fed
higher dietary a-TOH diets (300 mg 100 g') (Figure 3.6) showing a 11.6% of the
observed larvae lesions at 48 dph. The incidence of these lesions was increasing along
the experiment as a consequence of feeding the experimental diets. For instance, 13.6%
of larvae fed diet 5/150 presented muscular lesions at 41 dph, increasing up to 34.6% at
48 dph. A negative correlation was found, at the end of the feeding trial, between
percentage of lesions incidence and fish growth (y = -0.0721x + 15.293; R? = 0.8684).

No lesions were found at larvae at the beginning of the feeding trial.
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Table 3.2 Fatty acid composition (% total identified fatty acids) of the experimental diets

Dietary DHA/vitamin E 1/150 1/300 3/150 3/300 5/150
12:0 0.05 0.05 0.04 0.03 0.02
14:0 1.53 1.58 1.27 1.26 0.77
14:1n-7 0.13 0.03 0.10 0.10 0.06
14:1n-5 0.23 0.37 0.17 0.16 0.09
15:0 0.25 0.23 0.26 0.25 0.17
15:1n-5 0.14 0.26 0.12 0.12 0.06
16:01SO 0.06 0.14 0.01 0.06 0.07
16:0 5.71 5.93 6.47 6.40 5.78
16:1n-9 3.39 2.86 2.45 2.45 1.42
16:1n-7 0.17 3.44 0.13 0.13 0.07
16:1n-5 0.09 0.13 0.10 0.09 0.07
16:2n-6 0.51 0.52 0.41 0.40 0.22
16:2n-4 0.06 0.07 0.05 0.08 0.08
17:0 0.22 0.22 0.23 0.27 0.26
16:3n-4 1.17 1.16 0.85 0.84 0.50
18:0 1.17 n.d. 1.88 1.86 2.40
18:1n-9 48.45 50.33 35.63 35.23 20.94
18:1n-7 3.03 3.54 2.31 2.50 2.05
18:1n-5 0.32 0.31 0.24 0.17 0.12
18:2n-6 8.03 8.05 7.71 7.80 7.51
18:2n-4 0.32 0.30 n.d. 0.26 0.19
18:3n-6 n.d. 0.14 n.d. n.d. 0.27
18:3n-3 1.06 1.10 1.07 1.08 1.10
18:4n-3 1.07 1.05 0.96 0.95 0.78
18:4n-1 n.d. 0.11 0.09 n.d. 0.07
20:0 n.d. n.d. 0.17 0.18 0.32
20:1n-9 0.95 0.97 0.97 1.19 1.57
20:1n-7 n.d. n.d. n.d. n.d. 0.14
20:2n-9 n.d. 0.07 0.18 n.d. 0.27
20:3n-9 n.d. 0.10 n.d. 0.13 n.d.

20:4n-6 0.46 1.03 1.30 1.30 1.66
20:4n-3 0.52 0.51 0.57 0.56 0.59
20:5n-3 16.00 15.66 15.05 14.91 13.65
22:1n-11 n.d. 0.15 0.14 n.d. 0.34
22:4n-6 n.d. 0.00 0.85 0.87 1.76
22:5n-3 0.45 0.47 1.05 1.05 1.81
22:6n-3 4.46 4.87 17.14 17.33 32.83
Saturated 8.99 8.16 10.38 10.29 9.79

Monoenoics 56.89 56.62 42.35 42.14 26.93
n-3 23.56 23.66 35.82 35.89 50.75
n-6 9.00 9.74 10.27 10.37 11.41
n-9 52.78 51.76 39.23 38.99 24.21
n-3 LC-PUFA 21.43 21.52 33.79 33.85 48.87
ARA/EPA 0.17 0.38 0.48 0.48 0.68

EPA/DHA 21.06 18.37 4.87 4.74 2.33

Oleic a./DHA 63.75 59.03 11.57 11.19 3.57

Oleic a./n-3 LC-PUFA 13.88 14.01 6.16 6.02 2.52

n-3/n-6 15.34 13.88 19.41 19.05 24.88

Data are means * SD; n.d., not detected
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Table 3.3 Lipid levels (g kg ™) and fatty acid composition (% total identified fatty acid) of total
lipids from sea bass at 34 dph and after 14 days of feeding the experimental diets (48 dph)

Dietary DHAMNit E Initial 1/150 1/300 3/150 3/300 5/150

Total lipids (g kg7) 291+0.0 189+1.9 164+1.9 172+2.1 167+1.1 175+1.0

14:0 0.5+0.1 0.9+0.1 0.8+0.1 0.9+0.1 0.9+0.1 0.7+0.1
14:1n-7 15+0.0 0.1+0.0 0.1+0.0 0.1+0.0 0.1+0.0 0.0+0.0
15:0 0.3+0.1 0.4+0.0 0.2+0.1 0.3+x0.0 0.3+0.0 0.3+0.0
15:1n-5 0.1+0.0 0.2+0.1 0.1+0.1 0.1+0.0 0.1+0.0 0.1+0.0
16:0 19.0+1.2 14.0+2.1 12.1+1.7 14.8+1.4 15.3+2.7 13.9+1.4
16:1n-9 n.d. 0.9+0.1 0.8+0.2 0.8+0.1 0.8+0.1 0.620.0
16:1n-7 2.9+0.21 2.2#0.2 2.0+0.5 1.9#0.2 1.9+0.3 1.3+0.1
16:1n-5 0.2+0.0 0.2+0.0 0.1+0.0 0.1+0.0 0.2+0.0 0.1+0.0
16:2n-6 n.d. 0.5¢0.0 0.5#0.1 0.4#0.1 0.5+0.0 0.3+0.0
16:2n-4 0.2+0.0 0.240.1 0.1+0.0 0.2+0.1 0.2+0.1 0.3+0.1
17:0 0.5+0.0 0.4+0.1 0.4+0.1 0.5+0.1 0.5+0.1 0.5+0.0
16:3n-4 0.1+0.0 0.9+0.1 0.8%0.2 0.8%0.1 0.8+0.1 0.5+0.1
16:4n-3 0.6+0.0 0.6x0.1 0.5+0.1 0.6%0.1 0.6+0.1 0.5+0.0
16:4n-1 0.3+0.0 0.7#0.0 0.6x0.1 0.6+0.0 0.6+0.1 0.4+0.0
18:0 7.3+1.0 6.2#1.0 5.1+0.6 6.5+0.4 6.6+1.2 6.6+0.6
18:1n-9 11.7+4.2 31.243.3 27.5+7.0 26.333.0 26.4+4.1 18.4+2.1
18:1n-7 26+09 4.1+05 3.4+0.8 3.6x0.2 3.7+£0.5 2.0+1.7
18:2n-6 15.7+0.3 5.8#0.2 5.6+0.9 6.0+0.17 5.8+0.5 5.8+0.4
18:2n-4 0.1+0.0 0.240.0 0.2+#0.1 0.3+0.0 0.2+0.0 0.2+0.0
18:3n-6 0.2+0.0 0.2+0.0 0.2+0.0 0.2+0.0 0.2+0.0 0.3+0.0
18:3n-3 1.4+0.0 0.5+0.0 0.5+0.1 0.6%£0.0 0.6+0.0 0.6+0.0
18:3n-1 0.7+0.0 0.1+0.0 0.2+0.0 0.2+0.1 0.1+0.0 0.1+0.0
18:4n-3 n.d. 0.4+0.1 0.5+0.2 0.4+0.0 0.4+0.0 0.4+0.0
20:0 n.d. 0.2¢0.0 0.240.0 0.3%0.0 0.2+0.0 0.3+0.0
20:1n-9 2.1+0.23 2.0+#0.3 1.6x0.4 2.0+0.2 1.9+0.3 2.0+0.2
20:2n-9 n.d. 0.8+0.1 0.7#0.1 0.9%0.0 0.9+0.1 1.0+0.1
20:3n-9 n.d. 0.1+0.0 0.1+0.0 0.1%+0.0 0.1+0.0 0.1+0.0
20:4n-6 1.7¢0.0 2.0+0.3 2.0+0.3 2.2+0.3 2.3+0.3 2.5+0.2
20:4n-3 0.2+0.0 0.3x0.0 0.3x0.1 0.2+0.0 0.2+0.0 0.2+0.0
20:5n-3 7.4+0.0 10.3x3.6 11.6+2.7 8.3+1.8 8.4%+2.2 7.9+1.2
22:1n-11 1.1+0.0 0.1+0.1 0.1+0.0 0.1+0.0 0.1+0.0 0.2+0.0
22:4n-6 0.3+t0.0 0.3+0.0 0.2+0.0 0.8+0.2 0.9+0.2 1.5+0.1
22:5n-3 1.240.2 0.9+0.3 1.0+0.2 0.9+0.2 0.9+0.2 1.0+0.1
22:6n-3 17.7+3.9 11.0+3.7 11.0+3.0 19.0+7.0 19.3+6.9 28.4+6.3
Saturated 27.7+4.2 22.3+3.3 19.0+2.5 23.6x2.0 24.2+4.2 22.7+2.3
Monoenoics 20.4+5.4 41.4+4.4 36.0£8.9 355+4.0 355455 24.9+4.7
n-3 28.5+6.1 24.1+7.8 25.4+6.1 29.9+9.0 27.6+10.6 39.2+7.6
n-6 19.7+0.0 8.8#0.1 8.5#1.2 7.7+3.1 9.6+0.7 10.4%0.2
n-9 13.844.9 34.3%3.7 30.0#7.5 29.3%3.2 29.3¥45 21.0+2.8
n-3 LC-PUFA 26.5+6.5 22.5+7.3 23.9+5.6 28.4+8.8 26.1+10.5 37.6+7.5
ARA/EPA 0.2+0.0 0.2+0.0 0.2+0.0 0.3+0.0 0.3+0.0 0.3+0.0
EPA/DHA 0.4+0.0 0.9+0.0 1.1+0.1 0.4+0.1 0.4+0.0 0.3+0.0
OLA/DHA 0.7¢0.9 3.1+1.2 2.7+1.2 1.5+0.7 1.6+0.8 0.7+0.2
OLA/n-3 LC-PUFA 0440.1 1.6#06 1.3+0.5 1.0+0.4 1.2+0.5 0.5+0.2
n-3/n-6 1.6£0.8 2.7¢+0.9 3.0£0.7 4.9%4.0 2.9+1.3 3.8+0.8

Data are means + SD. Values within the same row bearing different superscript letter are
significantly different (P< 0.05); n.d., not detected. LC-PUFA, long chain polyunsaturated fatty
acid; ARA, arachidonic acid; EPA, eicosapentenoic acid; DHA, docosahexaenoic acid; OLA, oleic
acid
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Figure 3.4 Muscular lesions found in larvae fed diet 5/150 at 48 days old, Haematoxilin & Eosin
staining (x400). A/B- Initial lesion showing fibre swelling (arrows); C/D- Fibres start breaking
down (arrows); E/F- Intense mononuclear infiltrate that traverse the basal lamina of muscular
fibre (arrows).
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Figure 3.5 Incidence of muscular lesions in sea bass feeding the experimental diets containing
several DHA and vitamin E. Larvae were considered injured when some kind of lesion showed in
Figure 3.4 was observed.

Another morphological alteration was observed in the hepatocytes which showed a
pink (H&E) vacuolar intracytoplasmatic pigment (Figure 3.7, A-B). This material stained
Sudan Black and PAS positively, moderately Ziehl-Neelsen and Prussian Blue negative,
suggesting its ceroid nature. A higher incidence of ceroid hepatocytes was found in
larvae fed the low a-TOH content (150 mg 100 g*), which was increased by the rise in
dietary DHA up to 5% (Figure 3.8). A lower incidence was found in fish fed higher dietary
a-TOH diets (300 mg 100 g) (Figure 3.8), hence the highest incidence being found in
fish fed diet 5/150 (40.4%) and the lowest in fish fed diet 1/300 (11.1%) (P=0.002)
(Figure 3.8). The incidence of ceroid pigment was increasing along the experimental
period, observing no pigment at the beginning of the trial, being the 68.7% of the
observed larvae affected at 48 dph. No other morphological alterations or pathologies

were found in liver or any other tissue.
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Figure 3.6 Vacuoles of ceroid pigment (arrows) within hepatocytes fed diet 5/150 at 48 days
old (x400). H&E (A) and PAS (B) staining.
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Figure 3.7 Incidence of ceroid pigment depending on the diets.
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3.4 Discussion

DHA was readily deposited in fish tissues reaching almost 30% of total lipids in
fish fed the highest dietary contents. But, since elevation of dietary DHA markedly
increases peroxidation risks, the higher sea bass mortalities found in fish fed increased
DHA levels suggested the proliferation of free radicals derived from this fatty acid and
the formation of toxic oxidized compounds. Indeed increased DHA multiplies two, four
and eight times the oxidation potential of the diet in comparison to the same increase in
arachidonic, linolenic or linoleic acid, respectively (Zhang and Chen, 1997). Oxidation of
PUFA produces compounds such as fatty acid hydroxyperoxides, fatty acid hydroxides,
aldehydes and hydrocarbons, several of them being toxic, binding to proteins amino
groups, nucleic acid and phospholipid bases and damaging membrane lipids, proteins
and DNA (Frankel, 1998). Thus, lipid peroxidation is highly deleterious in fish, resulting in
damage to cellular and sub-cellular membranes (Puangkaew et al., 2005), structural
proteins and different fish tissues and organs (Watanabe et al., 1970; Moccia et al.,
1984; Sakai et al., 1989; Bai and Lee, 1998). Indeed, in the present study the elevation
of dietary DHA contents up to 5% severely increased the incidence of muscular lesions,
including hyaline degeneration and fragmentation of myofibres, which denoted the
severe damage in both membranes and structural proteins, necrosis and mononuclear
infiltrates. Another pathological finding in sea bass associated to the high dietary DHA
levels was the presence of ceroid pigment within hepatocytes, which has been also
found to be related to an imbalance between anti- and pro-oxidants (Porta et al., 2002). It
has been shown that the presence of ceroid pigments can be used as an estimation of
lipid peroxidation as it is usually associated to other consequences of oxidative stress
(Moccia et al., 1984; Sakai et al., 1998).

Both muscular distrophy and ceroid pigment deposits have been described
among the symptoms of deficiency in a-TOH (Lovell et al., 1984; Gatlin et al., 1986;
Frischknecth et al., 1994; Bowater and Burren, 2007), which being a fat-soluble vitamin it
is deposited in the lipid fraction of tissues, including biomembranes, and plays an
important role in protecting them from lipid peroxidation. In the present study, elevation
of dietary a-TOH levels markedly reduced the incidence of these symptoms in sea bass,
increasing the fish tissue content in several PUFAs, which denotes the antioxidant and
protective role of this vitamin, and improving survival. Moreover, an increase in PUFA
could be seen in fishes fed with diets deficient in a-TOH (Baker and Davies, 1996; Bell et

al., 2000). The cause of this phenomenon is not clear, but it is likely that a-TOH has an
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effect on fatty acids desaturation and elongation (Mourente et al., 2007). The kind and
degree of incidence of muscular lesions associated to dietary a-TOH imbalances differ
among fish species, nutritional status, age, size, diet quality and feeding period (Moccia
et al., 1984). For instance, a-TOH liver storage can greatly prevent the development of
this pathology in rainbow trout (Cowey et al., 1981) and young Atlantic salmon showed
severe muscular dystrophy when fed a a-TOH deficient diet (Poston et al., 1976),
whereas this type of lesion could not be found in bigger fish (Bell et al., 1985). On the
other hand, it is known that DHA is a significant component of the cell membrane
phospholipids of the skeletal muscle (Infante, 1987; Salem et al., 2001) and is profoundly
susceptible to oxidative stress (Song et al., 2000). It has been suggested that DHA-
containing phospholipids are important for very active Na’K'ATPase (Else and Wu,
1999) and Ca**ATPase (Infante, 1987; Infante et al., 2001) in muscle. This increased
metabolism probably results in a greater consumption of oxygen, being these
phospholipids important substrates for damage by the free radicals (Hulbert et al., 2002).
These data could explain the fact that the adverse effects of a DHA/a-TOH imbalance

are seen before in the muscular tissue than in any other localization.

The present study suggests that larvae and very young marine fish are very
sensitive to oxidative imbalances what is probably related to several factors such as the
high water resorption which occurs during this later period of metamorphosis, the high
oxidative metabolism, fast growth or the high requirements for PUFAs (Fontagné et al.,
2006; Fontagne et al,. 2008). In addition, it is possible that larval marine fish may not
have sufficiently well- developed antioxidant capability, as many of their biological and
physiological systems are poorly developed (Mourente et al., 1999b). Thus, a too high
elevation of dietary PUFA, and particularly DHA, may easily cause an oxidative
imbalance in this very young fish even when a-TOH is supplied in high amounts in the
diet as in the present experiment, increasing the anti-oxidant requirements. In fact,
copepods, natural preys for these fish have a very high content of several antioxidant
nutrients such as a-TOH, Se, vitamin C, phospholipids or carotenoids (Hamre et al.,
2008a). Moreover, muscular lesions in such a young larvae could interfere in the normal
development of larvae, increasing the potential to develop skeleton deformities. Rainbow
trout fry syndrome, characterized by several pathologies including muscle degeneration,
has been also associated with an increased incidence of vertebral deformities (Madsen
and Dalsgaard, 1999).

Ceroid pigment within hepatocytes has been associated with numerous

pathological conditions in which the main pathogenic factor is the deficiency of a-TOH or
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imbalances between anti- and pro-oxidants. In this study ceroid pigment did not affect
extensively the liver denoting the mildness of the pathology, since fish given diets
containing rancid oil show severe ceroidosis in addition to myopathy (Miyazaki, 1995).
Moreover, in acute cases ceroid deposits are found mainly in Kupffer cells and
secondarily inside of hepatocytes (Lovell et al., 1984; Lewis et al., 1985) since
hepatocytes containing ceroid pigments are phagocytized by Kupffer cells and
macrophages, as it has been shown in liver of other animal species (Elleder et al., 1995;
Terman and Brunk, 1998; Isobe et al., 2008). In sea bass, this process was not complete
and ceroid pigments were directly found in the hepatocytes what could be related to a
milder affection denoted by the low incidence, the appearance only in restricted areas of
the liver and the lack of affection in other tissues. The presence of this pigment
exclusively in the liver could be due to the active lipid metabolism and accumulation in
this organ, which might motivate the lipid peroxidation and consequently the ceroid

pigment deposition.

Evolution of a-TOH content in sea bass body along larval development shows a
steady increase from the first days of feeding until the end of metamorphosis (Guerriero
et al., 2004), suggesting the high requirement of a-TOH during early development. In the
present study, the best growth was performed by fish larvae fed diets containing 300 mg
100 g* DW a-TOH. Similarly, elevation of dietary a-TOH levels from 50 mg 100 g™* to
300 mg 100 g™ in microdiets, significantly improves growth of larval gilthead sea bream
(Atalah et al., 2011). Growth improvement by dietary a-TOH elevation has been also
found in juveniles of Atlantic salmon (Salmo salar) (Hamre et al., 1994) or rainbow trout
(Onchorhynchus mykiss) (Cowey et al. 1984; Frischknecht et al., 1994). In juvenile
gilthead sea bream, increase in a-TOH dietary contents improves growth particularly
when oxidized oils are present in the diet (Tocher et al. 2003), associating once more the
beneficial effect of a-TOH to their antioxidant properties. However, Puangkaew et al.,
(2005) noticed that in rainbow trout high doses of dietary a-TOH did not promote growth,
denoting the interaction between dietary n- 3 LC-PUFA and a-TOH. In this sense, in the
present study, sea bass larvae fed diets containing 300 mg 100 g* o-TOH showed a
significant improvement in growth when dietary DHA was raised from 1 to 3 %. DHA is
an essential fatty acid for fish growth (Watanabe et al., 1989; Watanabe, 1993;
Izquierdo, 1996), as it is incorporated in cell membrane regulating membrane integrity
and function (lzquierdo, 2005). Nevertheless, the positive effect of a-TOH on fish growth
is not only related to its antioxidant properties, but also to other functions of this molecule
in cellular metabolism, signal transduction (Traber and Parker, 1995) or modulation of

eicosanoid synthesis (Cornwell and Parganamala, 1993).
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Finally, sea bass fed high a-TOH also showed a significantly improved stress
resistance. In gilthead sea bream, increase in a-TOH enhanced resistance to both
chronic and acute stress (Montero et al., 2001), the fish fed higher a-TOH showing lower
post-stress plasma cortisol levels (Montero et al., 1998). The addition of dietary a-TOH
has been also shown to increase stress resistance in mammals as showed by the

decrease in plasma corticosteroids (Watson and Petro, 1982; Mudron et al., 1996).

In summary, elevation of dietary DHA increased DHA deposition in sea bass
tissues increasing peroxidation risks and causing increased mortalities and incidence of
muscular and hepatic lesions. However, increase in dietary a-TOH markedly reduced the
incidence of these symptoms in sea bass, protecting PUFA from oxidation and improving
growth and survival after activity test. Elevation of dietary a-TOH levels up to 300 mg
100 g™ significantly improved fish growth in terms of total length. Finally, sea bass fed

high vitamin E also showed a significantly improved stress resistance.
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Chapter 4

Oxidative status and histological changes in sea bass larvae

muscle in response to high dietary content of DHA

This study is in press at Journal of Fish Diseases as Betancor et al. (2012)

ABSTRACT

Keywords:
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larvae

oxidative stress
DHA

muscle dystrophy
ultrastructure

In previous studies we observed dystrophic alterations in muscle of 48
day-old sea bass fed imbalanced DHA and vitamin E diets. In order to
better understand the whole pathological process associated to
oxidative stress, a deeper histological study was performed feeding 14
day-old sea bass larvae with microdiets containing different ratios of
DHA/vitamin E (1/150, 5/150 and 5/300). Larvae fed diet 1/150 showed
no lesions in contrast to larvae fed diet 5/150 and 5/300 where the
highest incidence of muscle lesions and TBARS content was observed.
Semithin sections showed focal lesions consisted of degenerated fibres
with  hypercontracted myofilaments and extensive sarcoplasm
vacuolization affecting both red and white muscle. Ultrathin sections of
these degenerating muscle fibres showed diffuse dilatation of
sarcoplasmic reticulum, disorganized myofilaments and autophagic
vacuoles eventually containing myelin figures and dense bodies. In
addition, some monocyte - macrophage cells were observed among
injured fibres as numerous satellite cells. The results of the present
work reinforced the conclusions observed in our previous study and
demonstrate the pathological potential of free radicals in sea bass
larvae musculature, which could not be attenuated by dietary vitamin E.
The implication of other nutrients related to cell protection against

oxidative stress is being studied at present.
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4.1 Introduction

It is widely known that marine fish larvae have higher requirements of
docosahexaenoic acid (DHA; 22:6n-3) than juveniles (LeMillinaire, 1984; Hernandez-
Cruz et al., 1999; Mourente et al., 1999a; lzquierdo, 2005) to reach a good culture
performance in terms of growth and survival (Mourente et al., 1993; Brinkmeyer and
Holt, 1998; Furuita et al., 1998; Copeman et al., 2002; Liu et al., 2002) and stress
resistance (Watanabe and Kiron, 1994; Kanazawa, 1997). Moreover, these high
requirements are reflected in the large larval DHA content, accounting for 30% of the
total larval tissue fatty acid. Due to the high unsaturation of this fatty acid, it is very
susceptible to lipid peroxidation. Thus, larval tissues may be more at risk of suffering

peroxidative attack than adult tissues (Hamre et al., 2010).

Lipid peroxidation may be initiated by any reactive oxygen species (ROS) that
has sufficient reactivity to substract a hydrogen atom from a polyunsaturated fatty acid
(PUFA) side chain in membrane lipids (Aruoma, 1998). ROS are continuously
produced as byproducts of various metabolic pathways in all organisms. To counter its
potentially deleterious effect an array of endogenous and exogenous antioxidant
mechanisms has evolved (Yu, 1994). The endogenous antioxidants comprise of a
series of enzyme scavengers of oxyradicals and other free radicals. Among exogenous
antioxidants, vitamin E-type compounds may be widely regarded as primary lipid-
soluble antioxidants (Wang and Quinn, 1999), as they are present among the lipid
constituents of cell membranes and lipoproteins. These compounds are not produced
by animals and must be obtained from the diet. It is therefore important to supplement
marine fish larval diets with vitamin E (Hamre et al., 2010), as the requirement of this
vitamin must increase in diets containing high concentrations of PUFA (Stéphan et al.,
1995; Atalah et al., 2010).

When an imbalance between the generation and removal of ROS by cellular
defences occurs a status of oxidative stress takes place. This status may lead to the
oxidation of various cellular constituents like lipids, proteins or DNA. Such condition
may lead to acute cellular dysfunction, chronic tissue degeneration or even cell death if
such changes accumulate (Rando, 2002). In fish some diseases have been related to
free radical damage such as hemolysis (Kawatsu, 1969), anaemia (Cowey et al.,
1984), jaundice (Sakai et al., 1989), liver degeneration (Cowey et al., 1984) or skeletal
alterations (Watanabe et al., 1989; Lewis-McCrea and Lall, 2007). Among these

skeletal alterations, one of the most described in fish juveniles and adults is muscular
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dystrophy (Lovell et al., 1984; Gatlin et al., 1986; Frischknecht et al., 1994; Bowater
and Burren, 2007). This muscular disorder has been associated to a vitamin E
deficiency (Bowater and Burren, 2007), suggesting the importance of this nutrient in the

prevention of in vivo peroxidation.

In a previous study, an increase in the incidence of muscle lesions was observed
in sea bass larvae, Dicentrarchus labrax, fed increasing levels of DHA, particularly
when vitamin E levels were low (Chapter 3). Several reasons may explain the higher
susceptibility of muscular tissues to free radical injury. For instance, muscle is prone to
oxidative injury as a result of increased electron flux due to its requirement and ability
to undertake rapid and coordinated changes in energy supply and oxygen flux during
contraction (Haycock et al., 1996). There is also a very high concentration of myoglobin
in muscle, and it is known that such a heme — containing protein may confer a greater
sensitivity to free radical induced damage through the conversion of hydrogen peroxide
to more reactive species (Ostdal et al., 1997). Finally, the requirement of skeletal
muscle membranes for phospholipids containing large proportions of polyunsaturated
fatty acids may render those membranes particularly susceptible to oxidative stress
(Murphy and Kehrer, 1989).

The objective of the present study was to evaluate the oxidative status and the
structural changes in sea bass larvae musculature resulting from the use of different

dietary DHA and vitamin E ratios.

4.2 Materials and methods

4.2.1 Fish

The experiment was carried out at the Instituto Canario de Ciencias Marinas
facilities (Telde, Canary Islands, Spain). Sea bass, Dicentrarchus labrax, larvae were
obtained from natural spawnings from the Instituto de Acuicultura de Torre de la Sal
(Castellon, Spain). Prior to the start of the feeding experiment, larvae were fed
enriched yeast-fed rotifers until they reached 14 days post hatching. Larvae (total
length 7.55 + 0.55 mm, dry body weight 0.20 £0.00 mg) were randomly distributed into
the experimental tanks (n=12) at a density of 1000 larvae tank™ and fed one of three
experimental diets in quadruplicate, for 21 days, at a water temperature of 19.5 to

20°C. All tanks (170 L light grey colour cylinder fibreglass tanks) were supplied with
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filtered sea water (34 ppm salinity) at an increasing rate of 1.0 - 1.5 L min™* during the
feeding trials. Water entered the tank from bottom to top. Water quality was tested daily
and no deterioration was observed. Water was continuously aerated (125 ml min™),

attaining 5-8 g L™ dissolved O, and saturation ranged between 60 and 80%.

4.2.2 Diets

Three isonitrogenous and isolipidic experimental microdiets (pellet size<250 ym)
similar in their eicosapentaenoic acid (EPA; 20:5n-3) content but different in DHA and
vitamin E content were formulated (Table 1) using concentrated fish oils EPA500 and
DHA500 (CRODA, East Yorkshire, England, UK) as sources of EPA and DHA. Vitamin
E (DL- a- Tocopherol Acetate; Sigma-Aldrich, Madrid, Spain) was tested in 150 and
300 mg 100g™ dry weight (DW) contents and DHA in 1 and 5 g 100 g* DW, giving 3
different diets depending on their DHA/vitamin E ratio (1/150, 5/150 and 5/300). The
protein source (squid meal) was defatted 3 times with a chloroform:squid meal ratio of
3:1 (viv) to allow complete control of the fatty acid profile of the microdiet. The
microdiet based on defatted squid meal (2.6% lipid content), EPA500 and DHA500
were added in different quantities to obtain the desired ratios. Oleic acid was added to
equalize the lipid content in each diet (Table 1). The microdiets were prepared
according to Liu et al. (2002) by first mixing the squid powder and water soluble
components, followed by lipid and fat soluble vitamins and finally, warm water solved
gelatine. The paste was pelleted (Severin, Suderm, Germany) and oven dried at 38 °C
for 24 h (Ako, Barcelona, Spain). Pellets were ground (Braun, Kronberg, Germany) and
sieved (Filtra, Barcelona, Spain) to obtain particle sizes below 250 um. Diets were
analyzed for proximate and fatty acid composition of dry basis. Diets were manually
supplied every 45 minutes from 9:00 to 19:00h. The amount of feed supplied was 2, 2.5

and 3 g tank™ per day during the first, second and third week of feeding respectively.

4.2.3 Growth and survival

Before the end of the experiment a vitality test was conducted by handling 20
larvae/tank out of the water in a scoop net for 1 minute. Larvae were subsequently
allocated into another tank supplied with clean seawater and aeration to determine
survival after 24 hours. Final survival was calculated by individually counting all live

larvae at the beginning and at the end of the experiment. Growth was determined by
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measuring dry body weight (105 °C 24 hours) and total length (Profile Projector V-12A
Tokyo, Nikon) of 30 fish tank™ at the beginning, middle and end of the trial.

Table 4.1 Main lipid ingredient composition and analyzed lipid, protein and vitamin E contents
of the experimental diets.

Dietary DHA/vitamin E 1/150 5/150 5/300
EPA g kg™ (DW)* 26.25 17.85  18.32
DHA g kg™ (DW)* 7.28 37.4 38.9
Vitamin E mg kg™ (DW) 1480 1530 2970
Oleic acid (DW)* 84.2 53.02  50.91
Lipid (DW) 15.70 16.30  15.52
Protein (DW) 65.71 65.59 66.00
Humidity (%) 11.16 11.48 9.99

4.2.4 Biochemical analysis

At the end of the trial, remaining larvae in each tank were washed with distilled
water, sampled and kept at -80°C for biochemical composition and TBARS analysis,
following a 16 hour starvation period. Moisture, protein (A.O.A.C. 1995) and lipid
(Folch, Lees and Stanley 1957) contents of larvae and diets were analyzed. Fatty acid
methyl esters were obtained by transmethylation of total lipids as described by Christie
(1982) separated by GLC, quantified by FID (GC -14A, Shimadzu, Tokyo, Japan) under
the conditions described in Izquierdo et al., (1992) and identified by comparison to

previously characterized standards and GLC-MS.

The measurement of thiobarbituric acid reactive substances (TBARS) in triplicate
samples was performed using a method adapted from that used by Burk et al., (1980).
Approximately to 20-30 mg of larvae per sample was homogenized in 1.5 ml of 20%
trichloroacetic acid (w/v) containing 0.05 ml of 1% BHT in methanol. To this 2.95 ml of
freshly prepared 50mM thiobarbituric acid solution was added before mixing and
heating for 10 min at 100°C. After cooling and removing protein precipitates by
centrifugation (Sigma 4K15, Osterode am Harz, Germany) at 2000 X g, the
supernatant was read in a spectrophotometer (Evolution 300, Thermo Scientific,
Cheshire, UK) at 532 nm. The absorbance was recorded against a blank at the same
wavelength. The concentration of TBA-malondialdehyde (MDA), expressed as pmol

MDA per g of tissue, was calculated using the extinction coefficient 0.156 pM™ cm™.
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4.2.5 Histopathological sampling

Thirty larvae from each tank were collected every seven days from the
beginning of the feeding trial, fixed in 10% buffered formalin for 1 or 2 days, dehydrated
through graded alcohols, then xylene and finally embedded in paraffin wax. Six paraffin
blocks containing 5 larvae per tank were sectioned at 3 pm, before stained with
Haematoxilin and Eosin (H&E) for histopathological evaluation (Martoja and Martoja-
Pearson, 1970). To determine the incidence of muscular lesions all larvae were
observed, such that when a single muscular lesion was present the larva was
considered as injured. Results are expressed as injured larvae in relation to total

observed larvae.

Ten larvae per tank were fixed for 24 hours at 4°C in 2.5% glutaraldehyde in 0.2
M phosphate buffer (pH 7.2). Samples were then rinsed in phosphate buffer and post-
fixed for 1 hour in 2% osmium tetraoxide in 0.2 M potassium ferrocyanide. Each larva
was then embedded in an Eppon/Araldite resin block. Serial transverse and
longitudinal larvae thick sections were cut at 1 um, contrasted with toluidine blue and
examined under light microscopy (Hoffman et al., 1983). Ultra-thin sections were cut at
50 nm and stained with lead citrate before observing with a ZEISS EM 910 (Berlin,
Germany) transmission electron microscope (TEM) at the Electron Microscope Service

of University of Las Palmas de Gran Canaria.

4.2.6 Statistical analysis

Survival and growth data were tested for normality and homogeneity of variances
with Levene’s test, not requiring any transformation. Chi-squared test was employed
for incidence of muscular lesions and TBARS content. Survival and growth data were
treated using one-way ANOVA. Means were compared by Duncan’s test (P<0.05)
using SPSS for Windows statistical software, Version 14.0 (SPSS Inc., Chicago, IL,
USA, 2005). For analysis of one-way ANOVA the following general linear model was
used:

Yi=m+ D+ e
where Yj is the mean value of the tank, m is the mean population, D; is the fixed effect

of the diet and e; is the residual error.
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4.3 Results

All experimental diets were well accepted by larvae. Dietary increase of either
DHA or vitamin E alone did not significantly affect larval growth, whereas raising both
nutrients in diet 5/300 significantly improved the final total length in comparison to diet
1/150 (Figure 4.1). A positive correlation was found between n-3 LC-PUFA larval
content and total length (y = 0.0671 + 6.6688; R* = 0.8127). No significant differences
were observed in neither the final dry weight nor survival at the end of the experiment

or following the activity test.

Dietary fatty acids compositions were similar in saturated content, whereas diets
containing about 1% DHA (1/150) showed higher monoenoic fatty acids than diets
containing 5% DHA (5/150 and 5/300), due to the higher oleic acid content in the
former diet (Table 4.2). Elevation of dietary DHA (5/150 and 5/300) increased n-3 and
n-3 LC-PUFA fatty acids contents. Fatty acid composition of the larvae generally
reflected the fatty acid composition of the diet (Table 4.3). However, in larvae fed 5%
DHA diets, the elevation of vitamin E from 150 to 300 mg 100g™ increased by 10.43%
n-3 LC-PUFA and 17.46% EPA in larvae fed diet 5/300 compared to larvae fed 5/150.

The level of lipid peroxides, as indicated by TBARS content (umol g™* larval

tissues), was significantly higher in those larvae fed diets with the highest DHA content

regardless of dietary vitamin E (Figure 4.2).
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Table 4.2 Main fatty acids (% total identified fatty acids) of experimental diets fed to European
sea bass for 21 days

1/150 5/150 5/300
14:0 0.45 0.35 0.36
15:0 0.02 0.07 0.07
16:01SO 0.00 0.04 0.05
16:0 7.43 6.94 6.97
16:1n-7 0.28 0.51 0.51
16:1n-5 0.02 0.04 0.03
16:2n-6 0.05 0.10 0.10
16:2n-4 0.12 0.28 0.29
17:0 0.08 0.12 0.12
16:3n-3 0.04 0.09 0.09
16:4n-3 0.07 0.03 0.04
18:0 1.76 3.44 3.44
18:1n-9 49.58 31.19 29.95
18:1n-7 0.54 0.47 0.72
18:1n-5 0.31 0.26 0.04
18:2n-9 0.23 0.17 0.06
18:2n-6 13.47 10.71 10.52
18:2n-4 0.14 0.11 0.09
18:3n-6 0.05 0.23 0.22
18:3n-4 0.04 0.09 0.09
18:3n-3 0.80 0.87 0.85
18:3n-1 0.04 n.d n.d.
18:4n-3 1.05 0.57 0.61
18:4n-1 0.12 0.05 0.06
20:0 0.16 0.57 0.59
20:1n-9+7 0.68 2.59 2.62
20:1n-5 0.05 0.37 0.31
20:2n-9 0.08 0.10 0.06
20:2n-6 0.07 0.37 0.38
20:3n-6 0.12 0.15 0.16
20:4n-6 1.00 1.76 1.90
20:3n-3 0.07 0.27 0.28
20:4n-3 0.48 0.53 0.55
20:5n-3 15.44 10.20 10.47
22:1n-11 0.34 0.79 0.83
22:1n-9 0.20 0.62 0.60
22:4n-6 0.01 0.06 0.07
22:5n-6 0.05 1.43 1.49
22:5n-3 0.36 1.44 1.51
22:6n-3 4.16 22.00 22.90
Saturated 9.90 11.50 11.55
Monoenoics 52.00 35.77 34.29
n-3 FA 22.47 35.99 37.29
n-6 FA 14.82 14.81 14.85
n-3 LC-PUFA 20.51 34.44 35.70
n-3/n-6 1.52 2.43 2.51

n.d., not determined. FA, fatty acids; LC-PUFA, long chain polyunsaturated fatty acids
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Table 4.3 Lipid levels (g kg™") and main fatty acid compositions of total lipids from sea bass
larvae fed experimental diets for 21 days (% total identified fatty acid)

Initial 1/150 5/150 5/300
Total lipids (g kg™) 287+0.0 188+1.7 170+1.9 168+2.1
14:0 1.1+0.0 0.5+0.1 0.5+0.1 0.5+0.0
15:0 0.2+0.1 0.5+0.3 0.4+0.2 0.4+0.2
16:0 16.4+3.3 14.4+1.2 15.6+3.7 13.8+0.4
16:1n-7 9.7+1.7 0.7+0.2 0.8+0.1 1.6+0.4
16:1n-5 0.5+0.0 0.2+0.1 0.2+0.0 0.3+0.0
16:2n-6 0.9+0.1 0.3+0.0 0.4+0.0 0.4+0.0
16:2n-4 0.9+0.0 0.5+0.1 0.7+0.2 0.7+0.0
17:0 1.0+0.0 0.2+0.0 0.3+0.0 0.3+0.0
16:4n-3 0.4+0.1 0.5+0.1 0.4+0.0 0.5+0.1
16:4n-1 0.2+0.0 0.620.1 0.2+0.0 0.3+0.1
18:0 7.4+0.8 8.7+0.5 9.842.5 8.2+0.2
18:1n-9 16.1+2.1 26.1+2.3% 17.4+1.1% 16.2+0.1°
18:1n-7 6.320.4 2.1+0.3 2.0+0.4 2.3+0.2
18:1n-5 0.6+0.1 0.2+0.0 0.2+0.1 0.2+0.0
18:2n-6 3.7+1.1 7.8+1.2 5.0+0.0 4.9+0.2
18:3n-3 0.8+0.1 0.3+0.1 0.4+0.0 0.4+0.1
20:0 0.2+0.1 0.3+0.0 0.6+0.2 0.4+0.0
20:1n-9 2.0+0.3 2.3+0.2 2.4+0.2 2.2+0.1
20:1n-5 0.5+0.2 0.1+0.0 0.2+0.0 0.2+0.0
20:2n-6 0.7+0.5 0.9+0.1 1.0+0.1 1.0£0.1
20:4n-6 3.3+0.7 2.8+0.1 3.3+0.1 3.4+0.1
20:5n-3 7.6+0.3 9.5+0.6 6.3+1.4" 7.4+0.4°
22:1n-9 0.3+0.0 0.3+0.0 0.4+0.1 0.6+0.0
22:5n-6 0.6+0.2 0.40.1 1.2+0.2 1.3+0.0
22:5n-3 1.6+0.2 1.3+0.1 0.8+0.2 1.0+0.0
22:6n-3 14.2+4.2 16.8+3.0 27.2+7.5 29.4+2.7"
Saturated 26.2+3.3 24.6+2.2 27.2+4.8" 23.7+0.4°
Monoenoics 36.6+2.7 32.0+3.2 20.7+2.3 24.0+0.9
n-3 FA 25.4+3.4 28.4+3.7 35.8+8.7° 39.1+2.0°
n-6 FA 9.7+1.1 4.5+0.2 5.8+0.1 6.620.6
n-3 LC-PUFA 23.7+2.1 27.73.6 34.5+6.5 38.1+2.1"
n-3/n-6 2.620.7 6.4+0.8 6.2+0.9 5.9+0.8

Each value represents mean + SD (n=12). * P < 0.05, ** P < 0.005 versus larvae fed diet 1/150.

Histopathological examination revealed segmental necrosis affecting the axial
musculature in studied fish larvae (Figure 6.3). The earliest recognizable stage in
necrosis was the swelling of affected muscle fibres, which stood up in sharp contrast to
the adjacent fibres that were often displaced by pressure (Figure 6.3A). In addition,
affected fibres showed typical features of hyaline degeneration as marked eosinophilia,
loss of striations and marked oedema (Figure 4.3, A and C). Necrotic fibres were
phagocytized by macrophages (Figure 4.3, B and D) which first appeared at the
periphery of affected fibres. The incidence of these muscular lesions at the end of the
experimental period was higher in those dietary treatments containing 5% of DHA,
whereas no lesions were found in larvae fed 1% of DHA (Figure 4.4). The increase in

vitamin E content from 150 to 300 mg did not reduce the incidence of muscle injuries,
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with muscular lesions increased through the experimental period. Moreover, a positive
correlation was found at the end of the feeding trial between the TBARS content and

the incidence of muscular lesions (y = 0.0408 — 4.781; R? = 0.9122).
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Figure 4.1 Total length of sea bass larvae (35 dph) following 21 days of feeding the
experimental diets containing different DHA and vitamin E contents. Each value represents

mean * SD (n=120).
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Figure 4.2 TBARS content in sea bass larvae larvae (35 dph) following 21 days of feeding the
experimental diets containing different DHA and vitamin E contents. Each value represents

mean * SD (n=12).
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More detailed features of these lesions could be observed in thick sections
(Figure 4.5). Although not all muscle fibres were affected, both the red and white
muscle were involved. A marked oedema was observed between muscular fibres,
observing the loss of the normal myotome architecture (Figure 4.5, A and B).
Transversal sections showed a great variation in the size of individual fibres, some of
which presented a dark cytoplasm most probably related to myofilament concentration.
Necrotic fibres showed protein coagulation in their sarcoplasm as well as irregular

staining (Figure 4.5, C). Additionally, clear vacuoles could be observed inside some

muscular fibres that apparently did not show any other alteration (Figure 4.5, A and B).

Figure 4.3. Muscular lesions found in sea bass larvae fed diets 5/150 and 5/300 at 35 dph,
longitudinal sections, haematoxylin and eosin staining. (A) Swollen portion of a muscular fibre
(*), partially fragmented showing eosinophilic cytoplasm and the presence of some
macrophages (arrow). (B) Muscular debris (arrow) surrounded by a severe inflammatory
infiltrate (*) undergoing phagocytic removal. (C) More detailed feature of necrotic fibre showed
in Figure 3A where presence of flocculated cytoplasm and partial fragmentation (arrow) can be
appreciated. A marked oedema can be appreciated (arrowhead). (D) Macrophages aggregate
(*) phagocytosing necrotic muscle fibre. SK, skin; NT, notochord.
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Figure 4.4 Incidence of muscular lesions (%) after 3 weeks of feeding the experimental diets.
Each value represents mean = SD (n=120).

Figure 4.5 Sea bass larvae fed diets 5/150 and 5/300 transversal thick sections, toluidine blue
staining. (A and B) We can observe loss of regular architecture and oedema (arrow) between
red (RF) and white fibres (WF), vacuoles (V) inside affected muscle fibres and swollen cells
(*).(C and D) More detailed features of necrotic fibres are showed, observing the irregular
staining of the sarcoplasm due to the presence of hypercontraction bands (arrow).
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Figure 4.6 Electro micrographs of 35 dph sea bass larvae fed diets 5/150 and 5/300. (A)
Different size between muscle fibres is evident, as well as the lost of continuity between them.
Dilatation of sarcoplasmic reticulum (*) is observed, leading to the formation of vacuoles (v)
within sarcoplasm. As well, two macrophages cells are present (m). (B and C) Detail of

macrophages attached to different muscle fibres.
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Figure 4.7 (A) Normal (MF) and disorganized (disMF) myofilaments inside a mildly affected
muscle fibre. (B) Presence of a sarcoplasmic halo in the periphery of the fibre which was almost
completely devoid of myofibrils and mitochondria.

Sections examined at TEM level revealed irregular size and shape of fibres and
loss of continuity between them (Figure 4.6, A). It seems that one of the first alterations
would be the swelling of organelles, such as sarcoplasmic reticulum (Figure 4.6, A).
This change could lead to the rupture of the cisternae of endoplasmic reticulum and the
formation of large translucent vacuoles within the sarcoplasm (Figure 4.6, A). This
series of alterations is defined as hydropic degeneration. Macrophages containing
cellular debris and numerous lysosomes were observed in severely affected fibres
(Figure 4.6, A). Some fibres presented disarrangement of the myofilaments (Figure 4.6,
B) as well as sarcoplasmic “halos” devoid of myofibrils and mitochondria (Figure 4.6,
C). Autophagic vacuoles were frequently noticed inside affected fibres (Figure 4.7, A)
just like numerous myelin figures (Figure 4.7, B and C), as a result of intracellular lipid
peroxidation. Fragmentation of affected fibres was observed with subsequent
degeneration of the fragments and disintegration of myofilaments (Figure 4.7, B and
C). Finally, frequent satellite cells were observed in sea bass larvae fed diet 5/300

(Figure 4.7, D). No morphological signs of apoptosis were observed.
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Figure 4.8 Electron micrographs of transversal (A and D) and longitudinal (B and C) sections
of sea bass larvae fed diets 5/150 and 5/300. (A) Affected fibre presenting an autophagic
vacuole (av) within its sarcoplasm, adjacent to the nucleus (N). (B) Presence of numerous
myelin figures (arrow) in a degenerated muscular fibre. (C) Fragmentation of an affected muscle
fibre (arrow) surrounded by myelin figures. (D) Presence of muscular satellite cells (S) between
muscle fibres.

109



High DHA alters sea bass larvae muscle

4.4 Discussion

The results of this study determine the muscle response to high levels of dietary
DHA. As expected, the different dietary fatty acid compositions were reflected in the
fatty acid compositions of larval tissues. Thus, diets high in DHA resulted in increased
levels of n-3 LC-PUFA, particularly DHA, whereas diets with a low DHA inclusion
resulted in high larval contents of oleic acid. Therefore, the potential for lipid
peroxidation was theoretically higher in larvae fed diets containing 5% of DHA due to
its high unsaturation. Oxidation products may potentially lead to suppressed growth
(Hung et al., 1981; Murai et al., 1988; Koshio et al., 1994; Baker and Davies, 1997,
Fontagné, et al., 2006). Thus, growth in 5/150 larvae which did not significantly differ
from that of 1/150 larvae could have been suppressed by oxidation products. However,
elevation in vitamin E in 5/300 larvae, despite not completely preventing oxidation, lead
to a significantly higher n-3 LC-PUFA content in larval tissues and allowed for growth
promotion. Similarly, in juvenile gilthead sea bream, an increase in vitamin E dietary
content improves growth particularly when oxidized oils are present in the diet (Tocher
et al., 2003), further demonstrating the beneficial effect of vitamin E to their antioxidant
properties. In this sense the inclusion of high levels of vitamin E (300mg/100g) in sea
bream, Sparus aurata, larval microdiets improved larvae performance in terms of

growth and survival, especially when supplemented with vitamin C (Atalah et al., 2010).

TBARS were significantly influenced by dietary DHA levels, being significantly
increased in sea bass larvae fed the highest dietary DHA content, irrespective of
vitamin E content suggesting its ineffective protective role against oxidation. Moreover,
TBARS values obtained in the present work are quite elevated compared to other
studies in sea bass adults and juveniles exposed to different pollutants (Passi et al.,
2004; Almeida et al., 2010). The fact that TBARS values were higher in the present
study could be due to the poor activity of the antioxidant system in fish larvae.
Mourente et al. (1999b) for example, found a decrease in TBARS values during early
Dentex dentex development probably due to an enhancement of the antioxidant
systems or an increased excretion rate. A reduction in TBARS value could be expected
when vitamin E contents are increased in diets containing high DHA levels (Stéphan et
al., 1995). However, there are several other antioxidants involved that could contribute
to reduce aldehyde production in fish (Bell and Cowey, 1985; Nakano et al., 1999;
Hidalgo et al., 2002).
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In mammals, many studies have focused on the relation between oxidative
stress and cell damage (Kannan and Jain, 2000; Kowaltowski et al., 2001; Lin and
Beal, 2006), particularly aging and neurodegenerative diseases, although the effects of
free radicals on muscular cells are not well studied. However, some studies have
focussed on the potential role of free radicals in genetic muscular dystrophies (Rando,
2002). For example, it has been observed that vitamin E deficiency in animals leads to
muscle degeneration with pathologic characteristics very similar to those of muscular
dystrophies (Kakulas and Adams, 1966; Hadlow, 1973; Bradley and Fell, 1980). Many
of the typical pathological features of genetic muscle disorders, such as peripheric
sarcoplasmic halos (Farkas et al., 1974), have been observed in sea bass larvae
muscle, supporting the idea that the mechanism of muscle injury is the same as in

mammalian genetic muscular dystrophies.

Lesions observed by optical microscopy are similar to those found in our
previous work (Chapter 3), corroborating the pathological effect of excess dietary DHA
in the appearance of muscular lesions. Moreover, the increase in dietary levels of
vitamin E reduced the incidence of these muscular lesions (Chapter 3). However, this
beneficial effect of vitamin E was not observed in the present study when 5% of DHA
was included in the diet, suggesting that the addition of vitamin E alone as an
antioxidant is not enough to control lipid peroxidation when high levels of DHA are
included in fish larvae diets. For example, it has been well studied that vitamin E has a
sparing effect by dietary vitamin C in fish (Hamre et al., 1997; Shiau and Hsu, 2002;
Lee and Dabrowsky, 2003) or how a-tocopherol and selenium seem to interact

synergistically (Poston et al., 1976; Bell and Cowey, 1985).

On thick sections, hypercontracted myofilaments could be observed, probably
due to the attack of free radicals on muscle proteins. Although red fibres were affected,
the highest incidence of alterations was found in white fibres. It has been hypothesized
that muscle fibres that are minimally affected or unaffected by the disease process may
have enhanced antioxidant defences as the basis for this protection (Rando, 2002). In
humans, a selective involvement of type Il fibres over type | fibres has been observed
in vitamin E deficiency myopathy (Lazaro et al., 1986; Tomasi, 1979). Although it could
be assumed, a priori, that red fibres would be more affected by disorders of oxidative
stress due to their metabolism being primarily oxidative, it does not take into account
potential differences between red and white fibres in free radical scavenging capacity

and their oxidative repair mechanisms, as happens in humans (Salminen and Vihko,
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1983; Asayama et al., 1986). Thus, although red fibres may generate lower levels of
reactive oxygen species during normal metabolism, white fibres may be more
susceptible to an increase in oxidative stress as they have less robust antioxidant

defences.

Ultrastructurally, one of the first changes observed in sea bass larvae muscle
was the presence of large translucent vacuoles within the sarcoplasm, defined as
hydropic degeneration, which is caused by the distension of the sarcoplasmic
reticulum. These non-lethal lesions are related to adaptative cellular changes but, if
continued in time could cause cellular lysis (Cotran et al., 2004). The appearance of
these vacuoes is due to the failure of ion pumps and Na' and water influx to the
endoplasmic reticulum, causing the alteration of this structure and the subsequent
formation of vacuoles. This kind of alteration is a common response to free radical
injury (Cotran et al., 2004). Another cellular change observed was the presence of
autophagic vacuoles containing cellular debris found in the intermyofibrillar spaces and
sarcoplam throughout affected muscle fibres. Autophagic vacuoles are considered to
be secondary lysosomes and are a frequent feature in numerous mammalian
neuromuscular disorders, forming an emerging new group of conditions called
autophagic vacuolar diseases (Nishino, 2006). In the tropical fish Colossoma
macropomum, autophagic vacuoles have been described in skeletal muscle after
treatment with 2-chloro-4,6-bis-ethylamine-s-tryazine, a drug employed for the control
of aquatic weeds in fish cultivation ponds (Medina et al., 2000). This chemical drug
produces skeletal muscle alterations, describing the pathology as a neurogenic atrophy
because of the changes in motor nerve and end — plates. Medina et al. (2000) also
described the finding of myelin figures that represent endogenous material produced by

intracellular lipid peroxidation in mammals (DeGritz et al., 1994).

Numerous macrophages were observed around affected fibres ready to
phagocytate cellular debris. Tissue injury can itself cause ROS generation by the
activation of phagocytes, which may contribute a worsening effect on the injury
(Aruoma, 1998). These cells contribute to oxidative stress in large part because they
contain the potent NADPH oxidase system. Once activated the NADPH system
produces large amounts of superoxide (Finkel and Holbrook, 2000).

The increase in the number of satellite cells is a common finding in several kind
of genetics muscle dystrophies. These undifferentiated muscle precursor cells are stem

cells located between the plasmalemma and basal lamina of the skeletal muscle fibre

112



High DHA alters sea bass muscle

(Zzammit et al., 2006; Figeac et al., 2007) and are responsible for the regenerative
capacity of the tissue (Phelan and Gonyean, 1997; Schultz and McCormick, 1994).
Accordingly, we have hypothesized that the presumptive major presence of satellite
cells could reflect a regenerative process in sea bass larvae. Satellite cells are
relatively resistant to metabolic and toxic challenges compared with differentiated
myofibres (Schultz and Lipton, 1978; Klein-Ogus and Harris, 1983), explaining why

they are not affected by free radical attack.

Excessive oxidative stress Kkills cells either by necrosis or by apoptosis
(Zamzami et al., 1995; Zamzami et al., 1996), however in the present study the only
type of cell death observed morphologically was necrosis. Kroemer (1995) determined
that the same toxin can induce apoptosis at low dose and primary necrosis at high
dose, explaining why no morphological sign of apoptosis was observed at this work.
Nevertheless, the fact that apoptosis usually involves only scattered individual cells, as
well as the fact that the cellular destruction is very rapid (3 hours), makes its
morphological analysis very difficult (Fidzianska, 2002). Therefore, apoptosis cannot be

excluded from being implicated in sea bass larvae muscle cell death.

In summary, the present study indicates that an increase in dietary DHA levels
was associated to muscular necrosis due to an impaired antioxidant protection, as
indicated by TBARS content, suggesting the imbalance between prooxidants and
antioxidants nutrients. Furthermore, the oxidative damage on muscle could not be
counteracted by an increase in vitamin E dietary levels when high DHA contents were
included in sea bass larvae diets. Other nutrients related to the oxidative status of fish

may also be implied and are being studied at the present.
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Selenium inclusion decreases oxidative stress indicators and

muscle injuries in sea bass larvae fed high-DHA microdiets

This report is in press at British Journal of Nutrition (doi:10.1017/S0007114512000311)

as Betancor et al. (2012)
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Sea bass larvae muscle has proved to be very sensitive to free radical
injury when high levels of docosahexaenoic acid (DHA) are included in
the diet. Despite of the increase of vitamin E in combination with the
increase of DHA, muscular lesions were still present. Therefore, the
inclusion of other nutrients with antioxidative functions, such as selenium
(Se), is thought to be beneficial to prevent these injuries. The objective of
the present work is to study the effect of Se inclusion in high DHA and
vitamin E content sea bass larvae microdiets (5/300 and 5/300+Se)
compared to a control diet (1/150) on their growth, survival, biochemical
composition, MDA content, muscle morphology as well as antioxidant
enzymes, IGFs and myosin expression. For a given DHA and vitamin E
dietary content, Se inclusion favoured total length, SGR and reduced the
incidence of muscular lesions, MDA contents and antioxidant enzymes
expression. In contrast, IGFs expression was increased in 5/300 larvae
suggesting an increased muscle mitogenesis that was corroborated by
the increase in the mRNA copies of myosin heavy chain. The results of
the present work confirm the beneficial effect of Se in preventing oxidative
stress, not only as a GPX cofactor, but probably due to other unknown

physiological functions.
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5.1 Introduction

Free radicals and/or oxygen derivatives are continuously generated during regular
cellular metabolism. At low concentrations, these reactive oxygen species (ROS) may be
beneficial or even indispensable in processes such as defence against microorganisms,
contributing to phagocitic bactericidal activity. However, when an imbalance between
ROS generation and ROS removal occurs, oxidative stress arises (Rando, 2002). The
detrimental effects include oxidative damage to molecules of great biological importance,
including lipids, proteins and DNA, causing alterations that produce a range of cellular

damages which can ultimately lead to cell death (Halliwell and Gutteridge, 1996).

Several effective antioxidant systems prevent oxidative damage in fish. Among
them, various antioxidant enzymes (AOE) prevent the cascade of oxidation reactions,
intercepting and inactivating the reactive intermediates and closing the lipid-peroxidation
catalytic cycle. This defence system includes enzymes such as catalase (CAT),
superoxide dismutase (SOD) and glutathione peroxidase (GPX) (Bell et al, 1987;
Winston and Di Giulio, 1991; Halliwell and Gutteridge, 1996). In addition to these
enzymes, dietary micronutrients such as vitamin E and C as well as carotenoids have
been also regarded as antioxidant defences in fish (Wilhem-Filho, 1996; Lygren et al.,
1999; Bell et al., 2000; Montero et al., 2001; Fernandez-Palacios et al., 2005; Diaz et al.,
2010; Hamre, 2010). During larval stages oxidation risks are particularly high, due to the
increased metabolic rate, oxygen demand, water and long chain polyunsaturated fatty
acid (LC-PUFA) tissue contents found in fish larvae. Therefore, adequate
supplementation of marine fish larvae with antioxidant elements is important when
formulating diets in order to avoid in vivo lipid peroxidation. However, few studies have
dealt with the effects of antioxidants in early fish feeding (Mourente et al., 1999b; Atalah
et al., 2008; Penglase et al., 2010; Chapter 3). Among the other antioxidants, selenium is
an essential trace mineral in animal nutrition obtained partly from the surrounding water
(Lall and Bishop, 1977), but mostly from the diet (Halver, 2002). The importance of
selenium to oxidative stress involves its presence at the active site of the antioxidant
enzyme GPX (Felton et al., 1996), which reduces hydroperoxides at the expense of
reduced glutathione (Artel and Sies, 2001). In fish, studies have shown a synergistic
action between vitamin E and selenium (Poston et al., 1976; Bell and Cowey, 1985).
Moreover, a selenium deficiency may lead to reduced levels of tissue a-tocopherol in
several fish species (Poston et al., 1976; Bell et al., 1985, 1986, 1987; Gatlin et al.,
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1986). Additionally, a recent study in grouper (Epinephelus malabaricus) juveniles

suggested a sparing effect between selenium and vitamin E (Lin and Shiau, 2009).

One of the most important factors that can lead to oxidative stress in fish is their
high requirement for LC-PUFA, which are high in diets, and, subsequently, in fish tissues
(McEvoy et al., 1998; Evjemo et al., 2003). For instance, severe dystrophic lesions in the
epaxial musculature of sea bass larvae have been related to the deleterious effect of
oxidative stress due to the high ingestion of LC-PUFA, particularly DHA (Chapters 3 and
4). Muscle growth is an essential process during larval stages, as a massive increment
of muscle fibres takes place from hatching to maturity (Johnston and Hall, 2004) with

damages to the musculature appearing to compromise larval growth (Chapters 3 and 4).

Muscle formation processes require the influence of growth factors and a
sequence of cellular events that, result in the regulation of myoblasts (myosatellite cells)
(Allen and Boxhorn, 1989; Johnston, 1999). Insulin-like growth factors | and Il (IGF-I and
IGF-1l) are two myogenic regulatory factors which increase satellite cell proliferation and
differentiation (Goldspink et al., 2001; Bower et al., 2008). In various species of fish it
has been shown that hepatic (Duan and Plisetskaya, 1993; Matthews et al., 1997,
Terova et al., 2007; Hevrgy et al., 2010) and muscular (Chauvigneé et al., 2003; Terova et
al., 2007; Hevrgy et al., 2010) IGF-I and IGF-Il mRNA levels depend on feeding status.
Differences in the regulation of myogenesis such as myosin isoform expression have
also been observed during the earliest stages of development as well as during
temperature acclimation (Watabe 1999; Silva et al., 2008). However, nutritional
regulation of the various components of the IGF signalling pathways in muscle growth in

fish as well as myosin expression is not well studied.

Different investigations have demonstrated the importance of vitamins for the
correct skeletogenesis, showing that inadequate vitamin levels could contribute to the
development of skeletal deformities (Dedi et al., 1997; Takeuchi et al., 1998; Villeneuve
et al., 2005; Mazurais et al., 2008; Fernandez et al., 2008, 2009). Besides, moderately
oxidized lipids lead to a higher incidence of lordosis and scoliosis in halibut (Hypoglossus
hypoglossus) (Lewis-McCrea and Lall, 2007; 2010) denoting the deleterious effect that

free radicals can have on skeletal tissues.

The purpose of the present study was to investigate whether diets supplemented
with Se (5mg kg™ DW) and vitamin E can protect sea bass larvae muscle from oxidative

stress when high DHA levels are included in diets. To reach this objective, growth,
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survival, TBARS, fatty acid profile, a-tocopherol and selenium contents and mRNA
expression levels of CAT, SOD, GPX, IGF-I, IGF-Il and myosin heavy chain (MyHC)
genes were determined in sea bass larvae fed diets with different LC-PUFA, Se and

vitamin E contents.

5.2 Material and methods

5.2.1 Fish

The experiment was carried out at the Instituto Canario de Ciencias Marinas
facilities (Telde, Canary Islands, Spain). Sea bass, Dicentrarchus labrax, larvae were
obtained from natural spawnings from the Instituto de Acuicultura de Torre de la Sal
(Castellén, Spain). Prior to the start of the feeding experiment, larvae were fed enriched
(DHA Protein Selco®, INVE, Belgium) yeast-fed rotifers until they reached 14 dph. Prior
to the start of the feeding experiment larvae (total length 8.58 + 0.64 mm, dry body
weight 0.36 = 0.0 mg) were randomly distributed into the experimental tanks at a density
of 1000 larvae/tank and were fed one of the experimental diets for 21 days, at a water
temperature of 19.5 to 21.0°C. All tanks (170 L light grey colour cylinder fibreglass tanks)
were supplied with filtered sea water (34 g L™ salinity) at an increasing rate of 1.0 - 1.5
L/min along the feeding trials. Water entered the tank from bottom to top; water quality
was tested daily and no deterioration was observed. Water was continuously aerated
(125 ml/min), attaining 5-8 g L™ dissolved O, and saturation ranged between 60 and
80%.

6.2.2 Diets

Three isonitrogenous and isolipidic experimental microdiets (pellet size<250 um)
similar in their EPA content and different in DHA, selenium and vitamin E content were
formulated (Table 1) using concentrated fish oils INCROMEGA™ EPA500 and DHA500
(CRODA, East Yorkshire, UK) as sources of EPA and DHA in triglyceride form and DL-a-
tocopheryl Acetate (Sigma-Aldrich, Madrid, Spain) as source of vitamin E. Diets were
chosen based on previous trials (Chapters 3 and 4) and their names elected according to
the level of dietary DHA and vitamin E content. A positive control diet was formulated to
include 1 g DHA 100 g* DW and 150 mg vitamin E 100 g* DW (diet 1/150). The
negative control diet consisted of 5 g DHA 100 g* DW and 300 mg vitamin E 100 g* DW
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(diet 5/300). The third diet had identical DHA and vitamin E content to the 5/300 diet, but
was supplemented with selenium in organic form (Sel-Plex® 2000, 2000 mg kg™, Alltech,
Lexington, KY) (diet 5/300+Se).

Table 5.1 Formulation of experimental diets

Experimental diets

Ingredients 1/150 5/300 5/300+Se
Defatted squid powder (g 100g™)’ 69.00 68.85 68.60
INCROMEGA™ EPA 500TG g 100g™* (DW)' 2.80 1.80 1.80
INCROMEGA™ DHA 500TG g 100g™* (DW) " 0.20 6.70 6.70
Oleic acid (%)* 10.00 4.50 4.50
Soy lecithin® 2.00 2.00 2.00
Gelatin™ 3.00 3.00 3.00
Attractants'’ 3.00 3.00 3.00
Taurin* 1.50 1.50 1.50
Vitamin premix®® 6.00 6.00 6.00
Mineral premix” 2.50 2.50 2.50
Sel-Plex 2000® (g 100g™) ™" - - 0.25
Vitamin E mg 100g™* (DW) ¥ - 0.15 0.15

" Riber and Son, Bergen, Norway

" Croda Chemicals Europe, East Yorkshire, UK

*Merck, Darmstadt, Germany

S Acrofarma, Barcelona, Spain

** Panreac, Madrid, Spain

"Attractants premix supplied per 100 g diet: Inosine-5-monophosphate, 500.0 mg; betaine, 660.0
mg; L-serine, 170.0 mg; L-phenilalanine, 250.0 mg; DL-alanine, 500.0 mg; L-sodium aspartate,
330.0 mg; L-valine, 250.0 mg; glycine, 170.0 mg

** sigma-Aldrich, Madrid, Spain

$Sv/itamin premix supplied per 100 g diet: Cyanocobalamine, 0.03 mg; Astaxanthin, 5.0 mg; folic
acid, 5.4 mg; pyridoxine-HCI, 17.2 mg; thiamine, 21.7 mg; riboflavin, 72.5 mg; Ca-pantothenate,
101.5 mg; p-aminobenzoic acid, 145.0 mg; nicotinic acid, 290.1 mg; myo-inositol, 1450.9 mg;
retinol acetate, 0.2 mg; ergocalcipherol, 3.6 mg; menadione, 17.3 mg; a-tocopheryl acetate, 150.0
mg

***Mineral premix supplied per 100g diet: NaCl, 215.133 mg; MgSO,-7H,0, 677.545 mg;
NaH,PO,4-H,0, 381.453 mg; K,HPO,, 758.949 mg; Ca(H,PO,)-2H,0, 671.610 mg; FeCgzHsO-,
146.884 mg; C3Hs05-1/2Ca, 1617.210 mg; Alx(SO,4)3-6H,0, 0.693 mg; ZnSO,-7H,0, 14.837 mg;
CuS0,-5H,0, 1.247 mg; MnSO4-H,0, 2.998 mg; KI, 0.742 mg; CoSO,-7H,0, 10.706 mg

" Sel-Plex 2000, 2000 mg Se kg, Alltech, Lexington, KY

¥ DL-a-tocopheryl acetate, Sigma-Aldrich, Madrid, Spain

The protein source was derived from squid meal, naturally containing a 14% lipid,
defatted 3 consecutive times to allow complete control of the microdiet fatty acid profile.
No other ingredients were defatted due to their poor lipid content. The squid meal was
defatted with a chloroform:squid meal ratio of 3:1, rinsed and dried in at oven at 37°C
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until complete solvent evaporation. EPA500 and DHA500 were added in different
guantities to the defatted meal (2.4% lipid content) to obtain the desired ratios. Oleic acid
(Merck, Darmstadt, Germany) was added to equalize the lipid content in each diet (Table
5.1) and soy bean lecithin (Acrofarma, Barcelona, Spain) was included as a source of
phospholipids (Table 5.1). The microdiets were processed as previously described (Liu
et al. 2002). Briefly, the squid powder and water soluble components were mixed,
followed by the lipid and fat soluble vitamins and, before adding gelatine (Panreac,
Barcelona, Spain) dissolved in warm water, as a binder. The paste was pelleted and
oven dried at 38°C for 24 h. Pellets were ground and sieved to obtain particles size
below 250 um. To avoid peroxidation, diets were stored under nitrogen at -20°C until
use. Diets were analyzed for proximate and fatty acid composition on a dry basis and
manually supplied; fourteen times per day at 45 min intervals from 9:00-19:00. Daily feed
supplied was 2, 2.5 and 3 g/tank during the first, second and third week of feeding

respectively.

5.2.3 Growth and survival

Final survival was determined by counting live larvae at the beginning, middle and
end of the experiment. Growth was determined by measuring dry body weight (105°C for
24 hours) and total length (Profile Projector V-12A Tokyo, Nikon) of 30 fish tank™ at the

beginning, middle and at the end of the trial.

5.2.4 Biochemical analysis

All remaining larvae in each tank were washed with distilled water, sampled and
kept at -80°C for biochemical composition, TBARS, selenium and vitamin E analysis after
12 hours of starvation at the end of the trial. Moisture (A.O.A.C., 1995), protein
(A.O.A.C., 1995) and lipid (Folch et al., 1957) contents of larvae and diets were

analyzed.

5.2.4.1 Total lipid fatty acid analysis

Fatty acid methyl esters (FAMES) were obtained by transmethylation of total lipids
as described by Christie (1982). FAMEs were separated by GLC, quantified by FID (GC -
14A, Shimadzu, Tokyo, Japan) under the conditions described in Izquierdo et al. (1992)

and identified by comparison to previously characterized standards and GLC-MS.
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5.2.4.2 Determination of vitamin E content

Vitamin E concentrations were determined in diets and total larvae using HPLC at
the University of Stirling (Scotland, UK). Samples were weighed, homogenised in
pyrogallol and saponified as described by McMurray et al. (1980) for diets or according
to Cowey et al. (1981) for larval tissues. HPLC analysis was performed using 150 x 4.60
mm reverse phase Luna 5um C18 column (Phenomenox, California, USA). The mobile
phase was 98% methanol supplied at a flow rate of 1.0 ml min™, the effluent from the
column was monitored at a wavelength of 293 nm and quantification achieved by

comparison with (+)-a-tocopherol (Poole, UK) as external standard.

5.2.4.3 Selenium determination

Total selenium concentration was measured in total larvae and diets. Samples
were acidified in a microwave digestor (MarsXpress, CEM, Kamp-Lintfort, Germany) with
5 ml of 69% pure nitric acid, then poured after digestion into a 10 ml volumetric flask and
made up to volume with distilled water. A total of 0.4 ml of this solution was then added
to a 10 ml sample tube, 10 pl of the internal standard (Ga and Sc, 10 ppm) included and
0.3 ml of methanol added. The tubes were made up to volume with distilled water and
total selenium measured by collision/reaction by ICP-MS (Thermo Scientific, Cheshire,

UK) using argon and hydrogen as carrier gas.

5.2.4.4 Measurement of thiobarbituric acid reactive substances (TBARS)

TBARS from triplicate samples were determined using a method adapted from that
used of Burk et al. (1980). Approximately 20-30 mg of larval tissue per sample were
homogenized in 1.5 ml of 20% trichloroacetic acid (w/v) containing 0.05 ml of 1% BHT in
methanol. To this 2.95 ml of freshly prepared 50mM thiobarbituric acid solution was
added before mixing and heating for 10 minutes at 100°C. After cooling protein
precipitates were removed by centrifugation (Sigma 4K15, Osterode am Harz, Germany)
at 2000 x g, the supernatant was read in a spectrophotometer (Evolution 300, Thermo
Scientific, Cheshire, UK) at 532 nm. The absorbance was recorded against a blank at
the same wavelength. The concentration of TBA-malondialdehyde (MDA) expressed as

pumol MDA per g of tissue was calculated using the extinction coefficient 0.156 pM™ cm™.
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5.2.5 Histopathological sampling

5.2.5.1 Paraffin inclusion

Thirty larvae from every tank were collected each seven days from the beginning
of the feeding trial, and fixed in 10% buffered formalin for 1 or 2 days, dehydrated
through graded alcohols, then xylene and finally embedded in paraffin wax. Six paraffin
blocks containing 5 larvae per tank were sectioned at 3 upm, and stained with
Haematoxilin and Eosin (H&E) for histopathological evaluation (Martoja and Martoja-
Pearson, 1970).

5.2.5.2 Resin inclusion

Ten larvae per tank were fixed for 24 hours at 4° in 2.5% glutaraldehyde in 0.2 M
phosphate buffer (pH 7.2). Samples were then rinsed in phosphate buffer and post-fixed
for 1 hour in 2% osmium tetraoxide in 0.2 M potassium ferrocyanide. Each larva was
then embedded in an Eppon/Araldite resin block. Serial transverse and longitudinal
larvae thick sections were cut at 2 um, stained with toluidine blue and examined under
light microscopy (Hoffman et al., 1983). Thin sections were cut at 50 nm and stained with
lead citrate before observing with a ZEISS EM 910 transmission electron microscope
(Germany) at the Electron Microscope Service of the University of Las Palmas de Gran

Canaria.
5.2.5.3 Whole mount staining

Besides, one hundred larvae from each tank at 35 dph were fixed in 10% buffered
formalin in order to perform deformities analysis. Prior to staining, larvae were measured
under a Profile Projector (Mitutoyo, PJ 3000, Japan) and divided in three size classes (<
10.0 mm, 10.0-12.0 mm and >12.0 mm) and therefore stained with Alizarin red following
Vandewalle et al. (1998) to demonstrate bone. Larvae from the different experimental
group were stained simultaneously in order to prevent any technical variability.
Deformities were classified in three different groups according to their localization:
cranial deformities, lordosis, kyphosis and others, including deformities such as lordosis,
vertebral compression or neural processes alterations. The surface corresponding to
bone in whole coloured larvae was visualized and quantified using a computerized image

analysis package (Image-Pro Plus®, Media Cybernetics, Maryland, USA). Selecting
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ranges of pixel values in colour images allowed the pixels associated with red to be
distinguished. The number of selected pixels was then quantified using a particle
analysis operation and by counting the area of all bright objects (in pixels). Larval size
was estimated by calculating the surface areas (in pixels) covered by whole stained

larvae.

5.2.6 RNA extraction and quantitative RT-PCR

Molecular biology analysis was carried out at the University of Insubria (Varese,
Italy). Total RNA was extracted from sea bass larvaeZ00 mg; pool per tank), using
PureYield RNA Midiprep System (Promega, Italy). The quantity and purity of RNA was
assessed by spectrophotometer. Visualization on 1% agarose gel stained with ethidium
bromide showed that RNA was not degraded. After DNAse treatment (Invitrogen, Milan,
Italy), 3 pg of total RNA was reverse transcribed into complementary DNA (cDNA) in a
volume of 12 pl, including 1 pl of oligo dT16 primer (50 pmol) and 1 ul of 10 mM
deoxynucleotide triphosphates (ANTPS). This mix was heated at 65°C for 5 minutes,
chilled on ice and then 4 ul of 5X reverse transcription buffer, 2 ul 0.1M DTT, 1 ul RNAse
out and 1 pl of Moloney murine leukemia virus (M-MLVRT) was added. After incubation

at 37°C for 50 minutes, the reaction was stopped by heating at 75°C for 15 minutes.

PCR primer sequences used for the PCR amplification of the cDNAs of target
genes were CAT, SOD, GPX, IGF-I, IGF-Il and MyHC. To perform PCR, a 4 pl aliquot of
cDNA was amplified using 25 ul GoTagq Green Master Mix (Promega, Italy) in 50 pl of

final volume and 50 pmol of each designed primer.

A total of 31 PCR amplification cycles (eight touchdown) were performed for all
primer sets, using an automated Thermal Cycler (MyCycler, BioRad, Italy). An aliquot of
each sample was then subjected to electrophoresis on a 1% agarose gel in 1X TAE
buffer (Bio-Rad, Italy) and bands were detected by ethidium bromide staining. Samples
were run with a 100 bp-1.5 kb DNA Ladder to control the molecular weight of DNA. The
negative control (a reaction mixture without cDNA) confirmed the absence of genomic
contamination. The PCR products from each primer set amplification were cloned using
pGEM®-T easy vector (Promega, Italy) and subsequently sequenced in both directions
(T7 and SP6).
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TagMan® real time reverse transcription PCR was performed on a StepOne Real
Time PCR System (Applied Biosystems, lItaly) using Assays-by-Design®™ PCR primers
(Applied Byosystems) and gene-specific fluorogenic probes. Primer sequences and

TagMan® probes of target genes were as follows:

Target gene: Sea bass CAT
Forward primer: 5- ATGGTGTGGGACTTCTGGAG - 3
Reverse primer: 5’- GCTGAACAAGAAAGACACCTGATG - 3

TagMan® probe. 5- CAGACACTCAGGCCTCA - 3’

Target gene: Sea bass SOD
Forward primer: 5'- TGGAGACCTGGGAGATGTAACTG - 3
Reverse primer: 5- TCTTGTCCGTGATGTCGATCTTG - 3’

TagMan® probe. 5'- CAGGAGGAGATAACATTG - 3’

Target gene: Sea bass GPX
Forward primer: 5’- AGTTAATCCGGAATTCGTGAG - 3
Reverse primer: 5'- AGCTTAGCTGTCAGGTCGTAAAAC - 3

TagMan® probe. 5'- AATGGCTGGAAACGTG - 3’

Target gene: Sea bass IGF-I
Forward primer: 5'- GCAGTTTGTGTGTGGAGAGAGA- 3
Reverse primer: 5- GACCGCCGTGCATTGG - 3

TagMan® probe. 5'- CTGTAGGTTTACTGAAATAAAA - 3’

Target gene: Sea bass IGF-II
Forward primer: 5'- TGCAGAGACGCTGTGTGG - 3
Reverse primer: 5'- GCCTA CTGAAATAGAAGCCTCTGT - 3

TagMan® probe. 5- CAAACTGCAGCGCATCC - 3’
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Target gene: Sea bass MyHC
Forward primer: 5’- TGGAGAAGATGTGCCGTACTCT - 3
Reverse primer: 5’- CGTGTCATTGATTTGACGGACATTT - 3

TagMan® probe. 5'- AACTGAGTGAACTGAAGACC - 3’

Data from TagMan® PCR runs were collected using ABI's Sequence Detector
Program. Cycle threshold (Ct) values corresponded to the number of cycles at which the
fluorescence emission monitored in real time exceeded the threshold limit. The Ct values
were used to create standard curves to serve as a basis for calculating the absolute
amounts of mMRNA in total RNA. To reduce pipetting errors, master mixes were prepared

to set up duplicate reactions (2 x 30 pl) for each sample.

5.2.7 Calculations

Larval survival was determined by comparing the number of larvae at the
beginning of the trial with the larvae number measured in individual tanks at 35 dph to
which the average number of larvae sampled from tanks during the trial was added.
Percentage survival could then be calculated for each tank to get a mean and SD per
treatment. The incidence of muscular lesions was calculated as the percentage of injured
larvae per tank compared to the total larvae observed, with SD refering to deviation

among tanks. Specific growth rate (SGR) was calculated as:
SGR = [(INW1-INWg)]*100/t,-t;
Where W, and W; are the initial and final dry weights (tank means) respectively, and t,-t;

is the time interval in days between the beginning and end of the experimental trial (21

days).

5.2.8 Statistical analysis

Survival, growth and molecular biology data were tested for normality and

homogeneity of variances with Levene’s test. Where necessary data were log
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transformed before further statistical analysis. Chi-squared test was employed for
incidence of muscular lesions and TBARS content. Survival, growth and biochemical
analysis data were treated using one-way ANOVA and molecular biology results were
treated using a general linear model (GLM). Means were compared by Duncan’s test.
Results are presented as means and standard deviation. The tank was considered as
the experimental unit, except for the estimation of the incidence of muscular lesions,
where each individual larvae was considered as a unit. For percentage data (final
survival), arcsine transformation was performed before analysis. For analysis of one-way
ANOVA the following general linear model was used:

Yi=pu+ ot &i
where Yjy is the mean value of the tank, p is the mean population, a; is the fixed effect of
the diet and g; is the residual error. For analysis of molecular biology data a two variables

GLM was employed to analyze possible interactions between treatment and time:

Yik=p+ o+ § + (ad)y + &ik

Where Yj is the mean value of the tank, p is the mean population, ¢; is the fixed effect of
the diet, g is the fixed effect of the time, («9); is the interaction between diet and time
and e is the residual error. Significance was accepted at P<0.05. Statistical analysis was
performed using SPSS software (SPSS for Windows 14.0; SPSS Inc., Chicago, IL, USA,
2005).

6.3 Results

Diet containing about 1% DHA (1/150) showed a higher monoenoic fatty acid level
than diets containing 5% DHA (5/300, 5/300+Se) due to a higher oleic acid content in the
former diet (Table 5.2). Elevation of dietary DHA (5/300 diets) increased n-3 and n-3 LC-
PUFA fatty acids contents, as well as n-3/n-6 ratio. Vitamin E levels were more than 2
times higher in diets containing 300 mg 100g™ compared to the control diet (1/150)
(Table 5.3). Selenium contents differed among dietary treatments, with a higher level of
this mineral found in the diet supplemented with selenium as compared to others (Table
5.3).
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Table 5.2 Main fatty acids (% total identified fatty acids) of the experimental diets fed to
European sea bass for three weeks.

Diet
1/150 5/300 5/300+Se

14:0 1.54 1.26 0.78
14:1n-7 0.15 0.25 0.06
14:1n-5 0.22 0.35 0.09
15:0 0.28 0.43 0.15
15:1n-5 0.02 0.14 n.d.

16:01SO 0.14 0.23 0.07
16:0 7.86 5.59 5.15
16:1n-7 3.59 2.26 2.00
16:1n-5 0.19 0.23 0.11
16:2n-4 0.32 0.39 0.25
17:0 1.21 0.82 0.65
16:3n-3 0.08 0.12 0.07
16:4n-3 0.09 0.13 0.10
18:0 1.29 2.29 2.21
18:1n-9+n-7 55.70 31.12 29.67
18:1n-5 0.72 0.46 0.45
18:2n-9 0.25 0.13 0.12
18:2n-6 7.40 6.99 6.87
18:2n-4 0.46 0.28 0.26
18:3n-6 0.11 0.11 0.10
18:3n-4 0.13 0.10 0.09
18:3n-3 0.72 0.83 0.82
18:4n-3 0.83 0.94 1.00
18:4n-1 0.08 0.08 0.09
20:0 0.10 0.31 0.29
20:1n-9+n-7 1.10 1.53 1.45
20:1n-5 0.05 0.12 0.11
20:2n-9 0.05 0.04 0.02
20:2n-6 0.09 0.21 0.21
20:3n-6 0.09 0.13 0.13
20:4n-6 0.71 1.57 1.50
20:3n-3 0.07 0.18 0.16
20:4n-3 0.32 0.52 0.55
20:5n-3 8.66 11.04 12.20
22:1n-11 0.17 0.51 0.50
22:1n-9 0.08 0.25 0.25
22:4n-6 0.02 0.19 0.20
22:5n-6 0.19 1.75 1.78
22:5n-3 0.32 1.29 1.43
22:6n-3 4.58 24.55 27.95
Saturated 12.28 10.70 9.22
Monoenoics 61.99 37.23 34.69
n-3 15.68 39.61 44.27
n-6 8.61 11.14 10.85
n-9 57.19 33.10 31.54
n-3 LC-PUFA 13.96 37.58 42.28
n-3/n-6 1.82 3.56 4.08
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All experimental diets were well accepted by the larvae. Dietary increase of vitamin
E or Se did not significantly affect larval survival (P= 0.158; Table 5.4). The highest larval
growth, in terms of total length, was found in larvae fed the positive control diet
containing the lowest vitamin E and DHA contents (1/150). However, increases in
vitamin E and DHA (diet 5/300) significantly reduced larval growth (P= 0.001), whereas
Se inclusion (diet 5/300+Se) significantly increased this parameter (P=0.02 Table 5.4).
The average SGR was higher (P=0.024) in larvae fed the 1/150 diet, although no

differences were found with larvae fed 5/300+Se.

In terms of fatty acid composition, larvae fed 5/300 diets resulted in higher
concentration of n-3 and n-3 LC-PUFA, reflecting the higher content of these
components in the diets (Table 5.5). However, larvae fed diet 1/150 showed a higher
retention rate of DHA (279.26%) and EPA (68.24%) compared to larvae fed 5/300 (73.48
and 43.93% respectively) and 5/300+Se diets (77.00 and 44.75% respectively) and also
a higher content of 18:1n-9, displaying levels similar to those found in the former
microdiet. In contrast, 5/300 larvae showed a higher retention rate of arachidonic acid
(around 50%) compared to 1/150 larvae (29.83%).

The level of lipid oxidation, as indicated by MDA content (umol g larval tissues)
was significantly higher (P=0.001) in larvae fed diets with the highest DHA content.
Nevertheless, the inclusion of selenium showed a beneficial effect preventing the
formation of hydroperoxides, as denoted by the decrease in MDA levels (Table 5.4). The
lowest peroxidation level was observed in larvae fed diet 1/150. Despite the increase in
dietary a-tocopherol in diets 5/300 and 5/300+Se, the content of this nutrient in larvae did
not significantly increase in comparison to larvae fed diet 1/150 (P=0.601; Table 5.4).
Therefore, the retention rate of dietary vitamin E in larvae fed 5/300 (17.87%) and
5/300+Se (17.38%) diets was lower than 1/150 larvae (44.68%). Sea bass larvae fed
diets supplemented with selenium showed a significantly higher (P=0.001) content of this
mineral compared to other larvae, this level being 1.7 times higher than the larvae fed
1/150 diet and 2.4 times higher than the 5/300 larvae (Table 5.4). Thus, although Se
contents in diets 1/150 and 5/300 were similar, larvae fed the latter diet showed lower Se

levels together with the highest TBARS value.
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Table 5.3 Gross composition, a-tocopherol and selenium content in experimental diets fed to sea

bass larvae.

Protein (%)
Ash (%)
Moisture (%)
Lipids (% DW)

a-tocopherol (ug/g DW)

Selenium (pg/mg)

1/150 5/300+Se
66.79+0.52 67.77+0.09 66.24+0.36
4.49+0.11 4.76+0.12 4.87+0.13
10.31+0.46 9.99+0.28 9.09+0.27
14.98+0.31 15.80+0.02 15.97+0.05

1410.12+38.77

1.54+0.12

3033.01+43.33

1.33+0.26

3217.37+14.45

6.27+0.26

Data are means + SD

Histopathological examinations revealed the presence of lesions affecting larvae

axial musculature. These lesions showed the typical features of necrotic degeneration of

muscle, characterized by marked eosinophilia, loss of striations and adjacent nucleous.

The incidence of muscular lesions increased with an increase in DHA dietary content

(Table 5.4). However, inclusion of Se was shown to reduce this incidence to almost half.

Table 5.4 Sea bass larvae performance and levels of lipid peroxidation products (TBARS),
vitamin E (a-tocopherol) and selenium content of sea bass larvae at the beginning and after
eating the experimental diets

Results of dietary trial
Larval total length (mm)
Larval dry weight (mg)
Survival (%)

Incidence muscular
lesions (%)

Vitamin E (a-tocopherol)
ug g dry mass™

TBARS
nMol g dry mass™

Selenium
ug mg dry mass™

Initial 1/150 5/300 5/300+Se
8.58 £ 0.64 12.60 + 0.93% 10.89 + 1.24° 11.35+1.29"
0.36 £ 0.00 1.46 £ 0.47 0.94 £ 0.05 1.08 £0.10

- 60.51 £9.10 48.42 £ 4.00 49.03 £ 8.02
- 17.5 £ 14.14° 52.63 + 15.93° 27.6 £ 6.94%°

111.45+43.26

62.85+0.61

1.38+0.10

630.24+12.39

166.62+25.08°

1.58+0.12°

542.10+80.51

2402.15+67.91°

1.11+0.31°

559.23+88.58

282.29+92.48°

2.65+0.27°

Data are means + SD
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In semithin sections more detailed features of these muscular lesions could be
observed. In severely damaged fibres a coagulation of the muscular proteins could be
observed as a darkening of surrounding fibres due to hypercontraction (Figure 5.1A). In
initial-mild stages of the condition an increase in the presence of vacuoles within fibres
was observed, together with the loss of shape of muscular fibres, alteration of

sarcoplasmic membranes and variation in the diameter of fibres (Figure 5.1B).

Figure 5.1 Semithin micrographs of longitudinal (A) and transversal sections (B) showing; (A)
coagulation of muscular proteins in affected fibre (arrow) and hypercontraction of the surrounding
muscular fibres (*). (B) Mild affected fibres showed loss of the polyedrical structure, abundant
vacuoles (*) and dilatation of sarcoplasmic membranes (arrow).

TEM showed muscle degeneration with the presence of hydropic and autophagic
vacuoles, considered secondary lysosomes, within some affected fibres in larvae fed
5/300 diet (Figure 5.2A). Altered mitochondria, observed as swollen double membrane
organelles were seen in affected fibres and presented loss of the cristae (Figure 2.A) in
contrast to normal ones (Figure 5.2B). Additionally, satellite cells were observed
attached to existing damaged muscle fibres under the basal lamina (Figure 5.2C).
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o peeT

Figure 5.2. Electro micrographs of transversal sections of sea bass larvae fed 5/300 diet. (A)
Damaged muscle fibre showing autophagic (AV) and hydropic vacuoles (HV) and swollen
mitochondria (arrow). (B) Not affected fibre where normal mitochondria can be observed (arrow).
(C) Presence of a satellite cell (SC) with a mitochondria (*) between two damaged muscle fibres,
with the presence of vacuoles and degenerated mitochondria (arrow). Normal myofilaments (MF);
disarranged myofilaments (disMF).
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Table 5.5 Main fatty acid composition of total lipids from sea bass larvae after three weeks of

feeding the experimental diets (% total identified fatty acids). Data are means+SD
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1/150 5/300 5/300+Se
14:0 0.93+0.06 0.76+0.03 0.71+0.03
14:1n-7 0.08+0.01 0.08+0.03 0.09+0.04
14:1n-5 0.07+0.02 0.04%0.01 0.06+0.00
15:0 0.63+0.29 0.98+1.22 0.22+0.05
15:1n-5 0.12+0.10 0.09+0.06 0.06+0.00
16:01SO n.d. 0.11+0.01 0.10+0.01
16:0 17.51+2.44  17.61+0.25  16.56+0.42
16:1n-7 2.02+0.14 1.60+0.06 1.56+0.00
16:1n-5 0.25+0.01 0.25+0.01 0.29+0.10
16:2n-6 0.30+0.00 0.36+0.04 0.37+0.02
16:2n-4 0.93+0.40 0.96+0.15 0.81+0.06
17:0 0.91+0.10 0.80+0.03 0.75+0.00
16:3n-3 0.12+0.01 0.14+0.03 0.12+0.03
16:3n-1 0.10+0.02 0.54+0.10 0.64+0.05
16:4n-3 0.62+0.35 0.44+0.10 0.56+0.03
16:4n-1 n.d. 0.17+0.01 0.21+0.02
18:0 11.66+3.41  12.29+0.36  11.37+0.39
18:1n-9 26.35+4.87° 20.92+0.51°  19.36x0.32°
18:1n-7 4.85+0.29 4.44+0.39 3.98+0.29
18:1n-5 0.62+0.24 0.49+0.07 0.54+0.02
18:2n-9 n.d. 0.13+0.11 0.22+0.01
18:2n-6 4.23+0.08 3.90+0.17 3.75+0.08
18:2n-4 0.04+0.05 0.06+0.01 0.07+0.00
18:3n-6 0.43+0.01 0.38+0.04 0.32+0.02
18:3n-4 0.07+0.04 0.06x0.02 0.08+0.00
18:3n-3 0.32+0.05°  0.44+0.04®  0.49+0.03%
18:4n-3 0.29+0.06 0.29+0.13 0.37+0.04
20:0 0.38+0.19 0.47+0.01 0.47+0.08
20:1n-9+n-7 1.83+0.0 1.77+0.06 1.77+0.21
20:1n-5 0.26+0.15 0.130.01 0.16+0.00
20:2n-6 0.50+0.13 0.65+0.08 0.67+0.07
20:3n-6 0.08+0.01 0.08+0.00 0.08+0.01
20:4n-6 2.38+0.04°  3.07x0.22®  3.03+0.03%
20:3n-3 0.12+0.09 0.15+0.04 0.14+0.01
20:4n-3 0.14+0.00 0.1620.01 0.16+0.00
20:5n-3 5.91+1.18%  4.85+0.20°  5.46+0.36%
22:1n-11 0.46+0.30 0.19+0.08 0.23+0.01
22:1n-9 0.26+0.15 0.26+0.06 0.23+0.08
22:4n-6 n.d. 0.11+0.02 0.12+0.00
22:5n-6 1.09+0.09 1.26+0.07 1.40+0.03
22:5n-3 0.64+0.26 0.57+0.06 0.69+0.02
22:6n-3 12.79+0.37° 18.04+1.19%° 21.80+0.94%
Saturated 32.01+6.29  32.91+1.54  30.08%0.76
Monoenoics 36.73+4.51* 30.20+0.55°  28.26+0.39"
n-3 20.9442.23° 2511+1.43° 29.78+1.25%
n-6 8.45+0.97 9.80+0.47 9.74+0.04
n-9 28.44+4.72%  23.08+0.39°  21.58+0.04°
n-3 HUFA 12.92+7.45° 23.78+1.42° 28.25+1.30%
n-3/n-6 2.51+0.55°  2.56+0.05°  3.06+0.12%
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Among larvae measuring 10-12mm, groups fed 1/150 diet showed 25.0£1.3%
skeletal deformities, and similar values were found for sea bass provided 5/300+Se diet
(31.3£7.2%). Larvae fed 5/300 diet presented 35.7+5.1% deformities, however no
statistical differences were detected between groups (P=0.05). Skull deformities,
particularly pugheadness (Figure 5.3A), were identified in all experimental groups
especially in fish fed high DHA levels (P=0.042). Although no significant differences were
found between groups, selenium supply appeared to decrease the incidence of lordosis
(Figure 5.3B; P=0.083) and kyphosis (Figure 5.3C; P=0.14). Other bone anomalies, such
as scoliosis and vertebral compression (Figure 5.3D) were not present in 1/150 fed sea
bass. Regarding the bone mineralization of larvae, DHA seemed to have an effect on
mineralization, observing the lowest amounts of red in 5/300 larvae (Figure 5.4;
P=0.001). Nevertheless, selenium supplementation increased the mineralization rate, not
existing differences with the control group (P=0.242). Besides, a negative correlation
was found between the bone mineralization and total deformities (y=-2.9668x+82.365;
R?=0.9715).

Figure 5.3 Characteristic skeletal anomalies found in sea bass larvae: pugheadness (A),
lordosis (B), kyphosis (C), and vertebral compression (D).
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% Incidence of deformities

1/150 5/300 5/300+Se
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% Ossification degree

1/150 5/300 5/300+Se

Figure 5.4 Sea bass larvae bone mineralization and deformities frequency (%) at 35 dph of
fishes from the different dietary treatments.

The general pattern of antioxidant enzyme gene expression in all groups of sea
bass larvae was characterised by a rapid increase between 14 and 26 dph, followed by a
decrease back to levels slightly higher than those observed at 14 dph, by 29 dph (Figure
5.5A-C). The only exception to this trend was observed in GPX gene expression, where
sea bass larvae fed diet 1/150 had a lower mRNA level of this enzyme at 35 dph in
comparison to that at 14 dph (Figure 5.5C). CAT gene expression was higher in larvae
fed diets containing a high content of DHA at all sampling points, although no statistical
differences were observed (Figure 5.5A). However, GLM analysis showed differences
between all the three treatments (P=0.001; Figure 5.5A; Table 6).
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Figure 5.5 CAT, SOD and GPX expression levels measured by real-time PCR in Dicentrarchus
labrax larvae when were fed diets 1/150 (o), 5/300 @) or 5/300+Se (o). mMRNA copy number of
each gene was normalized as a ratio to 100 ng total RNA.
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The SOD mRNA copy number was significantly higher (P=0.004) at 35 dph in
5/300 larvae (Figure 5.5B). GPX expression level was highest in larvae fed diets
containing a high level of DHA compared to larvae fed low DHA levels. Nevertheless,
larvae fed diets supplemented with selenium showed a lower number of GPX mRNA
copies, comparable to larvae fed 1/150 diet (Figure 5.5C).

Regarding IGF genes, IGF-I mRNA copy number increased from 14 to 26 dph in
all treatments, showing a decrease at day 35 in 1/150 and 5/300+Se larvae. In contrast,
5/300 larvae showed an increasing IGF-I expression levels throughout the experimental
trial, with significantly higher levels at 35 dph (P=0.006; Figure 5.3D). No significant
differences were observed among treatments taking into account the whole experimental
period (Figure 5.6D; Table 6). The mRNA levels of IGF-II followed a similar increasing
pattern in 5/300 and 5/300+Se larva from 14 to 26 dph, in contrast to 1/150 larvae. At 26
dph, 5/300+Se larvae showed a marked decrease in IGF-Il expression, whereas in 5/300
larvae a steady increase could be observed. In larvae fed diet 1/150 a decrease in IGF-II

expression could be observed at all sampling points (Figure 5.6B).

Myosin heavy chain expression levels were elevated in larvae fed the 5/300 diet,
with a lower expression of this gene mRNA copy number was found 26 dph, when
selenium was included in the diet (P=0.007). At 35 dph, no statistical differences were
observed when Se was added to the 5/300 diet, with the lowest values in 1/150 larvae
(Figure 5.73). GLM analysis showed significant differences between 5/300 larvae and
larvae fed the other dietary treatments (P=0.001; Figure 5.7; Table 6).
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Figure 5.6 IGF-lI and IGF-Il expression levels measured by real-time PCR in Dicentrarchus
labrax larvae when were fed diets 1/150 (o), 5/300 (m) or 5/300+Se ( A). mMRNA copy number of
each gene was normalized as a ratio to 100 ng total RNA.
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Figure 5.7 MyHC expression levels measured by real-time PCR in Dicentrarchus labrax larvae
when were fed diets 1/150 (o), 5/300 (m) or 5/300+Se (A). MRNA copy number of each gene was

normalized as a ratio to 100 ng total RNA.

Interactions were found in gene expression between dietary treatment and time

within the experimental trial for SOD and IGF-I (Table 5.6), indicating that the increase in

expression of these genes may be induced for the larval stage and the effect of the diet.

However, IGF-I showed no differences in expression among treatments or during the

whole experimental trial (Table 5.6).

Table 5.6 Effects of the dietary treatment, time and their interaction on the global gene

expression

DIET TIME DxT
CAT *x ** n.s.
SOD ** ** *
GPX *x *x n.s.
IGF-I n.s. n.s. *
IGF-II *x * n.s.
MyHC *x *x n.s.

Asterisks indicate significant differences as **P<0.01, *P<0.05. n.s. indicates non-significant

differences
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6.4 Discussion

The aim of the present study was to evaluate the oxidative status of sea bass
larvae when selenium and vitamin E were included in the diet, at high DHA levels
inclusion. Previously, Chapters 3 and 4 provided evidence of the appearance of
muscular dystrophy in sea bass larvae when fed high DHA, implying an excessive
production of free radicals was present. Furthermore, the same authors showed that an
increase of vitamin E alone could not prevent its adverse effects. Selenium and vitamin E
have different but complementary biochemical functions which may allow these nutrients

to interact physiologically (Combs and Scott, 1976).

Se contents in the 5/300+Se diet were adjusted according to the levels found in
copepods (Hamre et al., 2008; van der Meeren et al., 2008), natural live prey of marine
fish larvae, although they were higher than those recommended by National Research
Council (NRC, 1993) for juveniles of other fish species. Since marine fish larvae have a
rapid growth rate it is possible that they may well have a higher requirement than the
juveniles which have been used in most of the requirement studies quoted by NRC. In
addition, the Se level did not seem to be excessive, as larvae fed this diet did not show
reduced growth in comparison to the larvae fed the same vitamin E and DHA contents.
Reduced growth is one of the first symptoms occurring when excessive levels of Se are
fed to fish (Hilton et al., 1980; Lin and Shiau, 2005; Jaramillo et al., 2009; Lin and Shiau,
2009; Penglase et al., 2010). Moreover, the Se source used in this work was derived
from yeast, making it less likely to be toxic as Se toxicity is highly dependent on its
speciation (Tinggi, 2003), with mineral Se being more toxic than organic Se (Hilton et al.,
1980; Rider et al., 2010).

A dose-dependent effect of dietary vitamin E on larval tissues concentration was
not observed in the present work, with the highest vitamin E content found in larvae fed
the lowest level of vitamin E (150 mg 100 g* DW). These results are in contrast with
previous reports where vitamin E concentrations in fish were linked to dietary input (Kiron
et al., 2004; Puangkaew et al., 2005). It is also noteworthy that vitamin E levels were
influenced by dietary DHA ratio; they were lower in larvae fed diets containing the higher
amount of DHA (5/300 diets). This indicates that more vitamin E was being utilized as an
antioxidant in larvae from groups 5/300 and 5/300+Se to protect tissue lipids from an
increased oxidation risk. Consequently a-TOH was accumulated at lower amounts in

larval tissues. These results match previous reports where vitamin E concentration in
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juvenile or adult fish were lower when high contents of n-3 LC-PUFA were included in
the diets (Puangkaew et al., 2005). In sea bass larvae fed 1/150 diet, which contained
only 4.58% 20:5n-3, it was notable that this fatty acid was accumulated in larval tissues,
denoting its importance for marine fish larvae. In addition, the low DHA retention rate
observed in 5/300 larvae could probably be due to the high in vivo lipid oxidation induced
by this fatty acid.

In agreement with this, a dietary DHA increase resulted in higher levels of MDA,
whereas Se supplementation improved protection against peroxidation by decreasing
TBARS values. Moreover, Se incorporation rate was very low in 5/300+Se larvae
(42.26%) in contrast to 1/150 (100%) and 5/300 (83.46%) larvae suggesting that this
mineral was being used at the active sites of the antioxidant enzyme GPX (Felton et al.,
1996). The synergism between tocopherol and Se has previously been observed in trout
and salmon using diets deficients in vitamin E, Se or both (Poston et al., 1976; Bell et al.,
1985). In this study, tocopherol levels were high enough to avoid a deficiency in this
nutrient, suggesting that vitamin E addition as the sole antioxidant is not sufficient
enough to control lipid peroxidation when high levels of DHA are included in fish larval
diets. Therefore, the role of tocopherol as an effective antioxidant depends on the extent
of the oxidative stress in the fish and is thus related to the degree of unsaturation of

dietary fatty acids

The availability of literature on the activities of AOE in fish are mainly focused on
pollutant detoxification (Ji et al.,, 2011; Kim et al., 2010) or developmental aspects
(Mourente et al., 1999b; Otto and Moon, 1996; Peters and Livingstone, 1996). A few
reports exist concerning the effect of dietary components on their activity and gene
expression during early developmental stages of marine fish larvae (Tovar-Ramirez et
al., 2010). The results from the present study demonstrate that there is an increase in
expression of specific antioxidant genes in sea bass larvae exposed to oxidative stress
in order to neutralize the generated ROS. Moreover, when sea bass larvae were
exposed to high dietary DHA contents (5%), the induction of antioxidant enzyme genes
coincided with increases in MDA levels. Accordingly, studies in Manchurian trout
(Brachymystax lenok) larvae (Zhang et al., 2009), revealed that high dietary lipid levels
produced elevated MDA levels, inducing an antioxidant response noticeable by an

increase in the activity of AOE.

In the present research, an initial increase in the expression of each AOE was

observed in all treatments at 26 dph, including the control group. Fernandez-Diaz et al.
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(2006) found that the administration of inert diets in Solea senegalensis larvae produced
increased CAT and SOD activity compared to larvae fed with Artemia. Therefore, the

observed initial increase in expression could be due to the use of inert food.

In an attempt to dismutate superoxide anions and to decompose hydrogen
peroxide, increases in SOD, CAT and GPX expression were detected in fish larvae fed a
high DHA and Se-free diet. Similarly, exposure to high DHA diets caused a significant
increase in CAT and GPX in larvae fed Se-supplemented diets. Given that increases in
SOD activity were less significant in Se-supplemented larvae, it can be concluded that
H,O, formation declined or that CAT activity was sufficient to remove H,O,. These
results agree with Monteiro et al. (2009) who observed that Se supplementation had a
protective effect against oxidative stress caused by methyl parathion in Brycon cephalus,
as denoted by a decrease in CAT and SOD activity. In contrast with these authors, an
increased level in GPX was not observed with Se supplementation, neither the decrease
in GPX caused by methyl parathion. In contrast with these authors, Se supplementation
did not increase GPX level, or decreased GPX caused by methyl parathion. In mammals,
it is likely that maintaining the activity of known selenoproteins (SEP), including GPX is
not the mechanism by which Se acts since it appears to be saturated at normal
nutritional intakes. Thus, supranutritional levels of Se are required to reduce the
incidence of human and animal diseases (Brown and Arthur, 2001). Therefore, it
appears that other SEP could be implicated in tissue antioxidant defence mechanisms.
Among all SEPs, SEPP seems to play an important role as an antioxidant defence in
mammals (Burk et al., 1997) by associating with endothelial cells. Previous studies in
zebrafish (Danio rerio) indicate that SEPP is utilized to a larger extent than in humans as
it is encoded by two genes and has 17 selenocysteine residues, the largest number of
selenocysteine residues found in any known protein (Tubajeva et al., 2000; Kryukov and
Gladyshed, 2000). In consequence, an action of SEPP or any other SEP could be critical
as an antioxidant defence against lipid hydroperoxides in sea bass larvae when Se
requirements are covered. Thus, further studies are required to clarify the antioxidant

mode of Se action in marine fish larvae.

As observed in our previous studies (Chapters 3 and 4), high dietary DHA levels
caused pathological changes in sea bass larvae muscle. However, in the present study,
inclusion of Se proved to be efficient in controlling the damage caused by ROS, reducing
the incidence of muscle injury to almost half as compared to the 5/300 diet. Moreover,
certain properties of muscle may render it especially susceptible to ROS injury (Jackson

et al., 1993; Giulivi and Cadenas, 1994; Ostdal et al., 1997). For instance, muscle is
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prone to oxidative injury as a result of increased electron flux due to its requirement and
ability to undertake rapid and coordinated changes in energy supply and oxygen flux
during contraction (Haycock et al., 1996). There is also a very high concentration of
myoglobin in muscle, and it is known that such a heme — containing protein may confer
greater sensitivity to free radical induced damage by conversion of hydrogen peroxide to
a more reactive species (Ostdal et al., 1997). Furthermore, the requirement of skeletal
muscle membranes for phospholipids containing large proportions of polyunsaturated
fatty acids may render those membranes particularly susceptible to oxidative stress
(Murphy and Kehrer, 1989). Finally, low Se accumulation in muscular tissues will make
this tissue more susceptible to oxidative damage (Monteiro et al., 2009; Elia et al., 2011).
However, interaction of LC-PUFA with other cellular components should be taken into
account to complete the scenario. In this sense, studies using juvenile salmon fed with
high EPA and DHA diets showed loss of the mitochondrial B-oxidation, reduced lipid
deposition and apoptosis in white adipose tissue, indicating that high supplementation

rates of these LC-PUFA may lead to oxidative stress (Todorcevi¢ et al., 2009).

IGF-I and IGF-Il are polypeptides well known for promoting proliferation and
differentiation in many vertebrates with nutritional status having a profound effect on the
IGF system in fish (Duan, 1998). However, most nutritional studies have focused on the
effects of food restriction (Moriyama et al., 1994; Terova et al., 2007; Hevrgy et al.,
2010), dietary protein or carbohydrate content (Pérez-Sanchez et al., 1995; Enes et al.,
2010) and probiotics (Carnevali et al., 2006) whereas little information is known about
the effect of lipids on this system. Moreover, no information exists about the effect of
oxidative stress on IGFs in fish larvae. In the present study an increase in IGF-1 and IGF-
Il in larvae fed the 5/300 diets was observed, especially when no Se was added,
suggesting oxidative stress may play a role in the expression of these growth factors.
Accordingly, larvae fed the highest content of DHA showed a higher incidence of
muscular lesions and the presence of abundant satellite cells. Satellite cells are able to
regenerate damaged muscle by forming new myofibres by fusing to existing muscle
fibres or fusing together (Bischoff, 1994; Schultz and McCormick, 1994). It is known that
to control the satellite cell population growth factors are required (Grounds, 1999; Seale
and Rudnicki, 2000). In mammals, IGF-| appears to utilize multiple signalling pathways in
the regulation of the satellite cell pool such as the mitogen-activated protein (MAP) or
phosphatidylinositol-3-OH kinase (PI-3K) (Coolican et al., 1997; Semsarian et al., 1999).
In agreement with this, Pozios et al., (2001) showed that IGF-Il and IGF-I potently
activate cell proliferation and DNA synthesis in embryonic zebrafish cells via MAP and

PI-3K, suggesting that the increase of IGF-I mMRNA copies observed in the present work
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in larvae with the highest incidence of muscular lesions could be due to the regeneration
process carried out by satellite cells. Similarly, the mitogenic effect of IGF in fish has also

been described in cultured muscle cells from rainbow trout (Castillo et al., 2004).

Other of the known functions of the IGF-I is that of stimulating mature osteoblast
function (Hughes et al., 2006), being IGF-I more potent in bone, although this might be
different both between and within species (Rosen et al., 1997). Considering the results in
the present study, IGFs expression was higher in diets containing a high level of DHA,
especially when Se was not added to diet. Conversely, these larvae showed the lowest
bone mineralization rate, indicating that the highest expression of this polypeptide did not
favour minerals deposition. IGF-I has been found in different soft tissues in adult sea
bass (Terova et al., 2007; Enes et al., 2010) and, as has been previously pointed out, it
has a role in promoting proliferation and differentiation, as well as controlling satellite cell
pool, thus, the elevated IGFs expression could be mainly addressed to regenerate
muscle and not to potentiate bone growth. Our results diverge from those obtained by
Villeneuve et al. (2006), who aimed that an excess amount of PUFA accelerated
osteoblast differentiation in sea bass larvae. However, in that study the quantity of DHA
employed was lower than ours (4.8% of EPA+DHA) and it was supplemented only as
phospholipids. Therefore, the high deformities and low mineralization rate may be due to
the direct effect of free radicals on bone cells. Lewis-McCrea and Lall (2007) found a
reduction in bone formation, resulting in development of skeletal abnormalities in halibut
fed oxidized dietary lipid. In this same report and in agreement with this study, vitamin E
supplementation did not improve the frequency of abnormalities observed. Similarly,
inclusion of selenium seemed to help to reduce the incidence of deformities in sea bass
larvae, although only significant differences were found in skull deformities.
Nevertheless, a clear protective effect of Se was observed in bone mineralization, not
finding differences among 1/150 and 5/300+Se larvae. It is known that both delay and
acceleration of the ossification process can induce malformations in sea bass larvae
(Darias et al., 2010; Darias et al., 2011). In the present report, a negative effects
between bone mineralization rate and deformities was noticed, suggesting that selenium
had some protective effect on osteoblasts, promoting bone mineralization to rates equal
to control larvae. Similarly, in domestic animals the combination of vitamins E and C with
Se was more effective than combinations of single vitamins to prevent structural

alterations in bones (Turan et al., 2003).

Late markers of myogenesis include the myofibrillar protein myosin heavy chain.

By monitoring the expression patterns of this marker gene, the effect that nutritional
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status has on muscle growth can be determined (Bower et al., 2008). Regeneration of
fish muscle has only rarely been described. Rowlerson et al. (1997) demonstrated a
vigorous regeneration in juvenile sea bream (Sparus aurata) after mechanical injury, with
myosin expression in regenerating fibres resembling that seen in newly produced fibres
in post-larval white muscle. In the present study, a higher expression of myosin was
observed in 5/300 larvae, especially when Se was not added to diets with a positive
correlation observed between the incidence of muscular lesions and myosin mRNA
copies at 35 dph (y=2E-06x-29.567; R?*=0.9133).

In this study, the high levels of AOE and MDA content observed in 5/300 larvae
demonstrate an adaptive response in attempting to neutralize the ROS generated.
Moreover, a reactive response was observed by the increase in IGFs and MyHC
expression in larval tissues, suggesting regenerative processes in injured muscle.
Organic Se proved to enhance the cell antioxidant capacity, protecting muscle, as
showed by the decrease in the incidence of muscular lesions, MDA content and AOE
expression. Therefore, when high levels of LC-PUFA are included in sea bass larvae
microdiets, an adequate combination of dietary a-TOH and Se must be included to avoid

the appearance of oxidative stress in larval tissues and favour culture performance.
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Supplementation with vitamin C enhances the vitamin E status

and reduces oxidative stress indicators in sea bass

(Dicentrarchus labrax) larvae fed high-DHA microdiets
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Docosahexaenoic acid (DHA) is an essential fatty acid necessary for
many biochemical, cellular and physiological functions in fish. However,
high dietary levels of DHA increase free radical injury in sea bass larvae
muscle, even when vitamin E (a-tocopherol, a-TOH) is increased.
Therefore, the inclusion of other nutrients with complementary antioxidant
functions, such as vitamin C (ascorbic acid, AA), could further contribute
to prevent these lesions. The objective of the present study was to
determine the effect of AA inclusion in high DHA and a-TOH microdiets
(5/300 and 5/300+AA) in comparison to a control diet (1/150) on sea bass
larvae growth, survival, biochemical composition, malonaldehyde (MDA)
content, muscle morphology, skeletal deformities and antioxidant
enzymes, insulin-like growth factors (IGFs) and myosin expression
(MyHC). AA effectively controlled oxidative damages in muscle and
reduced MDA content and the occurrence of skull deformities. IGFs gene
expression was elevated in 5/300 larvae, suggesting an increased muscle
mitogenesis that was confirmed by the increase in the mRNA copies of
MyHC. The results of the present study showed the antioxidant synergism
between vitamins E and C when high contents of DHA are included in sea
bass larvae diets.
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7.1 Introduction

The importance of polyunsaturated fatty acids (PUFA) for marine fish larvae has
been extensively studied during the last 20 years (Watanabe 1993, Watanabe and Kiron,
1994, Sargent et al., 1999, Izquierdo, 2005), especially in relation to eicosapentaenoic
acid (EPA; 20:5n-3) and docosahexaenoic acid (DHA; 22:6n-3) (Watanabe, 1993;
Takeuchi et al., 1996; Copeman et al., 2002; Rezek et al., 2010). The particular structure
of DHA provides this fatty acid with many important functions in fish metabolism
(Izquierdo, 2005), and has been demonstrated to be superior to EPA in promoting
growth and conferring vitality to larvae (Watanabe et al., 1989; Watanabe, 1993), being
preferentially incorporated into biomembranes (Rodriguez et al., 1997; Copeman et al.,
2002). Due to their limited capacity to synthesize DHA and EPA from their precursors,
fish require diets rich in these fatty acids (Koven et al., 2001). Nowadays, live prey
substitution by compound diets is crucial for lowering costs and increasing quality of
production to provide high and constant quality juveniles, using a formulation having high
levels of DHA, similar to those of live prey (Koven et al., 2001). However, DHA is very
susceptible to attack by reactive oxygen species (ROS) due to its high unsaturation

degree (Nagaoka et al., 1990).

ROS are produced during normal cellular function (Matés, 2000), being beneficial
or even indispensable at low concentrations in processes such as defence against
microorganisms, contributing to phagocitic bactericidal activity. Fish possess enzyme
systems and low-molecular-weight molecules with antioxidant functions capable of
neutralizing ROS and protecting against their adverse effects (Machlin and Bendich,
1987). However, ROS generation can exceed its removal and oxidative stress can occur

(Sies, 1985) with ROS attacking diverse cellular components.

One of the consequences of oxidative stress is the oxidative peroxidation of PUFA,
known as lipid peroxidation. The high unsaturation content of these fatty acids renders
them very susceptible to lipid oxidation. Thus, the high requirements of marine fish
larvae for long chain PUFA (LC-PUFA), mainly DHA and EPA, makes them more prone
to suffering peroxidative attack than are adults (Hamre et al., 2010). Therefore, the
importance of nutrition in the pro-oxidant-anti-oxidant balance process may be highly

critical for fish larvae, as their high LC-PUFA contents disposes larval tissues vulnerable
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to oxidative stress and an increase in the content of antioxidant nutrients is essential.
Among the antioxidant nutrients, vitamin E (tocopherols and trienols) is the major
membrane-bound lipid-soluble antioxidant (Machlin and Bendich, 1987), whereas vitamin
C (ascorbic acid, AA) is an important water-soluble antioxidant which protects low
density lipoproteins from oxidation and is required for the correct formation of cartilage
(Levine, 1986). AA is easily oxidized to the unstable dehydroascorbic acid (DHAA),
which is not normally detectable in plasma but may develop transiently during oxidant
stress (Padayatty and Levine, 2001). The presence of sparing mechanisms between
both vitamins was first hypothesized by Tappel (1962). This hypothesis proposes that the
oxidized a-tocopherol (a-TOH) is reduced by ascorbate, thereby regenerating a-TOH. In
some fish species the presence of a vitamin C/E sparing mechanism has been
suggested (Lovell et al., 1984; Sealey and Gatlin, 2002; Shiau and Hsu, 2002; Yildirim-
Aksoy et al., 2008) reporting an influence on growth, tissue composition or immune
responses. For instance, supplementation with 100 mg kg™ of ascorbyl-2-polyphosphate
to a a-TOH deficient diet in juvenile channel catfish (Ictalurus punctatus) decreased
vertebral deformities and improved weight gain, feed intake and feed efficiency rate
(Yildirim-Aksoy et al. 2008). High supplementation of ascorbate might also spare a-TOH
in diets for hybrid tilapia (Oreochromis niloticus x O. aureus) as shown by the increased
weight gain, feed efficiency and a-TOH concentrations. However, little is known about
the effect of both vitamins in preventing oxidative stress in fish larvae, when high levels
of LC-PUFA are administered.

The potentially deleterious effects of ROS are counteracted by a suite of
antioxidant enzymes (AOE), including radical-scavenging enzymes such as catalase
(CAT) and superoxide dismutase (SOD) or peroxidases such as glutathione peroxidase
(GPX). In Manchurian trout larvae (Brachymystax lenok) high lipid content microdiets
stimulated the activity of AOE, generally accompanied by an increase in malonaldehyde
(MDA) contents (Zhang et al., 2009). In contrast, Mourente et al. (1999a) did not find a
direct relationship between the activity of AOE and the level of dietary n-3 LC-PUFA in
Dentex dentex larvae, but decreased a-TOH and increased MDA contents were found in
larvae fed high n-3 LC-PUFA enriched Artemia. Furthermore, it seems that the level of
antioxidant enzymes rises with larval development, whereas the level of antioxidant
molecules falls (Rudneva, 1999). In mammals, ROS can induce changes in gene
expression during normal development (Saal et al., 1990) causing defective embryo
development and retardation of embryo growth (Agarwal et al., 2006). Similarly, oxidative
stress causes embryonic mortality and developmental arrest in sea urchins

(Paracentrotus lividus and Spherechinus granularis) larvae (Pagano et al., 2001).
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Oxygen stress during early larval stages of fish may also alter development. Somatic
growth in fish is regulated by insulin-like growth factors | and Il (IGF-1 and IGF-II), two
single chain polypeptides that also have a function as myogenic regulatory factors which
increase satellite cell proliferation and differentiation (Goldspink et al., 2001; Bower et al.,
2008). In addition, IGFs stimulate cartilage growth by the incorporation of sulphate into
cartilage and also affect cell differentiation, growth and proliferation (Duan 1997, 1998).
Differences in myogenesis regulation, such as myosin isoform expression, have also
been observed in the earliest stages and during temperature acclimation (Watabe, 2001;
Johnston and Hall, 2004, Silva et al., 2008). However, no information is available about
the effect of different dietary components on the regulation of the various components of

the IGF signalling pathways, as well as their role on muscle growth in fish (Chapter 5).

In previous studies we have shown the alteration of sea bass (Dicentrarchus
labrax) larvae oxidative status when they were fed high levels of DHA (5%), with a-TOH
having a limited effect in preventing alterations such as muscular dystrophy or hepatic
ceroidosis (Chapters 3 and 4). Therefore, the aim of the present study was to evaluate
the combined effect of a-TOH and AA in preventing oxidative stress in sea bass larvae
fed high levels of DHA in relation to larval performance or antioxidant status as well as
the incidence of morphological alterations, including the expression of selected related

genes.

7.2 Material and methods

7.2.1 Fish

The experiment was carried out at the Instituto Canario de Ciencias Marinas
facilities (Telde, Canary lIslands, Spain). Sea bass, Dicentrarchus labrax, larvae were
obtained from a natural spawning from the Instituto de Acuicultura de Torre de la Sal
(CSIC, Castelldén, Spain). Prior to starting the feeding experiment, larvae were fed
enriched yeast-fed rotifers (DHA Protein Selco®, INVE, Belgium) until they reached 14
days post hatching (dph). Then, larvae (total length 8.58 + 0.64 mm, dry body weight
0.36 + 0.00 mg) were randomly distributed in experimental tanks (n=9) at a density of
1000 larvae tank™ and were fed one of the experimental diets for 21 days, at a water
temperature of 19.5 to 21.0°C. All tanks (170 L light grey colour cylindrical fibreglass
tanks) were supplied with filtered sea water (34 g L™ salinity) at an increasing rate of 1.0

- 1.5 L min™* along the feeding trial. Sea water entered the tank from bottom to top; water
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quality was tested daily and no deterioration was observed. Water was continuously

aerated (125 ml min™), attaining 5-8 g L™* dissolved O, and 60-80% saturation.

7.2.2 Diets

Three isonitrogenous and isolipidic experimental microdiets (pellet size < 250 ym)
similar in their EPA content were prepared containing two levels of DHA, AA and a-TOH.
A low oxidation risk diet (1/150) contained low DHA (1% DW) and a-TOH (150 mg 100 g
1); a high oxidation risk diet contained the highest DHA (5% DW) and a-TOH (300 mg
100 g) levels and a third diet contained increased AA (360 mg 100 g*). The protein
source used was squid meal defatted 3 consecutive times with a chloroform:squid meal
ratio of 3:1 to allow a better control of the fatty acid profile of the microdiet. EPA, DHA,
ao-TOH and AA sources used in the experimental diets were EPA500 and DHAS500
(CRODA, East Yorkshire, England, UK), DL- a- Tocopheryl Acetate (Sigma-Aldrich,
Madrid, Spain) and Rovimix Stay-C 35 (Roche, Paris, France). Oleic acid (Merck,
Darmstadt, Germany) was added to equalize the lipid content in all diets (Table 6.1).
Microdiets were prepared according to Liu et al. (2002) by first mixing the squid powder
and water soluble components, followed by lipid- and fat- soluble vitamins and, finally,
warm water dissolved gelatine. The paste was pelleted and oven dried at 38°C for 24 h.
Pellets were ground and sieved to obtain particle size below 250 um. Diets were
analyzed for proximate and fatty acid composition of dry matter and manually supplied
14 times per day every 45 min from 9:00-19:00. Daily feed supplied was 2, 2.5 and 3
g/tank during the first, second and third week of feeding respectively. Each diet was

tested in triplicates.

7.2.3 Growth and survival

Final survival was calculated by individually counting live larvae at the
beginning and end of the experiment. Growth was determined by measuring dry
body weight (105°C for 24 hours) and total length (Profile Projector V-12A Tokyo,

Nikon) of 30 larvae tank™ at the beginning, middle and end of the trial.

149



Dietary vitamins C and E in high DHA microdiets

Table 6.1 Formulation of experimental diets

Dietary DHA/vitamin E 1/150 5/300 5/300+AA
Defatted squid powder (g 100g™)" 69.00 68.85 68.32
EPA g 100g™ (DW)" 2.80 1.80 1.80
DHA g 100g™ (DW) 0.20 6.70 6.70
Oleic acid (%)* 10.00 4.50 4.50
Soy lecithin (g 100g™)’ 2.00 2.00 2.00
Gelatin (g 100g™) 3.00 3.00 3.00
Attractants (g 100g™) 3.00 3.00 3.00
Taurin (g 100g™) 1.50 1.50 1.50
Vitamin premix® 6.00 6.00 6.00
Mineral premix" 2.50 2.50 2.50
Vitamin C g 100g™ (DW) ™ 0.18 0.18 0.36
Vitamin E g 100g™* (DW) * - 0.15 0.15

" Riber and Son, Bergen, Norway.

" Croda, East Yorkshire, UK.

*Merck, Darmstadt, Germany.

‘Acrofarma, Barcelona, Spain

$ Vitamin premix supplied per 100g diet: Cyanocobalamine, 0.030; Astaxanthin, 5.00; folic acid,
5.44; pyridoxine-HCI, 17.28; thiamine, 21.77; riboflavin, 72.53; Ca-pantothenate, 101.59; p-
aminobenzoic acid, 145.00; nicotinic acid, 290.16; myo-inositol, 1450.9; retinol acetate, 0.180;
ergocalcipherol, 3.650; menadione, 17.280; a-tocopheryl acetate, 150.000.

**Mineral premix supplied g per 100g diet: NaCl, 215.133; MgSO,-7H,0, 677.545; NaH,PO,4-H,0,
381.453; K,HPO,, 758.949; Ca(H,PQ,4)-2H,0, 671.610; FeC¢Hs0O,;, 146.884; C3Hs503-1/2Ca,
1617.210; Aly(SQOy4)3:-6H,0, 0.693; ZnSO,4-7H,0, 14.837; CuSO,4-5H,0, 1.247; MnSO,4-H,0, 2.998;
Kl, 0.742; CoS0,4-7H,0, 10.706.

™ Rovimix Stay-C 35, Roche, Paris, France.

** DL-a-tocopheryl acetate, Sigma-Aldrich, Madrid, Spain.

7.2.4 Biochemical analysis

All remaining larvae in each tank were washed with distilled water, sampled and
kept at -80°C for biochemical composition and TBARS analysis after 12 hours of
starvation at the end of the trial. Moisture, protein (A.O.A.C., 1995) and lipid (Folch et al.,
1957) contents of the larvae and diets were analyzed.

7.2.4.1 Total lipid fatty acid analysis
Fatty acid methyl esters (FAMES) were obtained by transmethylation of total lipids

as described by Christie (1982). FAMEs were separated by GLC, quantified by FID (GC -
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14A, Shimadzu, Tokyo, Japan) under the conditions described in Izquierdo et al. (1992)

and identified by comparison with previously characterized standards and GLC-MS.

7.2.4.2 Determination of vitamin E content

a-TOH concentrations were determined in diets and larvae samples using a high-
pressure liquid chromatography (HPLC) with UV detection. Samples were weighed,
homogenised in pyrogallol and saponified as described by McMurray et al. (1980) for
diets or according to Cowey et al. (1981) for larvae. HPLC analysis was performed using
a 150 x 4.60 mm, reverse-phase Luna 5um C18 column (Phenomenox, California, USA).
The mobile phase was 98% methanol pumped at 1.0 ml min™. The effluent from the
column was monitored at a wavelength of 293 nm and quantification achieved by

comparison with (+)-a-tocopherol (Sigma-Aldrich, Madrid, Spain) as external standard.

7.2.4.3 Determination of vitamin C content

Ascorbil-2-monophosphate concentrations were determined in diets using a HPLC
procedure with UV detection. The HPLC system comprised of a 150 x 4.6 mm, 5 um
particle size, Gemini C18 column fitted with a Gemini pre-column of the same material.
The mobile phase consisting of phosphate buffer was delivered at a flow rate of 0.8 mi
min™. Samples were dissolved with 0.4 M phosphate buffer (pH 3.0) and centrifuged at
1610 x g for 5 minutes at room temperature. The supernatants were kept at 4°C until
assayed. AA concentrations were determined at a wavelength of 293 nm and
quantification achieved by comparison with tris(cyclohexylammonium) ascorbic acid-2-

phosphate (Sigma-Aldrich, Madrid, Spain), used as a reference substance.

7.2.4.4 Measurement of thiobarbituric acid reactive substances (TBARS)

TBARS were measured in triplicate samples using a method adapted from that
used by Burk et al. (1980). Approximately 20-30 mg of larval tissues per sample were
homogenized in 1.5 ml of 20% trichloroacetic acid (w/v) containing 0.05 ml of 1% BHT in
methanol. To this 2.95 ml of freshly prepared 50mM thiobarbituric acid solution were
added before mixing and heating for 10 minutes at 100°C. After cooling, protein
precipitates were removed by centrifugation (Sigma 4K15, Osterode am Harz, Germany)

at 2000 x g, the supernatant was read in a spectrophotometer (Evolution 300, Thermo

151



Dietary vitamins C and E in high DHA microdiets

Scientific, Cheshire, UK) at 532 nm. The absorbance was recorded against a blank at
the same wavelength. The concentration of TBA-malondialdehyde (MDA) expressed as

umol MDA per g of tissue was calculated using the extinction coefficient 0.156 uM™ cm™.

7.2.5 Histopathological sampling

Thirty larvae from each tank were collected every seventh day from the beginning
of the feeding trial, and fixed in 10% buffered formalin for 1 or 2 days, dehydrated
through graded alcohols, then xylene and finally embedded in paraffin wax. Six paraffin
blocks containing 5 larvae per tank were sectioned at 3 um and stained with
Haematoxilin and Eosin (H&E) for histopathologic evaluation (Martoja and Martoja-
Pearson, 1970).

Ten larvae per tank were fixed for 24 hours at 4°C in 2.5% glutaraldehyde in 0.2 M
phosphate buffer (pH 7.2). Samples were then rinsed in phosphate buffer and post-fixed
for 1 hour in 2% osmium tetraoxide in 0.2 M potassium ferrocyanide. Each larva was
then embedded in an Eppon/Araldite resin block. Serial transverse and longitudinal
larvae thick sections were cut at 1 um, stained with toluidine blue and examined under
light microscopy (Hoffman et al., 1983). Thin sections were cut at 50 nm and stained with
lead citrate before observing with a ZEISS EM 910 transmission electron microscope
(Germany) at the Electron Microscope Service of University of Las Palmas de Gran

Canaria.

Besides, 10 larvae from each tank at 35 dph were fixed in 10% buffered formalin in
order to perform deformity analyses. Prior to staining, larvae were measured under a
Profile Projector (Mitutoyo, PJ 3000, Japan), divided into three size classes (< 10.0 mm,
10.0-12.0 mm and >12.0 mm) and stained with Alizarin red (Vandewalle et al. 1998) to
determine bone mineralization. Larvae from the different experimental groups were
stained simultaneously in order to prevent any technical variability. Deformities were
classified in three different groups according to their localization: cranial deformities,
lordosis, kyphosis, neural process alterations and others, including deformities such as
vertebral compression or scoliosis. The surface corresponding to bone in whole coloured
larvae was visualized and quantified using a computerized image analysis package
(Image-Pro Plus®, Media Cybernetics, Maryland, USA). By selecting ranges of pixel
values in colour images the pixels associated with red could be distinguished. The

number of selected pixels was then quantified using a particle analysis operation and by
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counting the area of all bright objects (in pixels). Larval size was estimated by calculating

the surface areas (in pixels) covered by whole stained larvae.

7.2.6 RNA extraction and quantitative RT-PCR

Molecular biology analyses were carried out at the University of Insubria (Varese,
Italy). Total RNA was extracted from sea bass larvaeZ00 mg; pool per tank), using
PureYield RNA Midiprep System (Promega, Italy). The quantity and purity of RNA was
assessed by spectrophotometer. Visualization on 1% agarose gel stained with ethidium
bromide showed that RNA was not degraded. Three micrograms of total RNA was
reverse transcribed into complementary DNA (cDNA) in a volume of 12 pl, including 1 ul
of oligo dT16 primer (50 pmol) and 1 pl of 10 mM deoxynucleotide triphosphates
(dNTPS). This mix was heated at 65°C for 5 minutes, chilled on ice and then 4l of 5X
reverse transcription buffer, 2 ul 0.1M DTT, 1 pyl RNAse out and 1 ul of Moloney murine
leukemia virus (M-MLVRT) were added. After incubation at 37°C for 50 minutes, the

reaction was stopped by heating at 75°C for 15 minutes.

PCR primers sequences used for the PCR amplification of the cDNAs of target
genes were CAT, SOD, GPX, IGF-I, IGF-Il and MyHC. To perform PCR, an aliquot of 4
pl of cDNA was amplified using 25 pl GoTaq Green Master Mix (Promega, Italy) in 50 pl
of final volume and 50 pmol of each designed primer.

A total of 31 PCR amplification cycles (eight touchdown) were performed for all
primer sets, using an automated Thermal Cycler (MyCycler, BioRad, Italy). An aliquot of
each sample was then subject to electrophoresis on a 1% agarose gel in 1X TAE buffer
(Bio-Rad, Italy) and bands were detected by ethidium bromide. Samples were run
together with a 100 bp+1.5 kb DNA ladder to control molecular weight of the DNA. The
negative control (a reaction mixture without cDNA), confirmed the absence of genomic
contamination. The PCR products from each primer set amplification were then cloned
using pGEM®-T easy vector (Promega, Italy) and subsequently sequenced in both
directions (T7 and SP6).

TagMan® real time reverse transcription PCR was performed on a StepOne Real

Time PCR System (Applied Biosystems, lItaly) using Assays-by-Design®™ PCR primers
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(Applied Byosystems) and gene-specific fluorogenic probes. Primer sequences and

TagMan® probes of target genes were the following:

Target gene: Sea bass CAT
Forward primer: 5'- ATGGTGTGGGACTTCTGGAG - 3
Reverse primer: 5- GCTGAACAAGAAAGACACCTGATG - 3’
TagMan® probe. 5- CAGACACTCAGGCCTCA - 3’

Target gene: Sea bass SOD
Forward primer: 5'- TGGAGACCTGGGAGATGTAACTG - 3
Reverse primer: 5- TCTTGTCCGTGATGTCGATCTTG - 3
TagMan® probe. 5- CAGGAGGAGATAACATTG - 3

Target gene: Sea bass GPX
Forward primer: 5'- AGTTAATCCGGAATTCGTGAG - 3’
Reverse primer: 5- AGCTTAGCTGTCAGGTCGTAAAAC - 3
TagMan® probe. 5'- AATGGCTGGAAACGTG - 3’

Target gene: Sea bass IGF-I
Forward primer: 5'- GCAGTTTGTGTGTGGAGAGAGA- 3
Reverse primer: 5’- GACCGCCGTGCATTGG - 3
TagMan® probe. 5- CTGTAGGTTTACTGAAATAAAA - 3’

Target gene: Sea bass IGF-II
Forward primer: 5- TGCAGAGACGCTGTGTGG - 3’
Reverse primer: 5- GCCTA CTGAAATAGAAGCCTCTGT - 3
TagMan® probe. 5- CAAACTGCAGCGCATCC - 3’

Target gene: Sea bass MyHC
Forward primer: 5’- TGGAGAAGATGTGCCGTACTCT - 3’
Reverse primer: 5'- CGTGTCATTGATTTGACGGACATTT - 3

TagMan® probe. 5- AACTGAGTGAACTGAAGACC - 3’
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Data from TagMan® PCR runs were collected with ABI's Sequence Detector
Program. Cycle threshold (Ct) values corresponded to the number of cycles at which the
fluorescence emission monitored in real time exceeded the threshold limit. The Ct values
were used to create standard curves to serve as a basis for calculating the absolute
amounts of MRNA in total RNA. To reduce pipetting errors, master mixes were prepared
to set up duplicate reactions (2 x 30 pl) for each sample.

7.2.7 Statistical analysis

Survival, growth and molecular biology data were tested for normality and
homogeneity of variances with Levene’s test, not requiring any transformation. Chi-
squared test was employed for incidence of muscular lesions, deformities and TBARS
content. Survival, growth, ossification degree and molecular biology data were treated by
one-way ANOVA. Means were compared by Duncan’s test (P<0.05) using SPSS
software (SPSS for Windows 14.0; SPSS Inc., Chicago, IL, USA, 2005). For analysis of
one-way ANOVA the following general linear model was used:

Yi=m+ D+ e

where Yj is the mean value of the tank, m is the mean population, D; is the fixed effect of

the diet and e; is the residual error.

7.3 Results

The diet containing about 1% DHA (diet 1/150) showed higher amounts of
monoenoic fatty acids than diets containing 5% DHA (5/300 and 5/300+AA) due to the
higher oleic acid content in the former diet (Table 6.2). DHA contents in the diets varied
from 4.58% in 1/150 diet, 24.55% in 5/300 diet and 27.54% in 5/300+AA diet. Elevation
of dietary DHA (5/300 diets) increased n-3 and n-3 LC-PUFA fatty acids contents, as well
as n-3/n-6 ratio. a-TOH levels were more than 2 times higher in diets containing 300 mg
100 g™ compared to the control diet (1/150) (Table 6.3). AA contents were also higher in
the diet supplemented with AA than in the others (Table 6.3).
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Table 6.2 Main fatty acids (% total of fatty acids) of the experimental diets fed to European sea
bass for three weeks.

Diet
1/150 5/300 5/300+AA
14:0 1.54 1.26 0.78
14:1n-7 0.15 0.25 0.06
14:1n-5 0.22 0.35 0.09
15:0 0.28 0.43 0.15
16:01SO 0.14 0.23 0.07
16:0 7.86 5.59 5.08
16:1n-7 3.59 2.26 2.01
16:1n-5 0.19 0.23 0.11
16:2n-6 n.d. 0.17 0.06
16:2n-4 0.32 0.39 0.26
17:0 1.21 0.82 0.66
16:3n-3 0.08 0.12 0.07
16:4n-3 0.09 0.13 0.10
18:0 1.29 2.29 2.18
18:1n-9+n-7 55.70 31.12 30.33
18:1n-5 0.72 0.46 0.36
18:2n-9 0.25 0.13 0.02
18:2n-6 7.40 6.99 6.71
18:2n-4 0.46 0.28 0.23
18:3n-6 0.11 0.11 0.10
18:3n-4 0.13 0.10 0.09
18:3n-3 0.72 0.83 0.82
18:4n-3 0.83 0.94 0.98
18:4n-1 0.08 0.08 0.09
20:0 0.10 0.31 0.30
20:1n-9+n-7 1.10 1.53 1.50
20:1n-5 0.05 0.12 0.11
20:2n-9 0.05 0.04 0.04
20:2n-6 0.09 0.21 0.21
20:3n-6 0.09 0.13 0.14
20:4n-6 0.71 1.57 1.62
20:3n-3 0.07 0.18 0.18
20:4n-3 0.32 0.52 0.54
20:5n-3 8.66 11.04 12.08
22:1n-11 0.17 0.51 0.53
22:1n-9 0.08 0.25 0.24
22:4n-6 0.02 0.19 0.20
22:5n-6 0.19 1.75 1.86
22:5n-3 0.32 1.29 1.42
22:6n-3 4,58 2455 27.54
Saturated 12.28 10.70 9.16
Monoenoics 61.99 37.23 35.34
n-3 15.68 39.61 43.73
n-6 8.61 11.14 10.90
n-9 57.19 33.10 32.17
n-3 LC-PUFA 13.96 37.58 41.76
n-3/n-6 1.82 3.56 4.01
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Table 6.3 Gross composition, a-tocopherol and ascorbic acid content in experimental diets fed to
sea bass larvae.

Diets
1/150 5/300 5/300+AA
Protein (%) 66.79+0.52 67.77+0.09 65.504+0.50
Ash (%) 4.49+0.11 4.76+0.12 4.86+0.07
Moisture (%) 10.31+0.46 9.99+0.28 9.48+0.11
Lipids (% DW) 14.98+0.31 15.80+0.02 15.94+1.05

a-tocopherol (pg/g DW) 1410.12+38.77  3033.01#43.33  3179.72.+75.69

Ascorbic acid (mg/100g DW) 149.59+5.54 147.74+3.29 299.86+7.46

Data are means + SD.

All experimental diets were well accepted by larvae. The highest total length was
found in 1/150 larvae (Table 6.4). Increasing DHA from 1 to 5% in 5/300 larvae,
significantly reduced larvae total length (Table 6.4), despite the a-TOH increase.
However, AA levels in 5/300+AA diet enhanced larval total length compared to 5/300
larvae (P=0.005). Sea bass larvae survival or dry weight was not significantly different

among the treatments (Table 6.4).

Table 6.4 Sea bass larvae performance and levels of lipid peroxidation products (TBARS) and
vitamin E (a-tocopherol) content of sea bass larvae at the beginning and after eating the
experimental diets for three weeks.

Diets
Initial 1/150 5/300 5/300+AA
Results of dietary trial
Larval total length (mm) 8.58 + 0.64 12.60 + 0.93% 10.89 + 1.24° 11.24 + 1.08"
Larval dry weight (mg) 0.36 £0.00 1.33+0.46 0.94 £ 0.05 1.01 +0.07
Survival (%) - 60.51+9.10 48.42 + 4.00 47.43 £ 10.50
Incidence muscular lesions (%) - 17.5 +14.14° 52.63 + 15.93% 20.7 +15.62°

Vitamin E (a-tocopherol)
pa/g live mass
pg/g dry mass

MDA
nMol/g live mass
nMol/g dry mass

107.92+37.78
111.45+43.26

54.88+0.53
62.85+0.61

524.11+10.30%

630.24+12.39°

126.57+2.68°
166.62+25.08°

463.62+82.24°
542.10+80.51°

2062.57+192.14%
2402.15+67.91%

646.38+23.03°
757.123+44.55%

659.77+87.26"
846.87+94.74°

Data are means + SD.
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The level of lipid peroxides, as indicated by MDA content (umol g™ larval tissues)
was lowest in larvae fed diet 1/150 and was significantly higher in larvae fed the higher
DHA content (5/300 and 5/300+AA diets). However, the inclusion of AA efficiently
prevented the formation of hydroperoxides, observed by a decrease in MDA levels
(Table 6.4). Thus, in 1/150 larvae, 44.68% of the a-TOH present in the diet was
preserved, in contrast to larvae fed 5/300 (17.87%). However, an increase in dietary AA
contents increased a-TOH levels in larvae fed 5/300+AA diet (Table 6.4). Regarding
larval a-TOH contents, the elevation of dietary vitamin E in diet 5/300, together with the
increase in DHA, in comparison to diet 1/150, did not significantly affect the a-TOH

contents in the larvae (Table 6.4).

Fatty acid composition of the larvae (Table 6.5) generally reflected the fatty acid
composition of the diet. Accordingly, a higher content of 18:1n-9 was observed in 1/150
larvae. However, its retention rate regarding dietary levels was much lower in 1/150
larvae (47.30%) than in 5/300 (67.22%) or 5/300+AA larvae (67.82%), balancing the
monoenoic acids content among larvae fed the different dietary treatments. Equally, EPA
retention was low in all larvae, especially in those fed 5/300 (43.93%) and 5/300+AA
(43.96%) diets. The highest content of total n-3 LC-PUFA (P=0.006) was observed in
larvae fed the diet supplemented with AA probably due to a higher dietary content.
However, regarding 22:6n-3 content, the highest retention rate was observed in 1/150
larvae. Similarly 20:4n-6 was highly retained in larvae fed 1/150 diet, although higher
contents were found in larvae fed diets 5/300. In contrast to the differences in the n-3/n-6
ratio observed in diets, no differences were observed in larvae among the different

treatments.

Histopathological examinations revealed the presence of lesions affecting larvae
axial musculature, showing the typical features of necrotic degeneration of muscle. The
incidence of muscular lesions increased with DHA dietary content (5/300 diet; Table 6.4).
However, inclusion of AA (5/300+AA diet) proved to be effective in reducing incidences
to less than half of those in 5/300 larvae. More detailed features of muscular lesions
could be observed on semithin and TEM sections, where muscle degeneration with the
presence of hydropic vacuoles and organelles swelling within some of the affected fibres
was found in larvae fed 5/300 diet. Some fibres presented disarrangement of the

myofilaments just like myelin figures, denoting intracellular lipid oxidation (Figure 6.1).
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Table 6.5 Main fatty acid composition of total lipids from sea bass larvae after three weeks of
feeding the experimental diets (% total fatty acid).

1/150 5/300 5/300+AA
14:0 0.93+0.06 0.76+0.03 0.51+0.28
14:1n-7 0.08+0.01 0.08+0.03 0.34+0.37
14:1n-5 0.07+0.02 0.04+0.01 0.34+0.43
15:0 0.63+0.29 0.98+1.22 0.38+0.26
15:1n-5 0.12+0.10 0.09+0.06 0.79+0.23
16:01SO n.d. 0.11+0.01 0.28+0.25
16:0 17.51+2.44  17.61+0.25  16.32+0.26
16:1n-7 2.02+0.14 1.60+0.06 1.63+0.16
16:1n-5 0.25+0.01 0.25+0.01 0.40+0.18
16:2n-6 0.30+0.00 0.36+0.04 0.46+0.15
16:2n-4 0.93+0.40 0.96+0.15 0.89+0.12
17:0 0.91+0.10 0.80+0.03 0.81+0.08
16:3n-3 0.12+0.01 0.14+0.03 0.09+0.03
16:3n-1 0.10+0.02 0.54+0.10 0.54+0.09
16:4n-3 0.62+0.35 0.44+0.10 0.48+0.01
18:0 11.66+3.41  12.29+0.36  11.07+1.04
18:1n-9 26.35+4.87°  20.92+0.51° 20.57+0.13"
18:1n-7 4.85+0.29 4.44+0.39 3.99+0.23
18:1n-5 0.62+0.24 0.49+0.07 0.45+0.12
18:2n-6 4.23+0.08 3.90+0.17 3.85+0.14
18:2n-4 0.04+0.05 0.06+0.01 0.07+0.00
18:3n-6 0.43+0.01 0.38+0.04 0.33+0.01
18:3n-4 0.07+0.04 0.06+0.02 0.06+0.02
18:3n-3 0.32+0.05 0.44+0.04 0.46+0.05
18:4n-3 0.29+0.06 0.29+0.13 0.29+0.01
20:0 0.38+0.19 0.47+0.01 0.48+0.04
20:1n-9+n-7 1.83+0.0 1.77+0.06 1.80+0.02
20:1n-5 0.26+0.15 0.13+0.01 0.13+0.02
20:2n-6 0.50+0.13 0.65+0.08 0.60+0.07
20:3n-6 0.08+0.01 0.08+0.00 0.08+0.01
20:4n-6 2.38+0.04°  3.07+0.22®  3.13+0.24°
20:3n-3 0.12+0.09 0.15+0.04 0.13+0.00
20:4n-3 0.14+0.00 0.16+0.01 0.17+0.01
20:5n-3 5.91+1.18 4.85+0.20 5.31+0.33
22:1n-11 0.46+0.30 0.19+0.08 0.26+0.02
22:1n-9 0.26+0.15 0.26+0.06 0.27+0.05
22:5n-6 1.09+0.09 1.26+0.07 1.33+0.05
22:5n-3 0.64+0.26 0.57+0.06 0.64+0.08
22:6n-3 12.79+0.37° 18.04+1.19% 20.26+0.25%
Saturated 32.01£6.29  32.91+1.54  29.56+1.20
Monoenoics 36.73+4.51*  30.20+0.55°  30.56+1.44°
n-3 20.94+2.23° 25.11+1.43% 27.83+0.57%
n-6 8.45+0.97 9.80+0.47 9.91+0.09
n-9 28.44+4.72°  23.08+0.39°  22.76+0.05°
n-3 LC-PUFA 12.92+47.45° 23.78+1.42° 26.51+0.67°
n-3/n-6 2.51+0.55 2.56+0.05 2.81+0.03
EPA/DHA 0.33+0.07 1.16+0.10 1.11+0.17
ARA/DHA 0.18+0.01 0.88+0.07 0.80+0.04
ARA/EPA 0.54+0.04 2.56+0.05 3.00+0.33
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Figure 6.1 Longitudinal semithin (A) and transversal electro micrographs (B) of sea bass larvae
fed 5/300 diet. (A) Damaged muscle fibres showing breakage (arrow) as well as darkening due to
protein coagulation (*). (B) Affected fibre showing disarrangement of the myofilaments (arrows),
swollen sarcoplasmic reticulum (SR) and myelin figures (*).
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Regarding skeletal morphology, among larvae measuring 10-12mm, 28.33+1.3%
of the larvae fed 1/150 diet showed skeletal deformities, and similar values were found in
those fed the 5/300+AA diet (29.67+6.5%; Figure 6.2). Larvae fed the 5/300 diet
presented 33.11+5.1% deformities, but no statistical differences were detected between
groups (P=0.10; Figure 2). The ossification degree of 35 dph sea bass larvae was
determined in terms of surface of mineralized bones per larval surface (Figure 6.2). High
dietary levels of DHA decreased the formation of mineralized bone in larvae, whereas

increase in AA did not affect mineralization.
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Figure 6.2 Incidence of malformations (%) (A) and ossification degree rate (%) (B) at 35 dph in
sea bass fed the experimental diets.
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Different types of deformities were observed at the end of the experimental
period, depending on the level of dietary DHA. All of the experimental groups exhibited a
statistically similar percentage of kyphosis, however, no lordosis was observed in larvae
fed the 1/150 diet (Figure 6.3). Skull deformities were especially high in fish fed high
DHA levels, although AA increase reduced the incidence of this deformity (P=0.013).
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Figure 6.3 Skeletal deformities found in 35 dph larvae at the end of the experimental period.
Different superscript letters mean significant differences for the same type of deformity among
treatments.

CAT expression was elevated in larvae fed diets containing a high content of
DHA, the highest number of mMRNA copies being found in larvae fed diet 5/300+AA
(P=0.027; Figure 6.4A). The SOD mRNA expression was also highest in 5/300 groups
(P=0.048; Figure 6.4B). Accordingly, GPX expression was quite strong in larvae fed diets
containing a high level of DHA compared to larvae fed low levels (P=0.039; Figure 6.4C).

The IGF-I gene expression increased from 14 to 26 dph in all treatments, at day
35 showing a decrease in 1/150 and 5/300+AA larvae and a continuous increase in
5/300 fed larvae (Figure 6.5A). Regarding IGF-II, expression was higher in larvae fed
5/300 and 5/300+AA diets than in those fed diet 1/150 throughout the trial (Figure 6.5B).
MyHC expression was low in larvae fed diet 1/150 and significantly increased by the
elevation of both a-TOH and DHA in diet 5/300 (Figure 6.5C). However, increase in AA
in diet 5/300+AA significantly reduced MyHC expression to levels similar to those of
1/150 diet.
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Figure 6.4 CAT, SOD and GPX expression levels measured by real-time PCR in Dicentrarchus
labrax larvae when were fed diets 1/150 (o), 5/300 @) or 5/300+AA (A). Mrna copy number of
each gene was normalized as a ratio to 100 ng total RNA.
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Figure 6.5 IGF-I and IGF-Il expression levels measured by real-time PCR in Dicentrarchus
labrax larvae when were fed diets 1/150 (o), 5/300 (m) or 5/300+AA (A). mRNA copy number of
each gene was normalized as a ratio to 100 ng total RNA.
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Figure 6.6 MyHC expression levels measured by real-time PCR in Dicentrarchus labrax larvae
when were fed diets 1/150 (o), 5/300 (m) or 5/300+AA (A). mRNA copy number of each gene was
normalized as a ratio to 100 ng total RNA.

7.4 Discussion

Marine fish larvae are subjected to high levels of oxidative stress when using inert
diets due to the high content of LC-PUFA, particularly DHA, and pro-oxidants such as
minerals as well as the high surface to volume ratio of these feed particles (Hamre,
2011). Therefore, inclusion of high dietary levels of LC-PUFA to match the high
requirements of marine fish larvae may call for increased dietary supplementation with
antioxidants such as a-TOH to prevent oxidative damage. For instance, increasing DHA
by up to 5% in diets for sea bass markedly reduced larval survival and growth and
increased the incidence of muscular lesions (Chapter 3). Despite an increase in dietary
a-TOH from 150 to 300 mg 100 g™ which partially reduced the occurrence of muscular
alterations at DHA dietary levels up to 3% (Chapter 3), lesions caused by the further
elevation of DHA up to 5% could not be prevented by the increase in dietary a-TOH (300
mg 100 g*) (Chapter 4). Similarly, in the present study high levels of a-TOH (300 mg 100
g™ together with high DHA (5%) were not able to counteract the adverse effects of ROS
on the incidence of muscular lesions. Accordingly, these larvae showed very high levels
of MDA indicating that their oxidative status is altered when they are fed high DHA levels
even at such high dietary a-TO