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Abstract

Five isoproteic (54.8%) and isolipidic (24.1%) microdiets, which varied
in their docosahexaenoic acid (DHA) content (0.25, 0.75, 1.64, 1.99 and
3.17%; dw), were manufactured to determine its effects on longfin
yellowtail Seriola rivoliana larvae in terms of fish biological
performance, whole body fatty acid profile and incidence of skeletal
anomalies from 30 dah (11.31 + 1.79 Total Length, TL) to 50 dah
(19.80+0.58 mm TL). The inclusion of dietary DHA up to 3.17% (dw)
improved larval resistance to air exposure, although DHA did not
significantly affect fish final growth or final survival. Indeed, high levels
of dietary DHA (1.99% and 3.17%, dw) tended to increase the incidence
of skeletal anomalies in S. rivoliana larvae, albeit no significant
differences were observed. Furthermore, the occurrence of severe
anomalies such as kyphosis and lordosis, was mainly associated to the
larvae fed with the highest levels of dietary DHA. In terms of survival,
increasing dietary DHA levels did not significantly affect longfin
yellowtail survival rate, despite a tendency for enhanced survival. The
results of the present study proved that the inclusion of dietary DHA in
inert diets up to a 3.17% (dw) and a DHA/EPA ratio above 3.1 increased

the final survival and stress resistance in S. rivoliana larvae.
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1. Introduction

The recent interest on marine fast-growing teleost for aquaculture
diversification has lead to research in fish species such as Atlantic bluefin
tuna (Thunnus thynnus), greater amberjack (Seriola dumerili), yellowtail
kingfish (Seriola lalandi), Japanese yellowtail (Seriola quinqueradiata) or
meagre (Argyrosomus regius). Longfin yellowtail, (Seriola rivoliana,
Valenciennes 1833) is a carangid with a high commercial interest due to
its fast growth rate and worldwide distribution (Roo et al., 2012; Mesa-
Rodriguez et al., 2014; Mesa-Rodriguez et al., 2016). Moreover, S.
rivoliana is already commercially produced in Hawaii (Sims & Key,
2011) and under pilot scale experimental production in Gran Canaria
(Canary Islands; Spain) from 2010 (GIA, 2011).

Nonetheless, very few studies have been performed in order to determine
S. rivoliana nutritional requirements (Roo et al., 2012; Fernandez-
Palacios, Schuchardt, Roo, Herndndez-Cruz & lzquierdo, 2015). In this
sense, several studies have been reported for other species from the same
genus, such as Seriola dumerili (Garcia-Gomez, 2000; Tomas, de la

Gandara, Garcia-Gomez, Perez & Jover, 2005; Takakuwa, Fukada,
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Hosokawa & Masumoto, 2006; Papadakis, Chatzifotis, Divanach &
Kentouri, 2007; Hamasaki, Tsuruoka, Teruya, Hashimoto & Hamada,
2009; Matsunari et al., 2012; Matsunari et al., 2013), Seriola lalandi
(Cobcroft, Pankhurst, Poortenaar & Tait, 2004) and Seriola
quinqueradiata (Masuda et al., 1998; Ishizaki et al., 2001; Yamamoto et
al., 2008; Takeuchi, 2014).

Among the nutrients, long chain polyunsaturated fatty acids (LC-PUFAS)
are determinant for the success of larvae rearing (lzquierdo, 2005).
Moreover, the adequate culture performance of marine fish larvae is
related to the inclusion of the omega 3 (n-3) LC-PUFA docosahexaenoic
acid (DHA; 22:6n-3) in the diet, due to its direct relationship with tissues
and cell functioning (lIzquierdo & Koven, 2011). Not only DHA is an
essential fatty acid (EFA) for larval rearing success, but also the
importance of other n-3 LC-PUFA (eicosapentaenoic acid; EPA; 20:5n-3)
as well as n-6 LC-PUFA (arachidonic acid; ARA; 20:4n-6) has been
emphasized (lzquierdo, 1996). Besides, several studies indicated that
DHA had a greater potential than EPA as an EFA for marine fish larvae
(Watanabe, lzquierdo, Takeuchi, Satoh & Kitajima 1989; Takeuchi, 2001;
Izquierdo & Koven, 2011), being the DHA requirements more limiting

for growth, survival (lzquierdo, 1996) and development of schooling
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behaviour (Masuda et al., 1998; Ishizaki et al., 2001) than EPA.
Contrarily, some studies observed that high levels of dietary DHA may
cause muscular dystrophy (Betancor et al., 2011) or lead to the
appearance of supernumerary vertebrae (Villeneuve, Gisbert, Moriceau,
Cahu & Zambonino-Infante, 2006) in Dicentrarchus labrax larvae due to
the peroxidation of DHA and the formation of toxic oxidized compounds.
On the other hand, the effects of dietary DHA deficiency have been
reported in a variety of marine fish species, being characterized by an
increase in the incidence of skeletal deformities in larvae of Sparus aurata
(Roo, Hernandez-Cruz, Socorro, Fernandez-Palacios & lzquierdo, 2010;
Izquierdo et al., 2013) and Pagrus pagrus (Roo et al., 2009; Izquierdo,
Socorro & Roo, 2010), as well as jaw anomalies in Latris lineata
(Cobcroft, Pankhurst, Sadler & Hart, 2001). Additionally, the deficiency
of DHA could lead to alteration in gut and liver in Latris lineata
(Bransden, Battaglene, Morehead, Dunstan & Nichols, 2005), or to
malpigmentation and irregular eye migration in flatfish (Bell, McEvoy,
Estévez, Shields & Sargent, 2003) as well as reduced stress resistance in
Huso huso (Jalali, Hosseini & Imanpour, 2008).

Apart from all the negatives effects caused by inadequate dietary DHA

levels in larval feeds previously described, the low culture performance
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and survival has been identified as the main issue in different larval
species (Watanabe, Izquierdo, Takeuchi, Satoh & Kitajima, 1989; Furuita,
Takeuchi, Toyota & Watanabe, 1996a; Furuita et al., 1996b; Copeman,
Parrish, Brown & Harel, 2002; Rezek, Watanabe, Harel & Seaton, 2010).
Due to the relevance of DHA as a main dietary fatty acid for larval marine
finfish rearing success, the purpose of this study was to evaluate the effect
of increasing dietary DHA levels on growth performance and larval
quality of S. rivoliana with the intention to elucidate the adequate dietary
DHA level for this species. In order to do so, five feeds containing
increasing levels of DHA were fed to longfin yellowtail larvae from 30 to
50 dah and larvae growth, final survival, survival after activity test, larvae
fatty acid profile and incidence of skeletal anomalies evaluated.

2. Materials and methods

2.1 Experimental diets

Five isoproteic and isolipidic diets were formulated to contain increasing
DHA contents (Table 1). DHA, EPA (DHA-50 and EPA-50, Croda
Chemicals Ltd. Goole, U.K.) and ARA (Vevodar DSM Food Specialities,
Netherlands) oils were added in graded amounts in substitution of oleic
acid to maintain a constant lipid content (~ 20%; Table 1). Diets were

named according to their analysed DHA content (dw) as follows: DHAOQ
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(0.25% DHA); DHAL (0.75% DHA); DHAL.5 (1.64% DHA); DHA2
(1.99% DHA) and DHAS3 (3.17% DHA). Microdiets were manufactured
according to Betancor et al., 2012a,b by mixing squid meal and water-
soluble components, then the lipid and fat soluble vitamins and, finally,
gelatin dissolved in warm water. The paste was compressed pelleted
(Severin, Suderm, Germany) and dried in an oven (Ako, Barcelona,
Spain) at 38 °C for 24 h. Pellets were ground (Braun, Kronberg,
Germany) and sieved (Filtra, Barcelona, Spain) to obtain two particle
sizes, from 250 to 500 pum and from 500-710 pm. Formulated diets were

analysed for proximate and fatty acid composition.

2.2 Broodstock and larval rearing

S. rivoliana eggs were obtained from induced spawning of fifteen wild
adults (1.76 + 0.25 kg) adapted to captivity at GIA (Grupo de
Investigacion en Acuicultura) facilities 10 m® squared glass fiber tanks in
land. Gonadotropin releasing hormone analogue (LHRHa, des-Gly10, [D-
Ala6]; Sigma- Aldrich, St. Louis, MO, USA) was used at a dose of 20 ug
kg™ body weight, based on the reported dosage for longfin yellowtail

(Roo et al., 2012). Larvae were reared under mesocosms rearing system
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following the methodology described by Roo et al. (2012). In this way,
4.5 eggs It were stocked in two 40 m®tanks up to 29 days after hatching
(dah). At 30 dah (11.31 £ 1.79 total length, TL; 11.72 + 0.97 mg), larvae
were settled in 200 | fibreglass cylinder tanks with conical bottom and
painted a light grey colour (90 larvae per tank, in triplicates). Filtered
seawater was supplied (37 g I salinity) and water conditions were daily
measured (temperature: 22.5 + 0.6 °C; oxygen levels: 6.5 + 0.3 g I"};
OxyGuard, Denmark). Photoperiod was kept at 12:12 (12 h light:12 h
dark) by fluorescent daylights at 1700 lux (digital Lux Tester YF-1065;

Powertech Rentals, Osborne, Australia).
2.3 Growth, survival and activity test

Larval growth was assessed by estimating the TL of the larvae using a
profile projector (Nikon V-12A, NIKON™, Tokyo, Japan) at 30, 42 and
50 dah. Final larvae survival was calculated by individually counting the
larvae at the beginning and at the end of the trial. Additionally, an activity
test was performed by subjecting fifteen larvae per tank to 30 seconds of
air exposure at 42 and 50 dah and counting all the remaining alive larvae
after 24 h as previously described (lzquierdo, Watanabe, Takeuchi,

Arakawa & Kitajima, 1989).
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2.4 Biochemical analyses of diets and larvae

A sample of 50 dah larvae from each tank was washed with distilled water
and kept at -80 °C for proximate analysis and fatty acid composition.
Besides, 5 g of each diet was stored (-20 °C) at the beginning of the
experimental trial in order to conduct the same analysis. Crude protein,
moisture and ash content were analysed following A.O.A.C. methods
(A.O.A.C., 2000). Total lipids were extracted (Folch, Lees & Sloane-
Stanley, 1957) and fatty acids were prepared by trans-etherification
(Christie, 1989). Separation and identification of the fatty acids was
realized with gas chromatography (GC, THERMO FINNIGAN FUCUS
GC, Milan, Italy) under the conditions reported in Izquierdo, Arakawa,

Takeuchi, Haroun & Watanabe (1992).

2.5 Osteological studies

For the characterisation of skeletal anomalies, a total of 15 larvae (50 dah)
per tank were fixed in 10% buffered formalin and stained with alizarin red
according to the methodology of Vandewalle, Gluckmann & Wagemans
(1998). Terminology described by Mesa-Rodriguez et al. (2014) and

Mesa-Rodriguez et al. (2016) was used for S. rivoliana bone structures
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identification. The different regions of the axial column were divided and

evaluated according to Boglione, Gagliardi, Scardi & Cataudella (2001).
2.6 Statistical analysis

All data were statistically treated using a SPSS Statistical Software
System 15.0 (SPSS, www.spss.com). The significant level for all the
analysis was set at 5% and results are given as mean values and standard
deviation. All values presented as percentage were arcsine transformed.
All variables were checked for normality and homogeneity of variance,
using the Kolmogorov-Smirnoff and the Levene tests, respectively. To
compare means, the group data were statistically tested using one-way
ANOVA. When variances were not homogenous, a non-parametric
Kruskal-Wallis test was done. To evaluate the differences in skeletal
frequency of deformities log lineal statistical analysis were performed

(Sokal & Rolf, 1995).
3. Results

S. rivoliana larvae survival was positively correlated with increasing
dietary DHA levels (y=1.137x? - 4.121x + 73.48; R? = 0.890); with values
ranging from 69.63% at 0.25% (dw) dietary DHA to 81.48% with 3.17%

(dw) dietary DHA (Fig. 1). In addition, the increase of dietary DHA
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significantly (P<0.05) enhanced resistance to stress test (Fig. 2). On the
other hand, no significant differences among treatments were observed in
growth (Table 2) at middle (15.08+0.48 mm TL) or final sampling points

(19.80+0.58 mm TL).

Fatty acid profiles of experimental fish was affected by increasing dietary
DHA levels in weaning diets after 20 days of feeding the experimental
feeds (Table 3). Total sum of saturated fatty acids (SFA) was highest in
larvae fed the highest DHA levels (3.17%, dw; Diet 5), showing
intermediate values in the larvae fed with a 2% of DHA (dw). Differences
were also found in total monounsaturated fatty acid (MUFA) contents,
finding the highest levels in larvae fed the lowest DHA levels (Diet
DHAO), mainly due to increased contents of oleic acid (18:1n-9) in the
feeds. The main SFA present in total body of S. rivoliana larvae were
palmitic acid (16:0) and stearic acid (18:0). DHA contents in larval tissue
showed a positive correlation with dietary DHA content, finding the
lowest DHA levels in fish fed with DHAO (0.25% DHA, dw) and the
highest in DHA3 (3.17% DHA, dw; Table 3). ARA levels showed minor
variations among dietary treatments, while a significant progressive
decrease of EPA content was observed along with the increase in dietary

DHA (P<0.05). Total n-3 and total n-3 PUFA levels were positively
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correlated with the DHA increase in the different dietary treatments. All
the FA ratios were significantly (P<0.05) affected by dietary treatment,
thus ARA/EPA, DHA/EPA, DHA/ARA and n-3/n-6 ratios were increased
according to the DHA contents in microdiets while the opposite trend was

observed in oleic/DHA and oleic/n-3 PUFA ratios (Table 3).

Regarding the characterization of skeletal anomalies, scores showed no
significant differences among dietary treatments (P>0.1). The occurrence
of cranial (jaw) abnormalities (6.7 - 4.4%) was only observed in larvae
fed with the lowest dietary DHA treatments (Diets DHAO and DHAL;
0.25 and 0.75% DHA, respectively). However, a reduced incidence of
skeletal deformities was observed in larvae fed the lowest dietary DHA
treatment (DHAO), whereas increasing the dietary DHA content seemed
to promote an increase in the number of total skeletal anomalies
(kyphosis, lordosis, abnormal vertebra and cranial). In this sense, larvae
fed with DHA2 (1.99% DHA, dw) showed the highest number of total
anomalies. Furthermore, severe anomalies such as kyphosis and lordosis
were absent in larvae fed DHAO (0.25% DHA, dw). The occurrence of
kyphosis and lordosis increased along with the dietary DHA contents
(Fig. 3). Moreover, the occurrence of kyphosis was only observed in

larvae fed with the highest dietary DHA treatments (Diets DHA2 and
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DHAS3; 1.99 and 3.17% DHA, respectively). Additionally, the incidence
of abnormal vertebra centra was also in concordance with the increasing

dietary DHA content.

Discussion

The inclusion of dietary DHA in inert diets up to 3.71 % (dw) increased
the final survival in S. rivoliana larvae (81.5 %), being higher than
previous studies with other marine finfish species such as 25% (Eryalgin
et al., 2017), 45% (Saleh et al., 2013) and 48% (Hernandez-Cruz et al.,
2015) in S. aurata or 49% (Betancor et al., 2012b) and 73% in
Dicentrarchus labrax (Cahu, Zambonino-Infante & Takeuchi, 2003). In
agreement, larvae from species from the same genus fed with live preys
enriched with DHA displayed enhanced final larval survival (Furuita et
al., 1996b; Ishizaki, Takeuchi, Watanabe, Arimoto & Shimizu, 1998;
Takeuchi, Ishizaki, Watanabe, Imaizumi & Shimizu, 1998; Yamamoto et
al., 2008; Matsunari et al., 2012). For instance, S. quinqueradiata larvae
fed with Artemia sp. enriched with DHA (2.5 %, dw), showed enhanced
final survival (88.5%) at 13 dah (Ishizaki et al., 1998). Another study in S.
dumerili found the highest larval survival during the first 7 days (22%),
when DHA contents increased up to 2.0% (dw; Matsunari et al., 2012).

On the other hand, Yamamoto et al. (2008) stated that DHA contents
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between 0.7-1.3 % (dw) in rotifers and 1.2-2.1 % (dw) in Artemia sp. did

not satisfy DHA larval requirements for S. dumerili.

The increase of dietary DHA and EPA can improve, not only larval
performance, but also stress resistance (Liu et al., 2002; lzquierdo, 2005;
Eryalcin et al., 2013). In this sense, EFA play an important role as
eicosanoids precursors (Ganga et al., 2005) which play a pivotal role in
stress response and immune system (Sargent, Bell, Bell, Henderson &
Tocher, 1995). In the present study, S. rivoliana larvae fed increasing
DHA levels from 0.25 % to 3.17 % (dw) showed improved resistance to
air exposure along with the dietary increase of DHA. Similar results have
been observed for S. aurata larvae fed with high DHA levels coming from
marine phospholipids which showed better survival rate after handling
(Saleh et al., 2013; Saleh et al., 2015). Additionally, the deficiency of
DHA may reduce the tolerance to stressful conditions as observed in Huso
huso larvae (Jalali et al., 2008). It is known that deficiencies in structural
components due to nutritional privation may produce a range of effects in
the membrane of immune cells. These structural changes caused by
component deficiencies in the membrane can alter eicosanoids production
and membrane permeability. Moreover, cell membrane changes can also

modulate the alternative complement pathway (ACP) activity as well as



274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

201

292

293

the immune response in fish (Montero, Tort, lzquierdo, Robaina &

Vergara, 1998).

On the other hand, inclusion of dietary DHA did not significantly affect S.
rivoliana larval growth. Similar results have been reported in other marine
teleost species, such as Sparus aurata (lzquierdo et al., 2013; Hernandez-
Cruz et al.,, 2015), Pagrus pagrus (Roo et al., 2009), Coryphaena
hippurus (Kraul, 1993) and Centropomus parallelus (Seifert, Cerqueira &
Madureira, 2001), where fish performance was not influenced by
increasing dietary levels of DHA. Contrarily to what could be expected
taking into account other studies from the Seriola genus (Furuita et al.,
1996b; Takeuchi et al., 1998; Matsunari et al., 2012), larval growth was
slightly higher among the larvae fed the lowest DHA dietary content (Diet
DHADO; 0.25% DHA, dw), albeit no significant differences were observed.
This fact could indeed be related to larvae survival. Given that DHAO- fed
larvae showed the lowest survival rate (although not significantly
different), a higher amount of feed would be available per larvae.
Moreover, an unbalanced DHA/EPA ratio seems to affect the growth in
certain fish species (lzquierdo, 1996, 2005; Takeuchi, 1997; Shiozawa,
Takeuchi & Hirokawa, 2003), indicating that not only the increasing

levels of dietary DHA could promote the larvae final survival and growth,
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but also an adequate ratio DHA to EPA. In this sense, Matsunari et al.
(2012) observed the maximum total length in S. dumerili larvae fed a
DHAVJ/EPA ratio between 1.4 and 2.9, being this ratio much lower than the

ones used in the present trial (up to 7.2).

The DHAJ/EPA ratio has been correlated with the dietary DHA
supplementation. In the present study, an enhancement in survival after a
challenge was observed when the DHA/EPA ratio was above 3.1
(DHAZ1). This result is in agreement with the DHA/EPA ratio obtained in
the tissues of wild specimens of the same genus such as S. lalandi and S.
dumerili with DHA/EPA ratios of 3.5 and 5.6 respectively (O'neill, Le
Roux & Hoffman, 2015; Haouas, Zayene, Guerbej, Hammami & Achour,
2010). Whitmore, S. rivoliana larvae fed with DHAO and DHA1 with a
DHAVJ/EPA ratio lower than 1.4 showed significantly poor survival after
activity test (Fig. 2), being in concordance with the minimum ratio
suggested by Matsunari et al. (2012) of at least 1.4 for S. dumerili larvae.
However, in other marine fish species, the optimum dietary DHA/EPA
ratio during larval development seemed to be about 1.4 as it is the case for
Pagrus pagrus (Hernandez-Cruz et al., 1999), 0.32 for Dentex dentex
(Mourente, Tocher, Diaz-Salvago, Grau & Pastor, 1999), 1.2 for S. aurata

(Rodriguez et al., 1997) and 1.5 for Lateolabrax japonicus (Xu et al.,
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2014). In these sense, it seems that S. rivoliana larvae needs higher
DHAJ/EPA ratios than other commercially produced marine species,

maybe related to the fast growth of this teleost.

As expected, the fatty acid compositions of the larvae mirrored the
increasing dietary DHA levels. Therefore, larvae fed with high DHA
contents consequently accumulated higher DHA and total n-3 LC-PUFA
levels. Whitmore, the increase of MUFA levels, mainly oleic acid (18:1n-
9) in larvae, was correlated with the low dietary DHA inclusion, given
that olive oil, naturally rich in 18:1n-9, was used to equalize the lipid
levels in the feeds. Contrarily, total body larvae fatty acid profile
displayed increasing levels of total SFA when dietary DHA levels were
increased, instead of decreasing its content with the minor amount of
oleic. This is in agreement with other studies from species of the same
genus, in which the comparison between wild and reared specimens
showed that the main MUFA presented in muscle samples of both wild
and reared fish was 18:1n-9, being the total amount of MUFA higher in
wild specimens rather than in reared fish (S. lalandi; O'Neill et al., 2015;
S. dumerili; Rodriguez-Barreto et al., 2012, 2014). In this sense, a
comparison between reared and wild specimens of S. quingueradiata

determined that the triglycerides content observed in reared fish was
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higher than in wild fish, as well as the amount of n-3 PUFA, particularly
DHA (Arakawa et al., 2002). Curiously, in other marine teleost species,
increased DHA levels did not result in alterations in the total SFA content

in larvae (Izquierdo et al, 2013; Hernandez-Cruz et al., 2015).

Regarding skeletal abnormalities, the occurrence of cranial abnormalities
in Seriola sp. has been previously reported (Cobcroft et al., 2004). This
author suggested that the inclusion of high DHA/EPA ratios, particularly
around notochord flexion stages, and certain environmental factors such
as light conditions may contribute to "wall-nosing” behaviour and the
apparition of jaw malformations in yellowtail kingfish (Seriola lalandi).
Conversely, in the present study, the reduction of cranial abnormalities
was concomitant with the increased dietary DHA content. In previous
studies, the appearance of skeletal muscle lesions (Betancor et al., 2011)
and the occurrence of skeleton anomalies (Villeneuve, Gisbert, Le
Delliou, Cahu & Zambonino-Infante, 2005; Izquierdo et al., 2010;
Izquierdo et al., 2013) were associated with increased dietary DHA levels.
In this way, the incidence of skeletal anomalies in S. rivoliana larvae in
the present study could be related with the high dietary DHA levels, albeit
no significant differences were observed. Furthermore, the occurrence of

severe anomalies such as kyphosis and lordosis, were mainly found in
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larvae fed with the highest levels of DHA (Spearman correlation, p=0.9).
In this sense, severe deformities of the vertebral column always involve
abnormalities over a relative wide range of vertebrae, which can appear
fused and deformed, particularly in the region of the maximal axis
curvature (Boglione et al., 2001). This may explain the relationship
between the numbers of severe abnormalities with abnormal vertebral

bodies observed in the present study.

The relationship between n-3 LC-PUFA and the bone formation
mechanism is still unknown. Previous studies in sea bream larvae
indicated that DHA inclusion increased the n-3/n-6 ratio and could
promote ossification (Izquierdo et al., 2013), reduce vertebral fusion and
cranial deformities in P. pagrus (Roo et al., 2009) and decrease the
incidence of opercular deformities in Chanos chanos (Gapasin & Duray,
2001). Moreover, low dietary DHA levels can delay early mineralization
and increase the risk of cranial and axial skeletal deformities in sea bream
larvae (lzquierdo et al., 2013). Thus, high dietary DHA levels and
adequate balance between pro and antioxidant nutrients seem to promote

good skeletal health.

In summary, the results of the present study proved that the inclusion of

dietary DHA in inert diets up to a 3.17% (dw) and a DHA/EPA ratio
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above 3.1 increased the final survival and stress resistance in S. rivoliana
larvae. Further studies on EFA requirements are required in order to

enhance S. rivoliana larval production.

Acknowledgements

This study was funded by the Agencia Canaria de Investigacion,
Innovacion y Sociedad de la Informacién (ACIISI) and Fondo Europeo
de Desarrollo Regional (FEDER) through the program “Mejora de las
técnicas de cria de larvas de (Seriola rivoliana): Determinacion de
requerimientos de 4acidos grasos esenciales en su etapa larvaria y

optimizacion de la secuencia alimentaria (METCSER- ProID20100094)”.

References

A.O.A.C. (2000). Official Methods of Analysis. Washington, DC:

Association of Official Analytical Chemists

Arakawa, T., Ishizaki, Y., Chuda, H., Shimizu, K., Arimoto, M., &
Takeuchi, T. (2002). Comparison of lipid classes and fatty acid
compositions between hatchery reared and wild caught yellowtail Seriola

quingueradiata juvenile. Nippon Suissan Gakkaishi, 68, 374-381.

Bell, J.G., McEvoy, L.A., Estévez, A., Shields, R.J., & Sargent, J.R.



392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

(2003). Optimising lipid nutrition in first-feeding at fish larvae.

Aquaculture, 227, 211-220.

Betancor, M.B. (2012). Oxidative stress in sea bass, Dicentrarchus labrax
L. larvae fed high DHA microdiets and its relation with several
antioxidant nutrients. PhD Thesis, University of Las Palmas of Gran

Canaria, Spain.

Betancor, M.B., Atalah, E., Caballero, M.J., Benitez-Santana, T., Roo, J.,
Montero, D., & lzquierdo, M. (2011). Dietary a-tocopherol in weaning
diets for European sea bass (Dicentrarchus labrax) improves survival and
tissue damage caused by excess dietary DHA contents. Aquaculture

Nutrition, 17, e112—e122.

Betancor, M.B., Caballero, M.J., Terova, G., Saleh, R., Atalah, E.,
Benitez-Santana, T., Bell, J.G., & lzquierdo, M. (2012a). Selenium
inclusion decreases oxidative stress indicators and muscle injuries in sea
bass larvae fed high DHA microdiets. British Journal of Nutrition, 108,

2115-2128.

Betancor, M.B., Caballero, M.J., Terova, G., Cora, S., Saleh, R., Benitez-
Santana, T., Bell, J.G., Hernadndez-Cruz, C.M., & lIzquierdo, M. (2012b).

Vitamin C enhances vitamin E status and reduces oxidative stress



411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

indicators in sea bass larvae fed high DHA microdiets. Lipids, 47, 1193-

1207.

Boglione, C., Gagliardi, F., Scardi, M., & Cataudella., (2001). Skeletal
descriptors and quality assessment in larvae and post-larvae of wild
caught and hatchery reared gilthead sea bream (Sparus aurata L. 1758).

Agquaculture, 192, 1 -22.

Bransden, M.P., Battaglene, S.C., Morehead, D.T., Dunstan, G.A., &
Nichols, P.D. (2005). Effect of dietary 22:6n-3 on growth, survival and
tissue fatty acid profile of striped trumpeter (Latris lineata) larvae fed

enriched Artemia. Aquaculture, 243, 331-344.

Cahu, C., Zambonino-Infante, J., & Takeuchi, T. (2003). Nutritional
components affecting skeletal development in fish larvae. Aquaculture,

227, 245-258.

Christie, W. W. (2003). Lipid Analysis. (3rd Ed.). Bridgwater: Oily Press.

Cobcroft, J. M., Pankhurst, P. M., Sadler, J., & Hart, P. (2001). Jaw
development and malformation in cultured striped trumpeter Latris

lineata. Aquaculture, 199, 267-282.

Cobcroft, J.M., Pankhurst, P.M., Poortenaar, C., Hickman, B., & Tait, M.



429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

(2004). Jaw malformation in cultured yellowtail kingfish (Seriola lalandi)
larvae. New Zealand Journal of Marine and Freshwater Research, 38, 67-

71.

Copeman, L.A., Parrish, C.C., Brown, J.A., & Harel, M. (2002). Effects
of docosahexaenoic, eicosapentaenoic and arachidonic acids on the early
growth, survival, lipid composition and pigmentation of yellowtail
flounder (Limanda ferruginea): a live food enrichment experiment.

Aquaculture, 210, 285-304.

Eryalcin, K.M., Roo, J., Saleh, R., Benitez, T., Betancor, M., Hernandez-
Cruz, C.M., & lzquierdo, M. (2013). Fish oil replacement by different
microalgal products in microdiets for early weaning of gilthead sea bream

(Sparus aurata). Aquaculture Research, 44, 819-828.

Eryalcin, K.M., Torrecillas, S., Caballero, M.J., Hernandez-Cruz, C.M.,
Sweetman, J., & lzquierdo, M. (2017). Effects of dietary mannan
oligosaccharides in early weaning diets on growth, survival, fatty acid
composition and gut morphology of gilthead sea bream (Sparus aurata

L.) larvae. Aquaculture Research, 48, 5041-5052.

Fernandez-Palacios, H., Schuchardt, D., Roo, J., Hernandez-Cruz, C.M.,

& Izquierdo, M. (2015). Spawn quality and GnRHa induction efficiency



448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

in longfin yellowtail (Seriola rivoliana) broodstock kept in captivity.

Aquaculture, 435, 167-172.

Folch, J., Lees, N., & Sloane-Stanley, G.H. (1957). A simple method for
the isolation and purification of total lipids from animal tissues. Journal of

Biological Chemistry, 226, 497-509.

Furuita, H., Takeuchi, T., Toyota, M., & Watanabe, T. (1996a). EPA and
DHA requirements in early juvenile red seabream using HUFA enriched

Artemia nauplii. Fisheries Science, 62, 246-251.

Furuita, H., Takeuchi, T., Watanabe, T., Fujimoto, H., Sekiya, S., &
Imaizumi, K. (1996b). Requirements of larval yellowtail for
eicosapentaenoic acid, docosahexaenoic acid and highly unsaturated fatty

acid. Fisheries Science, 62, 372-379.

Ganga, R., Bell, J.G, Montero, D., Robaina, L., Caballero, M.J., &
Izquierdo, M. (2005). Effect of dietary lipids on plasma fatty acid profiles
and prostaglandin and leptin production in gilthead seabream (Sparus

aurata). Comparative Biochemistry and Physiology Part B, 142, 410-418.

Garcia-Gomez, A. (2000). Recent advances in nutritional aspects of

Seriola dumerili. Paper presented at: Recent advances in Mediterranean



466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

aquaculture finfish species diversification. Zaragoza: CIHEAM-IAMZ,
2000. pp. 249-257: 6 graphs, 1 table, bibliography pp. 254-257,
summaries (En, Fr) (Cahiers Options Méditerranéennes; v. 47). Seminar
of the CIHEAM Network on Technology of Aquaculture in the
Mediterranean on ‘Recent advances in Mediterranean aquaculture finfish

species diversification’, 1999/05/24-28, Zaragoza (Spain).

Gapasin, R.S.J., & Duray, M.N. (2001). Effects of DHA-enriched live
food on growth, survival and incidence of opercular deformities in

milkfish (Chanos chanos). Aquaculture, 193, 49-63.

GIA (2011). Grupo de Investigacion en Acuicultura (GIA). 1U-
ECOAQUA, Universidad de Las Palmas de Gran Canaria. Available
online: http://www.mispeces.com/nav/actualidad/noticias/noticia-
detalle/Investigadores-del-GlA-de-la-ULPGC-avanzan-en-la-cra-larvaria-

y-engorde-de-seriola/#.WAFOh-DhC00

Hamasaki, K., Tsuruoka, K., Teruya, K., Hashimoto, H., & Hamada, K.
(2009). Feeding habits of hatchery-reared larvae of greater amberjack

Seriola dumerili. Aquaculture, 288, 216-225.

Haouas, W.G., Zayene, N., Guerbej, H., Hammami, M., & Achour, L.

(2010). Fatty acids distribution in different tissues of wild and reared



485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

Seriola dumerili. International Journal of Food Science and Technology,

45, 1478-1485.

Hernandez-Cruz, C.M., Salhi, M., Bessonart, M., lzquierdo, M.,
Gonzalez, M.M., & Fernandez-Palacios, H. (1999). Rearing techniques
for red porgy (Pagrus pagrus) during larval development. Aquaculture,

179, 489-497.

Hernandez-Cruz, C.M., Mesa-Rodriguez, A., Betancor, M., Haroun-
Izquierdo, A., Izquierdo, M., Benitez-Santana, T, Torrecillas, S., & Roo,
J. (2015). Growth performance and gene expression in gilthead seabream
(Sparus aurata) fed microdiets with high docosahexaenoic acid and

antioxidant levels. Aquaculture Nutrition, 21, 881-891.

Ishizaki, Y., Takeuchi, T., Watanabe, T., Arimoto, M., & Shimizu, K.
(1998). A preliminary experiment on the effect of Artemia enriched with
arachidonic acid on survival and growth of Yellowtail. Fisheries Science,

64, 295-299.

Ishizaki, Y., Masuda, R., Uematsu, K., Shimizu, K., Arimoto, M., &
Takeuchi, T. (2001). The effect of dietary docosahexaenoic acid on
schooling behaviour and brain development in larval yellowtail. Journal

of Fish Biology, 58, 1691-1703.



504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

Izquierdo, M., Arakawa, T., Takeuchi, T, Haroun R., & Watanabe, T.,
(1992). Effect of n-3 LC-PUFA levels in Artemia on growth of larval

Japanese flounder (Paralichthys olivaceous). Aquaculture, 105, 73-82.

Izquierdo, M (1996). Essential fatty acid requirements of cultured marine

fish larvae. Aquaculture Nutrition, 2, 183-191.

Izquierdo, M (2005). Essential fatty acid requirements in Mediterranean

fish species. Cahier Options Mediterraneennes, 63, 91-102.

Izquierdo, M., & Koven, W.M. (2011). Lipids. In J. Holt (Ed), Larval

Fish Nutrition (pp. 47-82). Oxford: Wiley-Blackwell.

Izquierdo, M, Watanabe, T., Takeuchi, T., Arakawa, T., & Kitajima, C.
(1989). Requirement of larval red seabream Pagrus major for essential

fatty acids. Nippon Suisan Gakkaishi, 55, 859-867.

Izquierdo, M, Socorro, J., & Roo, J. (2010). Studies on the appearance of
skeletal anomalies in red porgy: effect of culture intensiveness, feeding
habits and nutritional quality of live preys. Journal of Applied

Ichthyology, 26, 320-326.

Izquierdo, M, Scolamacchia, M., Betancor, M.B., Roo, J., Caballero, M.J.,

Terova, G., & Witten, P.E. (2013). Effects of dietary DHA and a-



522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

tocopherol on bone development, early mineralisation and oxidative stress
in Sparus aurata (Linnaeus, 1758) larvae. British Journal of Nutrition,

109, 1796-1805.

Jalali, M.A., Hosseini, S.A., & Imanpour, M.R. (2008). Effect of vitamin
E and highly unsaturated fatty acid enriched Artemia urmiana on growth
performance, survival and stress resistance of Beluga (Huso huso) larvae.

Aguaculture Research, 39, 1286-1291.

Kraul, S. (1993). Larviculture of the mahi-mahi Coryphaena hippurus in

Hawaii, USA. Journal of the World Aquaculture Society, 24, 410-421.

Liu, J., Caballero, M.J., EI-Sayed Ali, T., Izquierdo, M., Hernandez-Cruz,
C.M., Valencia, A., & Fernandez-Palacios, H. (2002). Effect of dietary
lecithin and eicosapentaenoic acid on growth, survival, stress resistance
and lipid transport in gilthead seabream (Sparus aurata). Fisheries

Science, 6, 1165-1172.

Masuda, R., Takeuchi, T., Tsukamoto, K., Ishizaki, Y., Kanematsu, M., &
Imaizumi, K. (1998). Critical involvement of dietary docosahexaenoic
acid in the ontogeny of schooling behaviour in the yellowtail. Journal of

Fish Biology, 53, 471-484.



540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

Matsunari, H., Hashimoto, H., Oda, K., Masuda, Y., Imaizumi, H.,
Teruya, K., Furuita, H., Yamamoto, T., Hamada, K., & Mushiake, K.
(2012). Effects of docosahexaenoic acid on growth, survival and swim
bladder inflation of larval amberjack (Seriola dumerili, Risso).

Aquaculture Research, 44, 1696-1705.

Matsunari, H., Hashimoto, H., Iwasaki, T., Oda, K., Masuda, Y.,
Imaizumi, H., Teruya, K., Furuita, H., Yamamoto, T., Hamada, K., &
Mushiake, K. (2013). Effect of feeding rotifers enriched with taurine on
the growth and survival of larval amberjack Seriola dumerili. Fisheries

Science, 79, 815-821.

Mesa-Rodriguez A., Hernandez-Cruz C.M., Socorro J.A., Fernandez-
Palacios H., Izquierdo M. & Roo J. (2014). Skeletal development and
mineralization pattern of the vertebral column, dorsal, anal and caudal Fin
complex in Seriola Rivoliana (Valenciennes, 1833) larvae. Journal of

Aguaculture Research and Development, 5, 2155-9546.

Mesa-Rodriguez A., Hernandez-Cruz C.M., Betancor. M.B, Fernandez-
Palacios H., Izquierdo M. & Roo J. (2016). Bone development of the
skull, pectoral and pelvic fins in Seriola rivoliana (Valenciennes, 1833)

larvae. Fish Physiology and Biochemistry, 42, 1777-1789.



559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

Montero, D., Tort, L., Izquierdo, M., Robaina, L., & Vergara, J.M.
(1998). Depletion of serum alternative complement pathway activity in
gilthcad seabream caused by a-tocopherol and n-3 HUFA dietary

deficiencies. Fish Physiology and Biochemistry, 18, 399-407.

Mourente, G., Tocher, D.R., Diaz-Salvago, E., Grau, A., & Pastor, E.
(1999). Study of the high n-3 highly unsaturated fatty acids requirement
and antioxidant status of Dentex dentex larvae at the Artemia feeding

state. Aquaculture, 179, 291-307.

O'neill, B., Le Roux, A., & Hoffman L.C. (2015). Comparative study of
the nutritional composition of wild versus farmed yellowtail (Seriola

lalandi). Aquaculture, 448, 169-175.

Papadakis, I.E., Chatzifotis, S., Divanach, P., & Kentouri, M. (2007).
Weaning of greater amberjack (Seriola dumerilii Risso 1810) juveniles

from moist to dry pellet. Aquaculture International, 16, 13-25.

Rezek, T.C., Watanabe, W.O., Harel, M., & Seaton, P.J. (2010). Effects of
dietary docosahexaenoic acid (22:6n-3) and arachidonic acid (20:4n-6) on
the growth, survival, stress resistance and fatty acid composition in black
sea bass Centropristis striata (Linnaeus 1758) larvae. Aquaculture

Research, 41, 1302-1314.



578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

Rodriguez, C., Pérez, J.A., Diaz, M., Izquierdo, M., Fernandez-Palacios,
H., & Lorenzo, A. (1997). Influence of the EPA/DHA ratio in rotifers on
gilthead seabream (Sparus aurata) larval development. Aquaculture, 150,

77-809.

Rodriguez-Barreto, D., Jerez, S., Cejas, J.R., Martin, M.V., Acosta, N.G.,
Bolafios, A., & Lorenzo, A. (2012). Comparative study of lipid and fatty
acid composition in different tissues of wild and cultured female
broodstock of greater amberjack (Seriola dumerili). Aquaculture, 360, 1-

9.

Rodriguez-Barreto, D., Jerez, S., Cejas, J.R., Martin, M.V., Acosta, N.G.,
Bolafios, A., & Lorenzo, A. (2014). Ovary and egg fatty acid composition
of greater amberjack broodstock (Seriola dumerili) fed different dietary
fatty acids profiles. European Journal of Lipid Science and Technology,

116, 584-595.

Roo, J., Socorro, J.A., Izquierdo, M., Caballero, M.J., Hernandez-Cruz,
C.M., Fernandez, A., & Fernandez-Palacios (1999). Development of red
porgy Pagrus pagrus visual system in relation with changes in the

digestive tract and larval feeding habits. Aquaculture, 179, 499-512.

Roo, J., Hernandez-Cruz, C.M., Socorro, J.A., Fernandez-Palacios, H.,



597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

Montero, D., & Izquierdo, M. (2009). Effect of DHA content in rotifers
on the occurrence of skeletal deformities in red porgy Pagrus pagrus

(Linnaeus, 1758). Aquaculture, 287, 84 —93.

Roo, J., Hernandez-Cruz, C.M., Socorro, J., Fernandez-Palacios, H., &
Izquierdo, M. (2010). Effect of rearing techniques on skeletal deformities
and osteological development in red porgy Pagrus pagrus (Linnaeus,

1758) larvae. Journal of Fish Biology, 77, 1309-1324.

Roo, J., Ferndndez-Palacios, H., Hernandez-Cruz, C.M., Mesa-Rodriguez,
A., Schuchardt, D., & Izquierdo, M. (2012). First results of spawning and
larval rearing of longfin yellowtail Seriola rivoliana as a fast-growing
candidate for European marine finfish aquaculture diversification.

Aguaculture Research, 45, 689-700.

Saleh, R., Betancor, M.B., Roo, J., Benitez-Santana, T., Hernandez-Cruz,
C.M., Moyano, F.J., & lIzquierdo, M. (2013). Optimun krill phospholipids
content in microdiets for gilthead seabream (Sparus aurata) larvae.

Aquaculture Nutrition, 19, 449-460.

Saleh, R., Betancor, M.B., Roo, J., Benitez-Dorta, V., Zamorano, M.J.,
Bell, J.G., & lzquierdo, M. (2015). Effect of Krill phospholipids versus

soybean lecithin in microdiets for gilthead seabream (Sparus aurata)



616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

larvae on molecular markers of antioxidative metabolism and bone

development. Aquaculture Nutrition, 21, 474 - 488.

Sargent, J.R., Bell, J.G., Bell, M.V., Henderson, R.J., & Tocher, D.R
(1995). Requirement criteria for essential fatty acids. Journal of Applied

Ichthyology, 11, 183- 198.

Seifert, M.E.B., Cerqueira, V.R., & Madureira, L.A.S. (2001). Effect of
dietary (n-3) highly unsaturated fatty acids on growth and survival of fat
snook (Centropomus parallelus, Pisces: Centropomidae) larvae during
first feeding. Brazilian Journal of Medical and Biological Research, 34,

645-651.

Shiozawa, S., Takeuchi, H., & Hirokawa, J. (2003). Improved seed
production techniques for the amberjack, Seriola dumerili. Saibai Giken,

31, 11-18.

Sokal, R.R., & Rolf, S.J. (1995). Biometry: The principles and practice of
statistics in Biological research. (3rd ed.). NY: W.H. Freeman and

Company,

Sims, N.A., & Key, G. (2011). Fish without footprints. Oceans 2011

Conference, 19-22 September 2011, Waikoloa. Hawaii, United States of



634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

America. pp: 1-6.

Takakuwa, F., Fukada, H., Hosokawa, H., & Masumoto, T. (2006).
Optimum digestible protein and energy levels and ratio for greater
amberjack Seriola dumerili (Risso) fingerling. Aquaculture Research, 37,

1532-1539.

Takeuchi, T. (1997). Essential fatty acid requirements of aquatic animals
with emphasis on fish larvae and fingerlings. Reviews in Fisheries

Science, 5, 1-25.

Takeuchi, T. (2001). A review of feed development for early life stages of

marine finfish in Japan. Aquaculture, 200, 203—-222

Takeuchi, T. (2014). Progress on larval and juvenile nutrition to improve
the quality and health of seawater fish: a review. Fisheries Science, 80,

389-403.

Takeuchi, T., Ishizaki, Y., Watanabe, T., Imaizumi, K., & Shimizu, K.
(1998). Effect of different DHA content in rotifers on the DHA
requirement of larval yellowtail during Artemia feeding stage. Nippon

Suisan Gakkaishi, 64, 280-275.

Tomas, A., de la Gandara, F., Garcia-Gomez, A., Perez, L., & Jover, M.



652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

(2005). Utilization of soybean meal as an alternative protein source in the
Mediterranean yellowtail, Seriola dumerili. Aquaculture Nutrition, 11,

333-340.

Vandewalle, P., Gluckmann, 1., & Wagemans, F. (1998). A critical

assessment of the alcian blue/alizarin double staining in fish larvae and

fry. Belgian Journal of Zoology, 128, 93 —95

Villeneuve, L., Gisbert, E., Le Delliou, H., Cahu, C.L., & Zambonino-
Infante, J. (2005).Dietary levels of all-trans retinol affect retinoid nuclear
receptor expression and skeletal development in European sea bass larvae.

British Journal of Nutrition, 93, 1-12.

Villeneuve, L., Gisbert, E., Moriceau, J., Cahu, C.L., & Zambonino-
Infante, J. (2006). Intake of high levels of vitamin A and polyunsaturated
fatty acids during different developmental periods modifies the expression
of morphogenesis genes in European sea bass (Dicentrarchus labrax).

British Journal of Nutrition, 95, 677—687.

Watanabe, T., lzquierdo, M., Takeuchi, T., Satoh, S., & Kitajima, C.
(1989). Comparison between eicosapentaenoic and docosahexaenoic acids
in terms of essential fatty acids efficacy in larval red seabream. Nippon

Suissan Gakkaishi, 5, 1635-1640.



671

672

673

674

675

676

677

678

679

680

681

682

Xu, H., Wang, J., Mai, K., Xu, W., Zhang, W., Zhang Y., & Ai, Q.
(2014). Dietary docosahexaenoic acid to eicosapentaenoic acid
(DHA/EPA) ratio influence growth performance, immune response, stress
resistance and tissue fatty acid profile composition of juvenile Japanese
seabass, Lateolabrax japonicus (Cuvier). Aquaculture Research, 47, 741-

757.

Yamamoto, T., Teruya, K., Hara, T., Hokazono, H., Hashimoto, H.,
Suzuki, N., Iwashita, Y., Matsunari, H., Furuita, H., & Mushiake, K.
(2008). Nutritional evaluation of live food organisms and commercial dry
feeds used for seed production of amberjack Seriola dumerili. Fisheries

Science, 74, 1096-1108.



eBable 1. Ingredients and proximate composition of the experimental microdiets
g®htaining increasing levels of DHA.

685
686
687
688
689
690
691
692

Diet DHAOQ DHA1 DHA15 DHA2 DHA3
Ingredients (g kg*diet)

Defatted Squid meal # 626.9 626.9 626.9 626.9 626.9

DHA-50 7 0 20 50 70 90

EPA50§ 20.5 17.5 125 10.0 6.5

ARA | 12.5 12.5 10.0 10.0 8.0

Oleic acid 1145 97.5 75.0 57.5 43.0

Soy Lecithin 30.0 30.0 30.0 30.0 30.0

Vitamin mixture 17 64 64 64 64 64

Mineral mixture 171 457 45,7 457 457 457

Attractant 11 55.9 55.9 55.9 55.9 55.9

Gelatin 30 30 30 30 30
Proximate and FA analysis (g kg*diet)

Proteins (Nx6.25) 517.7 590.3 592.2 596.4 603.9

Lipids 205.4 194.6 204.9 191.1 185.2

Moisture 33.6 32.6 27.8 27.2 27.9

Ash 64.1 64.1 65.0 63.7 65.7

Energy (MJ/kg) 1/ 1,638.92 1,719.44 1,761.45 1,716.44 1,706.72

DHA (%TFA/DW) 2.76/0.25 8.90/0.75 18.35/1.64 25.83/1.99 35.26/3.17

EPA 6.42/0.58 6.58/0.56 5.91/053 5.64/0.44 4.88/0.44

ARA 3.36/0.3 3.73/0.32 3.76/0.94 4.14/032 4.11/0.37

Saturated 15.83/1.43 15.04/1.27 14.20/1.27 12.97/1.00 11.59/1.04

Monosaturated 56.74/5.12 50.87/4.3  42.07/3.75 36.00/2.78 28.40/2.55

7‘Squid meal (Agramar, Lorient, France),
- DHA-50 Croda Chemicals Ltd. Goole, U.K.
8§ EPA-50 Croda Chemicals Ltd. Goole, U.K.

9 VEVODAR Oil.
#7 Betancor et al., 2012

1 Energy calculated as: fatx37.7 MJ/kg; proteinx16.7 MJ/kg;
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Table 2. S. rivoliana total length from 30 to 50 dah fed formulated diets with
increasing levels of dietary DHA (0.25, 0.75, 1.65, 2.0 and 3.17 g.kg'dw DHA).

No significant differences were observed (P<0.05).

30 dah 42 dah 50 dah
DHAO 11.31+1.79 | 1591+2.18 | 20.78+3.54
DHA1 11.31+1.79 | 14.87+2.01 | 19.82+3.49
DHA15 11.31+1.79 | 15.02+2.00 | 19.47+2.86
DHA2 11.31+1.79 | 14.66+2.09 | 19.60+3.35
DHA3 11.31+1.79 | 1494+2.07 | 19.32+2.59

DHADO, feed containing 0.25% DHA (dw); DHAL, feed containing 0.75% DHA
(dw); DHAL.5, feed containing 1.64% DHA (dw); DHA2, feed containing
1.99% DHA (dw); DHAS3, feed containing 3.17% DHA (dw). Data expressed as

means = SD (n = 3).



707 Table 3. Total fatty acid composition (%TFA) of 50dph larvae fed microdiets with
708 increased levels of DHA (0.25, 0.75, 1.65, 2.0 and 3.17 g.kg*dw DHA).

DHAQ DHAl DHAL.S5 DHA2 DHA3

Fatty acid content (%TFA)

14:0 0.26 0.27 0.29 0.30 0.39
14:1n-5 0.03 0.02 0.05 0.04 0.04
14:1n-7 0.01 0.01 0.01 0.01 0.01
15:0 0.12 0.13 0.16 0.16 0.21
15:1n-5 0.01 0.01 0.01 0.01 0.01
16:0iso 0.02 0.03 0.03 0.03 0.04
16:0 13.44 12.8 13.83 14.43 16.78
16:1 n-7 0.84 0.65 0.61 0.53 0.60
16:1n-5 0.07 0.07 0.10 0.13 0.16
16:2n-6 0.02 0.03 0.02 0.03 0.03
16:2n-4 0.17 0.21 0.24 0.31 0.38
17:0 0.03 0.03 0.03 0.04 0.04
16:3n-4 0.18 0.15 0.15 0.15 0.16
16:3n-3 0.04 0.04 0.05 0.06 0.07
16:3n-1 0.47 0.71 0.71 0.89 0.97
16:4n-3 0.45 0.64 0.58 0.68 0.65
16:4 n-1 0.05 0.10 0.11 0.13 0.14
18:0 58 6.48 6.90 8.01 9.19
18:1n-9 41114 31.02¢ 23.79° 20.58% 17.672
18:1 n-7 1.19 1.99 2.06 2.02 2.19
18:1n-5 0.04 0.04 0.04 0.05 0.06
18:2n-9 0.09 0.09 0.08 0.09 0.11
18:2 n-6 12.18° 10.73° 10.722 8.662 8.402
18:2n-4 0.09 0.09 0.07 0.07 0.06
18: 3n-6 0.30 0.31 0.29 0.18 0.22
18:3n-4 0.06 0.063 0.05 0.03 0.04
18:3 n-3 1.30 1.16 1.18 0.94 0.94
18:3n-1 0.006 0.007 0.004 0.004 0.002
18:4 n-3 0.30 0.33 0.31 0.25 0.22
18:4 n-1 0.037 0.033 0.024 0.024 0.028

20:0 0.35 0.32 0.34 0.40 0.47
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713
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20:1 n-9

20: 1n-7

20: 1n-5

20: 2n-9

20:2 n-6
20:3n-9+n-
20:3 n-6
20:4n-6 (ARA)
20: 3n-3

20:4 n-3
20:5n-3 (EPA)
22:1n-11
22:1n-9
22:4n-6
22:5n-6
22:5n-3

22:6 n-3 (DHA)
Satured
Monoenoics
Total n-3

Total n-6

Total n-9

Total n-3PUFA
ARA

EPA

DHA
ARA/EPA
DHA/EPA
DHA/ARA
oleic/DHA
oleic/n-3PUFA
n-3/n-6

0.041
0.95
0.065
0.04
0.27
0.02
0.35
4.68%
0.17
0.31
5.34¢
0.05
0.23
0.28
0.20
1.28
6.68%
19.97%+2.66
44.639+4.44
15.87+3.36
18.27+0.92
41.5143.26
13.78+3.01
4.67+0.44
5.34+0.93
6.68+1.68
0.88%+0.10
1.25%+0.11
1.432+0.27
6.16+1.91
2.98+1.07
0.872+£0.16

0.044
0.88
0.076
0.041
0.25
0.02
0.31
5.255
0.18
0.26
5.23¢
0.07
0.25
0.32
0.69
1.30
16.26°
20.04%+1.19
35.12°+0.98
25.40+2.28
17.90+1.10
31.44+0.71
23.22+2.18
5.25+0.19
5.23+0.26
16.26+1.78
1.012+0.72
3.11°+0.21
3.09°+0.22
1.91#0.38
1.3410.31
1.42°+0.15

0.06
0.89
0.08
0.04
0.26
0.015
0.24
4,74%
0.20
0.21
4,19%
0.10
0.24
0.34
1.13
1.12
23.26°
21.55%+1.49
28.05°+1.89
31.10£2.35
17.76+0.86
24.20%1.55
28.98+2.16
4.74%0.08
4.18+0.39
23.26+1.70
1.132+0.21
5.55°40.62
4.90°+0.27
1.02+0.87
0.82+0.69
1.75%°40.15

0.06
0.98
0.09
0.037
0.31
0.017
0.24
4,92
0.22
0.18
3.28bc
0.08
0.25
0.40
1.37
1.06
27.23¢
23.35%+0.97
24.82%+0.83
33.91+1.93
16.11+0.78
21.01£0.62
31.98+1.80
4.92+0.04
3.28+0.20
27.23+1.57
1.50°+0.19
8.309+0.25
5.563%+0.28
0.7620.37
0.64+0.3
2.11°40.17

0.07
1.11
0.12
0.046
0.35
0.015
0.20
4,512
0.24
0.17
2.55%
0.12
0.30
0.42
1.49
0.98
26.97¢
27.09+3.47
22.47%42.49
32.8045.22
15.62+1.37
18.19+1.78
30.9145.09
4.51%0.25
2.55+0.37
26.97+4.53
1.76"+0.69
10.556+0.63
5.97°+0.74
0.65+0.37
0.57+0.33
2,10°40.23

PUFA, polyunsaturated fatty acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; ARA,
arachidonic acid. DHAQ, feed containing 0.25% DHA (dw); DHAL, feed containing 0.75% DHA (dw);
DHAL.5, feed containing 1.64% DHA (dw); DHAZ2, feed containing 1.99% DHA (dw); DHAZ3, feed containing
3.17% DHA (dw).Data expressed as means + SD (n = 3). Different superscript letters within a row denote
significant differences among diets (P < 0.05).
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Figure 1. Survival rates (% of initial population) of S. rivoliana larvae fed
formulated diets with increasing levels of dietary DHA (0.25, 0.75, 1.65, 2.0 and
3.17 g.kg'dw DHA) from 30 to 50 dah. Points show mean =+ standard deviation
of three replicate tanks per diet, same letters denote that data are not significantly
different (P>0.05).The regression model represented by a line: survival =
1.137*(DHA)? - 4.121*DHA + 73.48, where DHA is g kg™ of dietary DHA
(polynomial regression, order 2).
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Figure 2. Survival rates 24 h after activity test of S. rivoliana larvae fed
formulated diets with increasing levels of dietary DHA (0.25, 0.75, 1.65, 2.0 and
3.17 g.kg'dw DHA) from 30 to 50 days after hatch. Activity test at 50 dah
consisted of 30 s air exposure. Points show mean + standard deviation of
different treatments, different letters denote that data were significantly different
(P < 0.05). (Pearson correlation, r, is 0.99 with a significance of P=0.001). The
regression model represented by a line: survival = 0.859*(DHA)? - 19.35*DHA
+7.033, where DHA is g. kg™ dw of dietary DHA (polynomial regression, order
2).
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Figure 3. Incidence of skeletal deformities in S. rivoliana larvae fed formulated
diets with increasing levels of dietary DHA (0.25, 0.75, 1.65, 2.0 and 3.17 g kg
ldw DHA) at 50 dah. Sum. Anomalies (cranial + abnormal vertebra + fusion of
vertebra + Kyphosis + Lordosis); Sum. Abnormal vertebra (fusion of vertebra +
abnormal vertebra); Cranial (abnormal jaw).



