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Larval rearing and ongrowing of meager have experienced a great advance during the last

years and nowadays this species is considered as one of themost important new species

in Mediterranean aquaculture. However, larval nutrition in meager still needs some

improvements especially regarding live prey enrichment and fatty acid composition. In this

study, a trial for larval rearing of meager (Argyrosomus regius) using different commercial

products for rotifer enrichment (Multigain, Red Pepper and concentratedmicroalgae) with

and without phospholipids (PL), and with a different fatty acid composition, especially

regarding DHA, have been used to assess the growth and survival of the larvae and

check the effect of PLs in larval growth. Lipid class composition was the same among

the larvae whereas % DHA was always higher in larvae fed Multigain and Red Pepper

enriched rotifers. The dominant fatty acids in the PL of the larvae and PL of the diets were

well-correlated and the results suggested a close relationship between the composition

of dominant PL fatty acids in the rotifer and in the larvae, especially in the case of DHA

and 16:0 that show a high correlation.

Keywords: survival, growth, marine phospholipids, rotifers (Brachionus plicatilis), meager (Argyrosomus regius),

fatty acid (composition)

INTRODUCTION

Nutrition and feeding during early development is one of the main important issues for marine fish
larvae culture, especially for new species (Campoverde and Estévez, 2017). The success of larval
rearing is influenced by the live prey selected for first feeding and their nutritional quality, being
their content in lipids and their fatty acid profile the most important nutritional factors affecting
larval growth and survival (Watanabe, 1993).

Marine lipids are rich in saturated and monounsaturated fatty acids, which are the main source
of metabolic energy for the fast developing and growing fish larvae. Polyunsaturated fatty acids
(PUFA) must also be provided in the first feeding diets of marine fish larvae, because they are
considered essential fatty acids (EFA) since they cannot be biosynthesized. Three long chain PUFA
(LC-PUFA), docosahexaenoic acid (DHA, 22:6n−3), eicosapentaenoic acid (EPA, 20:5n−3), and
arachidonic acid (ARA, 20:4n−6) play several important roles in vital functions of fish. They are
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the main components of membranes and precursors of
bioactive molecules such as eicosanoids which have hormone-
like activity (Tocher, 2010). DHA also plays an important role
during larval development as it is incorporated into nervous
and retina tissue (Mourente and Tocher, 1992; Bell et al., 1996),
and in the case that DHA is not provided to the larvae, poor
growth, high mortality and several behavioral, physiological and
morphological alterations have been observed (Lingenfelser et al.,
1995; Tocher, 2010).

Phospholipids (PLs) are considered essential for fish larvae
(Tocher et al., 2008; Cahu et al., 2009) due to their limited
capacity of biosynthesis. Between 2 and 12% must be supplied
in the diet for a normal growth and functional development as
Tocher et al. (2008) suggested.Artemia and rotifers, the live preys
used in aquaculture, have high PL content (Olsen, 2004) but
their fatty acid composition, that is the absence of LC-PUFA, is
not adequate for early larvae and they must be enriched before
feeding them. On the other hand, copepods, the live prey that
the larvae feed in the wild, are rich in phospholipids and in
n−3 PUFA. Although the content of PL per dry weight (DW)
of rotifers and Artemia cannot be manipulated, the fatty acid
composition of PL can be modified in some degree (Guinot et al.,
2013; Li et al., 2014; Rogacki et al., 2019). Supplementation of PL
is usually carried out using commercial lecithin, either obtained
from plants (soybean), chicken eggs, or pure phospholipids.
Recently several marine phospholipids derived from krill, with
a better fatty acid profile in terms of n−3 PUFA, are also available
and have been used for Artemia enrichment (Guinot et al., 2013;
Rogacki et al., 2019). One of the main problems in enriching
the Artemia with DHA and PLs is the rapid metabolism of the
metanauplii, that retroconvert DHA into EPA (Navarro et al.,
1999), and when these LC-PUFA are delivered to Artemia as
PLs, the metanauplii metabolize them into other lipid classes,
particularly triacylglycerols (TAG), metabolizing EFA from PL
fraction into the NL fraction (Guinot et al., 2013), being one of
the most important handicaps for bioencapsulation of PLs and
LC-PUFA in Artemia. On the other hand, in the case of rotifers
Li et al. (2015) have shown that it is possible to enrich the DHA
levels in PLs of rotifers to relatively high levels using short-term
enrichment strategies.

Meager, Argyrosomus regius, is a new and valuable finfish
species with increasing interest in European aquaculture due to
its rapid growth during ongrowing and the quality of its meat
with muscle low in fat content (Poli et al., 2003; Grigorakis
et al., 2011). Protocols regarding spawning induction (Duncan
et al., 2012), larval development (Jimenez et al., 2007; Cardeira
et al., 2012) and larval rearing (Roo et al., 2010; Vallés and
Estevez, 2013, 2015b; Campoverde et al., 2017) have already
been published. Some information is also available about the
nutritional requirements of the larva, including LC-PUFA, either
using commercial enrichment products or microdiets for larval
feeding (Vallés and Estevez, 2015a; Campoverde and Estévez,
2017; El Kertaoui et al., 2017). On the other hand, recent studies
carried out with cod larvae have shown that DHA is better
available to the larvae when it is incorporated into dietary PLs
than in NLs (Olsen et al., 2014) for a better growth and organ and
skeleton development.

Thus, the objective of the present study was to learn
about the effect of different rotifer enrichment diets based on
their content in LC-PUFA, and supplemented with or without
marine phospholipids, on the growth, survival and fatty acid
composition of meager larvae. The capacity of meager larvae to
incorporate DHA from dietary PL in the early stages of feeding
and growth was also examined.

MATERIALS AND METHODS

Meager Larviculture and Sampling
Newly hatched meager (Argyrosomus regius) larvae were
obtained from a commercial hatchery and transported by road
to the Institut de Recerca i Tecnologia Agroalimentaries (IRTA,
San Carles de la Rapita, Spain). Larvae were distributed into
18 40 L mesh-made basckets provided with air-lifts, placed in
triplicates in 200 L tanks at a density of 50 larvae L−1. The tanks
were connected to a recirculation unit (IRTAmarTM) and water
temperature was controlled every day and maintained at 20.0 ±

1.2◦C, salinity at 35.82 ± 0.33 ppt, dissolved oxygen at 7.2 ±

1.0mg L−1 whereas pH (7.97 ± 0.06) nitrites (0.02 ± 0.02mg
L−1) and ammonia (0.1± 0.05mg L−1) were checked 2 times per
week (Hach Colorimeter DR/890, USA). Photoperiod was kept at
16 h light: 8 h darkness and light intensity was maintained at 500
lux at water surface following the recommendations of Vallés and
Estevez (2013). At mouth opening, 2 days post-hatching (dph),
larvae started being fed enriched rotifers until 14 dph twice daily
(09:00 and 17:00 h) at a density of 10 rotifers mL−1.

Samples of 10 larvae were collected from each bascket at the
beginning and at the end of the trial (15 dph) and killed with an
overdose of anesthetic MS222 (1,000mg L−1). Standard length
(SL) was measured using a dissecting microscope and an image
analyzer (Analysis, SIS Gmbh, Germany). The upper jaw length
(Shirota, 1978) was measured in order to analyze larvae species
gape size (GS) and the mouth opening at 90◦ calculated (Shirota,
1970). The same larvae were then washed on amesh with distilled
water, dry blotted to remove excess water, and pooled onto pre-
weighted coverslips. They were then oven-dried at 60◦C for 24 h
and weighted to determine dry weight (DW) on a Mettler A-
20 microbalance (Mettler Toledo, Columbus, OH, USA) to the
nearest ±1 µg. Specific growth rate (SGR) was calculated at the
end of the trials using the formula:

SGR = (lnWf− lnWi×100)/t (% day−1)

Where lnWf = the natural logarithm of the final weight; lnWi =
the natural logarithm of the initial weight; and t = time (days)
between lnWf and lnWi.

At the end of the experiment, all the larvae remaining in the
tanks were anesthetized with MS-222, concentrated in a mesh,
and counted to calculate the survival rate. All the larvae from the
three replicates were washed with distilled water before freezing
at −20◦C for later analysis of lipids, lipid class composition, and
fatty acids.

Rotifer Enrichment
Rotifers (Brachionus sp. Cayman) were cultivated in batch culture
in 100 l conical fiberglass tanks at a salinity of 26 ppt, water
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temperature of 26◦C, and 8mg l−1 dissolved oxygen. The rotifer
culture was aerated and daily fed microalgae (Tetraselmis chuii)
at 4 × 105 cell ml−1 and yeast (Mauripan, Spain) at 0.7
g/million rotifers. The daily ration of rotifers was calculated
after counting the rotifers, carefully harvested and divided
into six oxygenated 10 l containers filled with UV filtered
seawater and enriched for 12 h with the commercial enrichers
Larviva Multigain (MG, a powder product, Biomar, Denmark),
Red Pepper (RP, liquid product, Bernaqua, Belgium) and
concentrated Nannochloropsis (NC, concentrated microalgae
6.25 × 109 cels ml−1, Blueclownfish, Spain) at a density of 500
rotifers ml−1 and 28 ± 1◦C. The enrichment products were
administered to the rotifers in 2 doses of 0.6 g l−1 of MG, 2 doses
of 0.9 g l−1 of RP, and 2 doses of 2.5 g l−1 of NC following the
recommendations of the products, doses were distributed at the
beginning (0 h) and after 6 h enrichment. After 12 h the rotifers
were gently filtered and washed using a 40µm mesh with UV
filtered seawater and disinfected by further rinsing for 1min

with freshwater, before feeding to the larvae. The same dose of
rotifers, previously counted, enrichments, and treatments were
used for the rotifers enriched with phospholipids, but in that case,
a short-term enrichment, also known as boosting, was carried out
for 3 h adding 0.6 g l−1 of LC60 (phospholipids extracted from
krill, Phosphotech, France). The rotifers were then concentrated,
rinsed, and washed with freshwater before feeding the larvae.

Samples of enriched rotifers for biochemical analyses were
collected during the trial (days 2, 8, and 14), the samples were
concentrated, washed with distilled water, and freezed at −20◦C
until analysis. All the analyses were carried out in duplicates.

Rotifers were chosen as the only live prey due to the difficulties
in enriching Artemia with phospholipids and/or n−3 PUFA.
Most studies of DHA enrichment of PL in Artemia showed
that this fatty acid ended up in other lipid classes, mostly
triacylglycerols (TAG), and very little was incorporated into PL,
as Guinot et al. (2013), Monroig et al. (2006), and Sargent et al.
(1999) have already established. Li and Olsen (2015) using a

TABLE 1 | Total lipid and main lipid class content and fatty acid composition of the commercial products used for rotifer enrichment: Larviva Multigain (MG), Red Pepper

(RP), Concentrated Nannochloropsis (NC), and marine phospholipids (LC60).

Enrichment product

MG RP NC LC60

Total lipids (mg g−1 DW) 459.4 ±3.8c 438.7 ±1.7b 18.7 ± 2.5a 508.8 ±9.3d

Total FA (mg g−1 Lipids) 772.2 ±13.5 774.6 ±13.8 532.8 ± 15.8 588.2 ±13.9

Total PL (% Total Lipids)1 9.3 ± 0.0a nd 17.0 ± 3.1b 30.7 ± 1.3c

Phosphatidylcholine (PC) 6.1 ±0.1b nd 4.4 ± 0.6a 12.6 ±0.6c

Phosphatidylethanolamine (PE) 0.6 ±0.0a nd 10.0 ± 1.3b 9.3 ±0.1b

Total NL (% Total Lipids)2 90.8 ± 0.0c 100.0 ± 0.0d 83.0 ± 3.1b 69.3 ± 1.3a

Triacylglycerols (TAG) 76.1 ±0.9c 74.4 ±0.7c 8.6 ± 0.8b 3.1 ±0.1a

Cholesterol (CHO) 3.0 ±0.1a 4.0 ±0.1a 6.6 ± 2.3a 17.3 ±0.5b

Fatty acids (mg g−1 Lipids)

16:0 34.1 ±7.7 230.1 ±1.7 115.8 ± 4.5 159.5 ±1.8

Total saturated3 315.3 ± 0.0d 243.9 ± 1.7c 133.8 ± 4.5a 185.4 ± 4.4b

16:1 nd 3.8 ±0.8 95.7 ± 5.0 2.4 ±1.5

18:1 16.8 ±0.0 24.8 ±0.3 21.4 ± 14.9 17.5 ±3.0

Total monounsaturated4 16.8 ± 0.0a 28.6 ± 5.1a 139.2 ± 21.2c 53.6 ± 3.5b

18:2n−6 19.7 ±1.2 27.9 ±0.8 21.5 ± 3.4 6.2 ±0.0

20:4n−6 nd 5.3 ±0.0 nd 7.5 ±0.3

22:5n−6 102.0 ±1.8 100.0 ±4.2 3.6 ± 2.4 nd

Total n–6 PUFA5 124.4 ± 0.7c 135.4 ± 4.8d 34.5 ± 7.7b 15.6 ± 0.2a

18:3n−3 8.8 ±0.4 10.6 ±0.3 32.5 ± 7.7 nd

20:5n−3 5.8 ±0.2a 18.0 ±2.8ab 172.7 ± 12.0c 81.5 ±0.0b

22:6n−3 299.9 ±4.9b 335.1 ±9.5b 20.2 ± 8.9a 251.9 ±4.2b

Total n–3 PUFA6 315.7 ± 5.2b 366.8 ± 12.4b 255.3 ± 6.7a 335.2 ± 4.0b

Total PUFA 440.1 ± 5.8c 502.1 ± 17.2d 259.8 ± 1.0a 350.8 ± 2.0b

n−3/ n−6 2.5 ±0.3a 2.7 ±2.4a 7.3 ± 0.0ab 21.5 ±5.6b

DHA/EPA 51.6 ±1.1d 18.6 ±1.4c 0.1 ± 1.4a 3.1 ±0.4b

1 Includes phosphatidylinositol, phosphatidylserine, cardiolipin and phosphatidic acid.
2 Includes free fatty acids, sterol esters, and waxes.
314:0, 15:0, 17:0, 18:0, 20:0, 21:0.
4 Includes 14:1, 16:1, 18:1n−7, 20:1, 22:1, 24:1n−9.
5 Includes 18:3n−6.
6 Includes 18:4n−3, 20:3n−3, 22:5n−3.

Different letters indicate significant differences among the groups (ANOVA, P < 0.05).
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long-term rotifer enrichment protocol for cod larval feeding
obtained high DHA levels in the PL fraction of rotifers showing a
better capacity of this live prey to be enriched in PLs.

Commercial enrichment products Multigain and Red Pepper
were selected due to its high use in European hatcheries and their
particularities, Multigain is a powder product with 90% NL and
10% PL whereas Red Pepper is a liquid composed only by NLs.

Phospholipid enrichment of rotifers was carried out for 3 h
to assure enough quantity of DHA in the PL of the rotifers (E.
Almansa, pers.com., Mylonas et al., 2016).

Lipid Content, Lipid Class Composition
and Fatty Acid Analysis
Total lipids were extracted in chloroform:methanol (2:1, v:v)
using the method of Folch et al. (1957) and quantified

gravimetrically after evaporation of the solvent under a nitrogen
flow followed by vacuum desiccation overnight. Total lipids were
stored in chloroform:methanol (2:1, 20mg ml−1) containing

0.01% butylated hydroxytoluene (BHT) at −20◦C prior to

analysis. Acid catalyzed transmethylation was carried out using

the method of Christie (1982). Methyl esters were extracted twice
using isohexane diethyl ether (1:1, v:v), purified on TLC plates

(Silica gel 60, VWR, Lutterworth, UK) and analyzed by gas–liquid
chromatography on a Thermo TraceGC (Thermo Fisher, Spain)
fitted with a BPX70 capillary column (30m × 0.25mm id; SGE,
UK), using a two-stage thermal gradient from 50◦C (injection
temperature) to 150◦C after ramping at 40◦Cmin−1 and holding
at 250◦C after ramping at 2◦Cmin−1. Helium (1.2 ml min−1

constant flow rate) as the carrier gas and on-column injection
and flame ionization detection at 250◦C were used. Peaks of

TABLE 2 | Total lipid and main lipid class content and fatty acid composition of the enriched rotifers used for larval feeding: Larviva Multigain (MG), Red Pepper (RP),

Concentrated Nannochloropsis (NC), and marine phospholipids (LC60).

Enriched rotifer

MG RP NC MG+LC60 RP+LC60 NC+LC60

Total lipids (mg g−1 DW) 135.4 ± 4.0c 112.9 ± 27.7b 85.2 ± 11.5a 129.4 ± 10.0b 127.0 ± 2.7b 108.3 ± 23.7b

Total FA (mg g−1 Lipids) 705.6 ± 3.7 762.4 ± 2.6 677.0 ± 8.6 751.1 ± 14.2 608.5 ± 1.1 696.3 ± 5.1

Total PL (% Total Lipids)1 24.6 ± 0.3a 22.48 ± 0.2a 26.8 ± 1.5a 24.4 ± 0.1a 26.6 ± 2.0a 40.8 ± 1.3b

Phosphatidylcholine (PC) 11.1 ± 0.3 11.28 ± 0.3 11.7 ± 1.2 9.59 ± 0.6 12.0 ± 0.5 12.15 ± 0.6

Phosphatidylethanolamine (PE) 7.0 ± 0.3 4.9 ± 0.2 8.3 ± 0.0 6.8 ± 0.2 6.4 ± 0.3 15.3 ± 0.3

Total NL (% Total Lipids)2 75.4 ± 0.3b 77.52 ± 0.2c 73.2 ± 1.5b 75.6 ± 0.1b 73.4 ± 2.0b 59.2 ± 1.3a

Triacylglycerols (TAG) 49.1 ± 1.0f 39.32 ± 0.8d 26.2 ± 0.9b 41.91 ± 1.1e 32.3 ± 0.3c 15.69 ± 0.3a

Cholesterol (CHO) 8.5 ± 0.0a 10.4 ± 0.0b 14.3 ± 0.2c 12.2 ± 0.5b 8.2 ± 0.0a 12.8 ± 0.3b

Fatty acids (mg g−1 Lipids)

16:0 113.7 ± 11.5 134.5 ± 12.1 85.7 ± 6.8 140.2 ± 18.0 121.7 ± 2.6 96.8 ± 13.4

Total saturated3 162.3 ± 20.1b 196.1 ± 12.8a 152.1 ± 18.5b 188.0 ± 15.3a 174.6 ± 18.1ab 149.7 ± 10.6b

16:1 12.4 ± 1.2 13.1 ± 1.6 36.8 ± 3.7 10.8 ± 5.1 10.6 ± 1.9 16.0 ± 0.6

18:1n−9 31.7 ± 4.6 37.9 ± 1.2 57.3 ± 9.7 30.6 ± 5.1 34.0 ± 4.2 22.7 ± 6.0

18:1n−7 15.2 ± 4.8 18.5 ± 2.9 29.5 ± 1.7 15.2 ± 6.9 17.3 ± 4.6 17.8 ± 6.6

Total monounsaturated4 81.3 ± 13.4b 95.8 ± 1.7b 112.6 ± 14.4a 77.5 ± 10.1b 78.9 ± 15.9b 75.0 ± 16.0b

18:2n−6 56.1 ± 3.6 64.7 ± 3.8 78.9 ± 8.5 60.7 ± 5.3 58.9 ± 9.7 46.9 ± 3.7

20:4n−6 7.9 ± 1.4 8.8 ± 1.4 10.0 ± 2.5 8.1 ± 2.6 8.8 ± 0.1 8.1 ± 2.2

22:5n−6 56.0 ± 10.5 40.5 ± 13.9 6.5 ± 0.4 42.3 ± 10.2 16.2 ± 6.0 16.1 ± 6.0

Total n–6 PUFA5 129.5 ± 10.1b 126.7 ± 5.7b 105.5 ± 19.4b 121.3 ± 4.3b 103.7 ± 9.6ab 86.3 ± 5.4a

18:3n−3 51.3 ± 6.3 57.9 ± 7.5 91.1 ± 8.7 54.2 ± 4.7 47.1 ± 8.2 66.0 ± 9.2

20:5n−3 29.6 ± 2.0ab 25.3 ± 1.5a 34.4 ± 8.2ab 39.9 ± 4.6ab 43.7 ± 5.1b 42.4 ± 9.2ab

22:6n−3 193.0 ± 0.2d 145.5 ± 7.7c 20.0 ± 4.9a 199.2 ± 6.6d 151.0 ± 6.9c 105.4 ± 8.1b

Total n–3 PUFA6 287.1 ± 14.6c 238.2 ± 6.4b 164.6 ± 2.7a 303.8 ± 8.7c 251.3 ± 6.9b 224.3 ± 3.3b

Total PUFA 416.6 ± 4.6d 364.9 ± 7.0c 270.1 ± 7.6a 425.1 ± 8.3d 355.0 ± 3.5c 310.6 ± 2.1b

Total UK7 45.4 ± 3.2 105.6 ± 5.8 142.2 ± 8.7 60.5 ± 3.1 161.0 ± 9.0

n−3/n−6 3.2 ± 0.6b 1.9 ± 0.2a 1.5 ± 0.1a 3.1 ± 0.2b 2.7 ± 0.2b 2.7 ± 0.3b

DHA/EPA 6.5 ± 0.2f 5.8 ± 0.1e 0.6 ± 0.0a 5.0 ± 0.2d 3.5 ± 0.2c 2.5 ± 0.0b

1 Includes phosphatidylinositol, phosphatidylserine, cardiolipin, and phosphatidic acid.
2 Includes free fatty acids, sterol esters, and waxes.
314:0, 15:0, 17:0, 18:0, 20:0, 21:0.
4 Includes 14:1, 16:1, 18:1n−7, 20:1, 22:1, 24:1n−9.
5 Includes 18:3n−6.
6 Includes 18:4n−3, 20:3n−3, 22:5n−3.
7 Includes 16:3 and 16:4 and not identified fatty acids.

Different letters indicate significant differences (ANOVA P < 0.05).
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each fatty acid were identified by comparison with known
standards (Supelco Inc., Spain) and a well-characterized fish oil,
and quantified by means of the response factor to the internal
standard, 21:0 fatty acid, added prior to transmethylation, using
a Chrom-card for Windows (TraceGC, Thermo Fisher, Spain).

Lipid class composition was determined by high-performance
thin-layer chromatography (HPTLC). Approximately
10 µg of lipid was applied as a 2mm streak and the
plate developed to two-thirds distance with methyl
acetate/isopropanol/chloroform/methanol/0.25% aqueous
KCl (25:25:25:10:9, by vol.), to separate polar lipid classes, and
then fully developed with isohexane/diethyl ether/acetic acid
(85:15:1, by vol.). Lipid classes were visualized by charring at
160◦C for 15min after spraying with 3% (w/v) aqueous cupric
acetate containing 8% (v/v) phosphoric acid and quantified
by densitometry using a GS-800 Densitometer (Bio-Rad
Laboratories, Spain) following Olsen and Henderson (1989).
The identities of individual lipid classes were confirmed by
comparison with authentic standards.

In order to analyze the fatty acid profile of the PL and NL
separatedly, an additional HPTLC analysis was carried out to
separate the two fractions. The HPTLC plates were developed
in the same solvents but in this case the neutral and polar
lipids marked, the bands scrapped off and lipids extracted and
methylated as described above.

All the analyses were carried out in duplicates.

Statistics
Results in terms of larval DW, SL, mouth size, and survival of
the larvae; as well as lipid classes and fatty acid profile of the
larvae and the live prey were compared by one way analysis of
variance (ANOVA). Percentage values were arcsine transformed
and the assumption of homogeneity of variances was checked
using the Shapiro–Wilk test. Data was analyzed at a significance
level of 0.05. When significant differences were found, the
Tukey HSD multiple range test was performed, using SigmaPlot
12.0 software. All data are given as mean values and standard
deviations (±SD). A regression analysis was also performed with
the results of the fatty acid composition of PL fraction in rotifers
and larvae in order to assess the relationship between them.
All data were analyzed using SigmaPlot 12.0 (Systat Software
Inc., USA).

RESULTS

Tables 1, 2 show the total lipid, lipid classes, and fatty acid
composition of the enrichment products (Table 1) used for live
prey enrichment and the enriched rotifers (Table 2). Statistically

significant differences in the composition of enrichment products

was observed not only in total lipid content, that was significantly

lower in NC and higher in LC60, but also in the total amount

of PL (significantly higher in LC60), NL (significantly higher in
RP), total saturated fatty acids (SAT, significantly lower in NC),
monounsaturated fatty acids (MUFA, significantly higher in NC),
n−6 PUFA content (lower in NC and LC60), and in the content
of EPA (higher in NC and lower in MG) and DHA (lower in NC)
as well as in total PUFA (higher in RP and MG) and in the ratios
n−3/n−6 (higher in LC60) and DHA/EPA (higher in MG).

The rotifers enriched for 12 h with the commercial enrichers
MG, RP and NC show a total lipid content that reflects the
content of the enrichment product used. Similarly, the highest
amounts of PL were observed in NC group, as in the case of the
product used for enrichment. The use of 3 h post-enrichment
with marine phospholipids LC60 showed a positive effect and
all the enriched rotifers slightly increased their levels of PLs,
although not showing statistically significant differences, with the
exception of the rotifers enriched with themicroalga (NC+LC60)
that had a 40.8% of PLs. Rotifers enriched with Red Pepper (RP)
showed the highest amounts of NL, reflecting the composition
of the commercial product. Statistically significant differences
were found in SAT and MUFA, and in both cases, the 3 h post-
enrichment with LC60 induced a reduction in their levels, except
in MG+LC60 enriched rotifers that showed an increase in SAT.
N−6 PUFA content was very similar in all the enriched rotifers
and the addition of LC60 induced a reduction due to the lower
content of linoleic acid (LA, 18:2n−6). Total n−3 PUFA was
always significantly higher in the rotifer enriched with MG, and
the addition of LC60 contributed to increase EPA (20:5n−3)
and DHA (22:6n−3) content and reduce the alpha linolenic acid
(ALA, 18:3n−3). NC enriched rotifers also showed a statistically
significant increase in EPA and DHA being 1.25 and 5.3 times
higher in NC+LC60 group, respectively.

Larval growth (standard length, dry weight, and SGR results),
size of the mouth, and survival rate are presented in Table 3. The
use of rotifers enriched with LC60 contributed to a significantly

TABLE 3 | Standard length (SL), dry weight (DW), and specific growth (SGR) and survival rates of meager larvae fed enriched rotifers with and without marine

phospholipids: Larviva Multigain (MG), Red Pepper (RP), Concentrated Nannochloropsis (NC), and marine phospholipids (LC60).

SL (mm) DW (mg) Mouth size (mm) SGR (%day−1) Survival (%)

MG 5.56 ± 0.17a 35.59 ± 0.99a 0.37 ± 0.02 3.33 13.07 ± 1.30c

RP 5.83 ± 0.20ab 42.00 ± 0.71c 0.39 ± 0.03 3.52 7.27 ± 1.17a

NC 5.61 ± 0.15a 37.7 ± 0.85b 0.34 ± 0.01 3.42 10.5 ± 0.61b

MG+LC60 6.03 ± 0.11b 53.3 ± 0.85e 0.41 ± 0.04 3.76 11.97 ± 0.63bc

RP+LC60 6.02 ± 0.20b 52.24 ± 0.91e 0.37 ± 0.02 3.74 5.35 ± 0.91a

NC+LC60 5.9 ± 0.20ab 46.69 ± 0.97d 0.39 ± 0.03 3.67 6.97 ± 1.03a

ANOVA P < 0.001 ANOVA P < 0.001 ANOVA P < 0.001

Different letters indicate significant differences (ANOVA P < 0.05).
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TABLE 4 | Total lipid and main lipid class content and fatty acid composition of 1 dph and 15 dph meager larvae fed rotifers enriched with Larviva Multigain (MG), Red

Pepper (RP), Concentrated Nannochloropsis (NC), and marine phospholipids (LC60).

Meager Larvae

Initial MG RP NC MG+LC60 RP+LC60 NC+LC60

Total lipids (mg g−1 DW) 86.0 ± 36.0 88.7 ± 2.9a 125.5 ± 4.1c 110.0 ± 1.2b 116.8 ± 4.1bc 124.5 ± 4.3c 124.3 ± 1.3c

Total FA (mg g−1 Lipids) 674.7 ± 1.5 671.4 ± 5.0 704.7 ± 7.2 649.8 ± 10.5 679.5 ± 5.0 657.7 ± 12.0 669.0 ± 13.3

Total PL (% Total Lipids) 29.4 ± 1.6 47.7 ± 0.1 49.4 ± 1.2 47.9 ± 1.3 47.3 ± 0.7 50.8 ± 0.3 48.4 ± 0.7

Phosphatidylcholine (PC) 14.4 ± 1.4 20.2 ± 0.1b 10.3 ± 0.9a 19.9 ± 0.5bc 21.8 ± 0.7c 21.6 ± 0.1c 19.0 ± 0.7b

Phosphatidylethanolamine (PE) 7.2 ± 0.8 16.4 ± 0.4 16.3 ± 0.8 17.6 ± 0.7 16.7 ± 0.0 17.8 ± 0.4 16.9 ± 0.4

Total NL (% Total Lipids) 65.8 ± 1.6 52.3 ± 0.1 50.6 ± 1.2 52.1 ± 1.3 52.7 ± 0.7 49.2 ± 0.3 51.6 ± 0.7

Triacylglycerols (TAG) 23.5 ± 1.0 4.9 ± 0.3b 3.2 ± 1.0ab 2.2 ± 0.7a 7.3 ± 0.7c 7.3 ± 0.2c 1.9 ± 0.3a

Cholesterol (CHO) 13.1 ± 0.6 28.2 ± 0.8a 33.0 ± 0.7bc 34.3 ± 2.1c 30.1 ± 0.0ab 26.9 ± 0.1a 32.6 ± 0.1bc

Fatty acids (mg g−1 Lipids)

16:0 14.24 ± 5.3 117.9 ± 6.1 100.1 ± 5.2 94.6 ± 5.2 113.1 ± 6.1 87.4 ± 4.4 91.8 ± 5.4

Total saturated3 193.6 ± 4.6 211.6 ± 6.3b 186.3 ± 4.3a 190.4 ± 6.7a 199.4 ± 5.7ab 186.2 ± 8.5a 191.9 ± 8.5a

16:1 39.1 ± 4.5 5.1 ± 1.1 7.0 ± 0.3 9.6 ± 0.2 4.4 ± 0.1 7.8 ± 0.1 8.5 ± 0.2

18:1n–9 95.8 ± 3.1 48.0 ± 3.0 51.6 ± 3.2 54.8 ± 30.3 42.3 ± 3.3 49.1 ± 3.3 60.2 ± 4.4

18:1n–7 12.8 ± 7.0 18.0 ± 1.0 19.4 ± 1.1 22.9 ± 1.1 18.3 ± 1.1 20.5 ± 1.1 21.4 ± 0.9

Total monounsaturated4 151.8 ± 8.4 80.3 ± 4.4a 88.6 ± 4.1ab 94.7 ± 4.3ab 73.2 ± 4.6a 85.0 ± 4.1ab 99.7 ± 5.3b

18:2n−6 31 ± 6.0 34.2 ± 2.0 38.2 ± 3.0 52.2 ± 3.4 25.8 ± 2.2 50.3 ± 1.3 50.2 ± 3.3

20:4n−6 12.8 ± 1.1 23.1 ± 1.1 23.6 ± 2.1 19.3 ± 1.1 23.1 ± 2.1 18.4 ± 0.9 17.5 ± 0.1

22:5n−6 1.7 ± 0.5 40.9 ± 2.1 40.6 ± 2.1 11.3 ± 1.0 48.3 ± 3.4 17.5 ± 1.0 11.7 ± 0.1

Total n−6 PUFA5 59.4 ± 4.3 105.2 ± 6.2 109.2 ± 6.5 95.4 ± 4.5 104.5 ± 6.5 102.6 ± 6.8 93.6 ± 5.2

18:3n–3 8.8 ± 0.1 20.6 ± 1.0 23.7 ± 1.5 44.1 ± 3.0 7.4 ± 0.0 45.0 ± 3.1 42.8 ± .,0

20:5n–3 30.4 ± 3.2 11.5 ± 0.9a 20.1 ± 0.9bc 23.9 ± 1.2d 14.8 ± 0.9b 22.1 ± 1.2cd 23.4 ± 0.4d

22:6n–3 186.9 ± 8.4 233.6 ± 6.1b 231.0 ± 6.8b 122.0 ± 6.6a 243.7 ± 7.2b 237.4 ± 6.5b 127.1 ± 5.4a

Total n−3 PUFA6 238.8 ± 9.3 270.4 ± 8.5b 281.6 ± 8.6b 199.1 ± 8.1a 271.3 ± 8.5b 270.6 ± 8.6b 201.4 ± 7.5a

Total PUFA 298.2 ± 9.6 375.5 ± 10.2b 390.8 ± 9.3b 294.5 ± 9.1a 375.8 ± 10.3b 373.2 ± 9.5b 295.0 ± 8.1a

Total UK7 31.1 ± 0.7 4.0 ± 0.0 39.0 ± 5.2 70.2 ± 6.7 31.1 ± 2.1 13.3 ± 0.8 82.4 ± 3.5

n−3/n–6 4.0 ± 0.1 2.6 ± 0.1 2.6 ± 0.1 2.1 ± 0.4 2.6 ± 0.1 2.6 ± 0.3 2.2 ± 0.4

DHA/EPA 6.2 ± 0.4 20.3 ± 1.0d 11.5 ± 0.5b 5.1± 0.2a 16.5 ± 0.9c 10.7 ± 0.7b 5.4 ± 1.2a

1 Includes phosphatidylinositol, phosphatidylserine, cardiolipin, and phosphatidic acid.
2 Includes free fatty acids, sterol esters, and waxes.
314:0, 15:0, 17:0, 18:0, 20:0, 21:0.
4 Includes 14:1, 16:1, 18:1n−7, 20:1, 22:1, 24:1n−9.
5 Includes 18:3n−6.
6 Includes 18:4n−3, 20:3n−3, 22:5n−3.
7 Includes 16:3 and 16:4 and not identified fatty acids.

Different letters indicate significant differences among the groups (ANOVA, P < 0.05).

higher growth in length and dry weight with no significant
differences in the size of the mouth and low survival rate in all
the groups. This low survival can be a consequence of feeding the
larvae only with rotifers, considering that the standard protocol
for meager larval rearing includes feeding with Artemia nauplii
from day 8 post-hatch, the use of only rotifers may have had an
effect in larval survival due to cannibalism, although as explained
previously the trial was designed to use only rotifers for their easy
way to enrich them with phospholipids, not that easy in the case
of Artemia.

Total lipid and lipid class content and fatty acid composition
of the larvae at the end of the trial is shown in Table 4. The
content of total lipids were significantly higher in 15 dph larvae
fed the rotifers boosted with marine phospholipids in contrast
with those fed standard enriched rotifers, except for RP group.

On the contrary, total fatty acids were very similar between newly
hatched and 15 dph larvae fed the different diets (P > 0.05).
Total PL and NL were clearly different having the newly hatched
larvae a higher content of NL probably due to the presence of the
yolk sac and lipid droplet. Fatty acid composition of the newly
hatched larvae also showed a higher content of MUFA (mainly
18:1n−9) and EPA and a lower content of ARA (20:4n−6) and
22:5n−6 that is quite high in the enrichment products and in
the 15 dph larvae fed enriched rotifers. The most important
differences found among the 15 dph larvae was the lower amount
of lipids in MG group, the significantly higher content of SAT in
MG and MG+LC60 larvae, and the significantly higher content
in MUFA, EPA and lower content of DHA in larvae fed NC
and NC+LC60 enriched rotifers. Consequently, DHA/EPA ratios
were significantly lower in NC and NC+LC60 fed larvae and
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TABLE 5 | Total PL content and fatty acid profile of the PL fraction of enriched rotifers and meager larvae.

Enriched rotifer Meager larvae

MG RP NC MG+LC60 RP+LC60 NC+LP60 MG RP NC MG+LC60 RP+LC60 NC+LP60

Total PL (mg g−1 DW) 33.3 33.7 34.8 41.7 39.9 40.2 40.9 58.5 55.6 55.2 61.5 69.1

Total FA (mg g−1 Lipids) 446.7 386.7 478.8 568.8 543.7 513.0 554.5 485.3 365.2 625.4 526.2 449.9

Fatty acids (mg g−1 Lipids)

16:0 84.0 89.8 88.2 121.0 112.7 82.3 94.3 76.0 55.7 127.6 83.9 52.8

18:0 22.4 19.9 27.5 21.2 25.0 28.9 85.9 80.1 65.1 92.5 84.3 68.4

Total saturated1 117.6 122.1 124.0 154.1 149.0 131.3 186.7 166.5 128.7 224.8 173.9 133.1

16:1 6.9 3.2 27.0 17.7 14.0 14.0 0.0 5.8 3.7 0.0 5.1 13.9

18:1n−9 26.7 25.7 42.7 29.3 28.3 44.1 28.2 31.4 28.5 29.6 31.7 32.4

18:1n−7 24.4 26.5 55.1 46.4 40.7 60,0 39.8 47.9 30.4 49.6 42.3 42.1

Total monounsaturated2 75.8 68.1 148.8 108.3 97.8 108.7 74.1 85.1 62.7 86.3 82.1 91.2

18:2n−6 64.8 56.3 78.4 67.8 63.9 57.5 26.4 32.9 36.7 26,0 29.1 40.1

20:4n−6 0.0 0.0 0.0 0.0 5.2 0.0 15.8 13.4 0.0 17.4 15.8 10.5

22:5n−6 14,0 9.3 2.3 13.1 14.6 2.1 32.8 12.4 7.6 34.7 24.9 7.0

Total n−6 PUFA3 88.8 75.0 80.7 87.4 90.2 72.4 79.1 58.8 44.2 82,0 69.8 72.4

18:3n−3 34.9 33.3 57.0 34.0 34.1 55.7 0.0 0.0 0.0 4.1 11.0 0.0

20:5n−3 25.8 20.4 33.4 38.9 30.0 36.0 10.2 22.6 18.2 13.4 13.0 19.1

22:6n−3 65.0 36.8 12.6 78.2 68.5 28.7 196.6 138.5 83.3 210.6 152.9 109.2

Total n–3 PUFA4 128.8 93.0 107.9 157,0 137.8 125.4 209.6 165.9 106.2 232.3 181.9 132.7

Total PUFA 217.6 168.0 188.6 244.4 228.0 197.8 288.7 224.7 150.4 314.2 251.7 205.1

Total UK5 35.7 20.0 17.4 62.0 68.9 75.2 5.0 9.0 23.4 0.1 18.5 20.5

114:0, 15:0, 17:0, 18:0, 20:0, 21:0.
2 Includes 14:1, 16:1, 18:1n−7, 20:1, 22:1, 24:1n−9.
3 Includes 18:3n−6.
4 Includes 18:4n−3, 20:3n−3, 22:5n−3.
5 Includes 16:3 and 16:4 and not identified fatty acids.

higher in MG fed groups. Similar amounts of total PL and total
NL and in the fatty acid composition were observed in all the
groups. A positive, although not significant, correlation (r =

0.352) was found between the DHA content in the rotifers and
the final DW of the larvae that suggested a possible relationship
between both parameters. Thus, to check which could have
been the effect of the addition of marine PLs (LC60) in rotifer
enrichment on larval growth, a further analysis of the fatty acid
composition of PL and NL was carried out separately and the
results of the fatty acid profile of PL in enriched rotifers and larvae
are presented in Table 5 and Figure 1. Due to the small amount
of sample analyzed no replicates and consequently no statistical
analysis could be performed. The composition of the dominant
fatty acids in PL of the rotifers was reflected in 15 dph larvae
which show the highest content of DHA both in the rotifers and
in MG fed larvae, and the lowest in NC enriched rotifers and fed
larvae, in this case, the addition of marine phospholipids (LC60)
contribute to a slight increase in the levels of DHA inMG, RP and
NC larvae. On the contrary 16:0 and total SAT was increased in
the rotifers enriched withMG andMG+LC60 and the larvae that
fed on them, whereas they were reduced in NC+LC60 fed rotifers
and larvae. Figure 1 shows a summary of these results. In MG
and MG+LC60 fed larvae an increase of DHA (7%), EPA (31%),
ARA (10%), and 18:1 (5%) fatty acids was observed whereas the
content in 16:0 showed a 35% increase produced by the addition
of LC60. RP and RP+LC60 larvae also showed similar amounts

of 18:1n−9, but in this case the addition of marine phospholipids
induced a reduction in EPA content (−42.8%), and a higher
accumulation of DHA (18.4%), ARA (17.9%), and 16:0 (10.4%)
fatty acids. In the case of NC and NC+LC60 larvae all the fatty
acids, ARA (100%), DHA (31%), 18:1n−9 (13.7%), EPA (4.9%),
and 16:0 (12.7%) increased with the addition of LC60.

The relationship between the content of the dominant fatty
acids in the live feed vs. those of the corresponding 15 dph larvae
is presented in Figure 2. The results suggested a close relationship
between the composition of dominant PL fatty acids in the rotifer
and in the larvae, especially in the case of DHA and 16:0 that show
a high correlation (r2 = 0.872, P = 0.006 and r2 = 0.546, P =

0.093, respectively).

DISCUSSION

The fatty acid composition of enriched live prey and larvae
reflected the profile obtained in the products used for
enrichment, as already published in previous reports (Vallés and
Estevez, 2015b; Campoverde and Estévez, 2017). There is a clear
effect of the DHA level in the live prey on larval fatty acid
composition (see Tables 3, 4, regression coefficient r2 = 0.79,
P = 0.062) and growth (regression coefficient between DHA
content in the enriched rotifer and final weight r = 0.379, P =

0.459) although in this case not as high as expected. DHA levels
found in this study,193mg g−1 lipids (27% of total fatty acids)
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FIGURE 1 | Main fatty acid content (mg) in PL of meager larvae fed different enriched rotifers until 15 dph.

for MG enriched rotifers are similar to those reported by Vallés
and Estevez (2015b) using commercial enrichers (24.9% DHA in
MG enriched rotifers) and considered the most adequate for the
proper growth and development of meager larvae. The authors
concluded that DHA levels around 12–15% TFA in live prey, that
correspond to around 40–50% of TFA in the enrichment product,
might be considered as the required levels for this species. Similar
levels of DHA are cited for other marine fish larvae, such as
gilthead sea bream (Salhi et al., 1994) and red porgy (Roo et al.,
2010), for growth and to prevent skeletal deformations. Similar
amounts of DHA were used in the present study, except for diets
NC and NC+LC60.

There is a clear effect of DHA content in the rotifers as a result
of boosting rotifers with marine phospholipids (LC60) on larval
growth. However, no effects on survival rate could be detected
mainly due to the use of rotifer as the only live prey during
larval rearing, inducing cannibalism of the fast growing larvae on
their slow growing counterparts, as already have been observed
in this species (Campoverde and Estévez, 2017). Similar results
regarding DHA or fatty acid levels having no effect on larval
survival have been cited for other species such as cod (Park et al.,
2006; Garcia et al., 2008; Copeman and Laurel, 2010) or striped
trumpeter (Bransden et al., 2005). These authors observed a clear
relationship between the length and dry weight of the larvae at the
end of the experiment with dietary fatty acids, whereas survival
rate was not influenced by them. Other studies carried out with
other species of marine fish larvae showed that high levels of

DHA (or n−3 PUFA) reduce larval survival (Planas and Cunha,
1999). In the case of Japanese flounder (Paralichthys olivaceus)
larvae, Izquierdo et al. (1992) showed that either low or high
DHA content in live prey did not affect survival rate, being the
larvae significantly larger when fed Artemia containing a high
percentage of DHA (up to 3.5%). All these results with different
species confirmed what Sargent et al. (1999) suggested, that the
requirement of dietary DHA levels of marine finfish larvae is
species dependent.

Another question addressed in this trial was to study if meager
larvae can incorporate DHA into their tissues more efficiently
if they are provided by dietary PLs and not TAG in the early
stages of first feeding, and if the larvae can grow and perform
better. We have found that meager larvae fed on rotifers enriched
with different commercial enrichment diets rich or not in PLs
showed a positive relationship between the percentage of DHA
and 16:0 (or total SAT) in meager larval PL and the same
percentage in rotifer PL (Figure 2, r2 = 0.872 for DHA and
0.546 for 16:0). A high percentage of DHA in larval tissues and
PLs coincided with the higher larval growth rate at 15 dph (r
= 0.352). Thus, the results indicate that the availability of fatty
acids in general and LC-PUFA in particular might be different
if they are provided as PLs or TAG, being those provided from
PLs more accessible and the main source for larval PL synthesis
and growth.

In this study one of the main challenges was to incorporate
PLs in the rotifers and manipulate their fatty acid composition.
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FIGURE 2 | Linear regressions found between the most important fatty acids in PL in 15 dph meager larvae as a function of the respective fatty acid composition in

the PL of enriched rotifers.

The use of commercial enrichers for 12 h followed by the addition
of marine phospholipids (LC60) using a short-term enrichment
of 3 h was effective for that in the case of rotifers, as it has
been shown by other authors (Olsen et al., 2014; Li and Olsen,
2015; Mylonas et al., 2016). In the case of Artemia a recent
paper published by Rogacki et al. (2019) showed that a certain
amount of PLs can be obtained using Multigain as enricher
and LC60 as the phospholipid source, similarly to our results,
and open the possibility of using this PL-enriched Artemia in
the future.

Olsen et al. (2014) and Li et al. (2014) obtained a level of
9.4% of DHA (in % total fatty acids) in the PL fraction of the
rotifers enriched with Marol E and suggested that this low level
might be genetically or metabolically constrained. In the present
study, DHA was present between 3.3% (NC group) and 13.7%
(MG+LC60 group) of total fatty acids in the PLs of the rotifers,
indicating that higher levels can be obtained using a different
approach, either in the enrichment process or products used.
Other result that is very interesting and needs more research is
the positive correlation between the content of 16:0 in rotifer PLs
and its content in the larvae. Li and Olsen (2015) also found high
levels of 16:0 in MG enriched rotifers that may act as a stimulant
of PL biosynthesis not only in the rotifers but also in the larvae, as
the authors suggested. In the case of humans, it has been shown
that 16:0 facilitates the incorporation of dietary DHA into plasma
PC (Subbaiah et al., 1993) and the 16:0-DHA-PC is preferably

retained in the plasmamembrane (Williams et al., 1999). It seems
that in meager larvae something similar might occur and need
more research.

CONCLUSIONS

Rotifers can be enriched with phospholipids using marine
phospholipids derived products (LC60) and short-term
enrichment (3 h boosting) procedures especially when the
products used for enrichment are deficient in PLs (Red Pepper
or concentrated microalgae).

The use of phospholipid enriched rotifers contributed to an
increase in growth rate and a relationship was found between
the DHA content in the rotifer and the final body weight of
the larvae.

A clear relationship was found between the 16:0 and DHA
content in the PLs of the rotifers and the larvae. More research
is needed to understand the role of 16:0 in PL synthesis and
larval growth.
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