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Abstract

Live prey used by the aquaculture industry are usually poor in some essential nutrients including long chain polyunsaturated
fatty acids (LC-PUFA) and must be enriched to improve their nutritional value prior to larval feeding. Standard enrichment
protocols are commonly based on lipid emulsions, being associated to a high oxidative stress condition. The combination
of microalgae and lipid emulsion can palliate this situation, where the oxidative stress can be partially compensated by the
antioxidant compounds present in microalgae. The maintenance of living microalgae in culture facilities is laborious, and
the produced biomass may present fluctuating properties, leading to a serious bottleneck in the cultivation of live prey.
Hence, substitutes for live microalgae including pastes or dried formats are receiving increasing research attention due to
its nutritional stability, longer shelf-life and easy handling. In this study four different microalgae formats combined with a
lipid emulsion are tested as enrichment products for Brachionus plicatilis and Artemia. Thus, fresh, frozen and spray-dried
Navicula salinicola (NFRE, NFRO and NSD, respectively), and spray-dried Isochrysis galbana (ISD) were mixed with a
commercial oil concentrate (Incromega™) or a marine lecithin (LC 60®), and added for 5 h to the rotifer or Artemia culture
media. The antioxidant capacity of the microalgae extracts and the live prey activity of antioxidant enzymes, peroxides
index (PxI) and thiobarbituric acid reactive substances (TBARS) were evaluated. The lipid profile of microalgae formats
and enriched live preys was also determined. Ethyl acetate extract was the most antioxidant active extract of all microalgae
formats. In addition, overall, . galbana seems to be better than any N. salinicola format for a more effective protection against
oxidative stress and for live prey lipid enrichment. Both rotifer and Artemia cultured with the mixture of I. galbana and
the lipid emulsion generally showed higher DHA/EPA and EPA/ARA ratios. Moreover, the combination of the microalgae
with LC 60® lipid emulsion highly favored Artemia’s polar lipid and DHA incorporation. Among microalgae products,
both spray-dried formats better enhanced live prey n-3 LC-PUFA content. Our results highlight the great potential of new
microalgae-derived products to improve effectiveness of current live prey lipid enrichment protocols used in aquaculture.

Keywords Isochrysis galbana - Lipid profile - Live prey - Navicula salinicola - Oxidative status

P4 A. Galindo 4 ¢E3c - Centre for Ecology, Evolution and Environmental

agalindg @ull.edu.es Changes, Azorean Biodiversity Group, CHANGE—
Global Change and Sustainability Institute, Faculty

! Departamento de Biologia Animal, Edafologia y Geologia, of Sciences and Technology, University of the Azores,
Universidad de La Laguna, Avenida Astrofisico Francisco 9500-321 Ponta Delgada, Portugal
Sénchez s/n, La Laguna, 38206 Tenerife, Spain 5 TInstituto Universitario de Bio-Orgénica Antonio Gonzalez,

2 Centro Oceanogrifico de Canarias, Instituto Espaiol de Departamento de Quimica Orgéanica, Universidad de La
Oceanografia (IEO-CSIC), C/ Farola del Mar, n° 22, 38180 Laguna, Avenida Astrofisico Francisco Sanchez 2, 38206 La
Santa Cruz de Tenerife, Tenerife, Spain Laguna, Tenerife, Spain

3 LAQV-REQUIMTE, Department of Chemistry, 6 Departamento de Biotecnologia, Instituto Tecnolégico de
University of Aveiro, Campus Universitario de Santiago, Canarias, Playa de Pozo Izquierdo, s/n, 35119 Santa Lucia de
3810-193 Aveiro, Portugal Tirajana, Gran Canaria, Spain

@ Springer


http://orcid.org/0000-0003-3582-2242
http://orcid.org/0000-0002-5662-7246
http://orcid.org/0000-0002-1015-1334
http://orcid.org/0000-0002-0706-8505
http://orcid.org/0000-0002-0641-607X
http://orcid.org/0000-0002-9728-4550
http://orcid.org/0000-0003-0475-1744
http://orcid.org/0000-0002-2805-0048
http://crossmark.crossref.org/dialog/?doi=10.1007/s10811-024-03223-z&domain=pdf

1752

Journal of Applied Phycology (2024) 36:1751-1765

Introduction

After consuming the yolk sac the larvae of most marine spe-
cies are in an undeveloped state with a still rudimentary
digestive system unable to effectively process formulated
diets (Gisbert et al. 2004; Pérez et al. 2020). Consequently,
live feed, namely zooplankton such as the rotifer Brachionus
plicatilis and Artemia, are commonly provided sequentially
to avoid compromising larval growth and survival (Bengston
2003; Oliver et al. 2017; Eryalcin, 2019; Samat et al. 2020).

However, these organisms are not the natural prey of
marine larvae and their nutritional profiles do not match
the nutritional requirements of larvae during their first
life stages (Oliver et al. 2017). In particular, rotifers and
Artemia are deficient in some essential nutrients including
long chain polyunsaturated fatty acids (LC-PUFA), com-
pared with natural prey such as copepods (McEvoy et al.
1995; Viciano et al. 2015). LC-PUFA, especially eicosa-
pentaenoic acid (EPA), docosahexaenoic acid (DHA) and
arachidonic acid (ARA), play significant roles in marine
larval development (Salhi et al. 1997; Tocher 2010) and
their deficiency promotes metabolic disorders, negatively
affects growth and causs skeletal abnormalities in fish
larvae (Radhakrishnan et al. 2020). The requirements for
these essential fatty acids (FA) depend upon species, their
genetic repertoire, and dietary and environmental factors,
and must be incorporated through the diet as they can-
not be endogenously synthesized at an adequate rate to
meet larval needs (Samat et al. 2020). In this context, the
improvement of the nutritional value of live feed with
essential nutrients to better suit predator’s nutritional
needs has been widely addressed (Rodriguez et al. 1997,
Viciano et al. 2015; Eryalcin, 2018; Choi et al. 2022).

The type of lipid in which fatty acids are esterified
seems to also be particularly relevant in marine larvae
nutrition (Lund et al. 2018; Reis et al. 2021). Marine
phyto- and zooplankton contain mostly of n-3 LC-PUFA-
rich phospholipids, while most enrichment commercial
products are rich in triacylglycerols (TAG), which usu-
ally have lower n-3 LC-PUFA proportions than polar
lipids (Morais et al. 2007). Hence, live prey are frequently
enriched with excess lipid, especially in its neutral lipid
fraction. An overabundance of neutral lipids has been sug-
gested to negatively influence absorption and digestion
processes, compromising larval performance (Morais et al.
2007; Reis et al. 2017, 2019). On the other hand, phospho-
lipids (mainly phosphatidylcholine; PC, commonly named
as lecithin) are directly involved in lipid transportation
through the circulatory system (Morais et al. 2007) aiming
towards proper larval growth and survival.

The high metabolic activity during the first stages of
larval development and the aeration systems used in live
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prey enrichment practices, generate a pro-oxidant envi-
ronment that compromises the appropriate supply of LC-
PUFA to the larvae (Viciano et al. 2017). Moreover, the
most common and effective enrichment protocols for live
prey are based in lipid emulsions rich in PUFA (Sorgeloos
et al. 2001), highly susceptible to oxidation, promoting the
bioaccumulation of lipid peroxides which are potentially
toxic for the larvae (Viciano et al. 2015).

Microalgal biomass can be a rich source of protein and
in some cases, can also provide certain quantities of EPA
or DHA, and also containing compounds with antioxidant
capacity such as pigments, being commonly used alone or
in combination with lipid emulsions to feed live prey, help-
ing to reduce lipid peroxidation in the enrichment protocols
(Siddik et al. 2023). In fact, the aquaculture practice known
as “green water” contributes to maintaining microbial load
and water quality, reduces water exchange, and improves
growth and immunity (Neori 2011). The ability to produce
antibacterial substances by algae is also found to be effec-
tive in controlling diseases (Goud et al. 2023). Nowadays,
microalgae are increasingly exploited as animal feeds for
their nutritional value, as well as in several other sectors for
the production of food, nutraceutical substances, cosmet-
ics, biostimulants and fertilizers for agriculture crops, and
as bioremediation vectors and biofuels, among others (Raja
et al. 2018; Braun and Colla 2023). Several species of micro-
algae are currently used in the aquaculture industry to feed
invertebrates and fish larvae (Eryalcin, 2019; Sibonga et al.
2021; Siddik et al. 2023). However, microalgae require a
lipid supplementation prior to be added to the culture media
in order to successfully increase the n-3 LC-PUFA levels
of live prey (Eryalcin, 2019) that, in addition to their high
production costs (up to 30-40% of total cost), entail a serious
bottleneck in hatcheries (Eryal¢in, 2019; Siddik et al. 2023).
This, together with the difficulty in producing, concentrat-
ing and storing live microalgal biomass, has encouraged
the search for alternatives to live microalgae in recent years
(Raja et al. 2018; Samat et al. 2020; de la Cruz-Huervana
et al. 2022). The most interesting substitutes are microalgal
products such as pastes, dried and spray-dried microalgae,
microencapsulates, and cryopreserved or flocculated micro-
algae, among other formats (Raja et al. 2018).

This research aims to compare fresh, frozen and spray-
dried formats of the marine diatom Navicula salinicola
Hustedt (Bacillariophyta, Bacillariophyceae) and a spray-
dried format of Isochrysis galbana Parke (Haptophyta,
Coccolithophyceae), combined with two different lipid
emulsions, for their potential application in rotifer and
Artemia enrichment protocols. N. salinicola has elevated
biomass productivity (Rachmayanti et al. 2020), and toler-
ates strong salinity variations and high irradiation (Sylves-
tre et al. 2004). Its resistance to biological contamination
(M. Venuleo, personal communication) and benthic nature
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(Rachmayanti et al. 2020) facilitate its culture and harvest.
It also improves water quality in cultivation systems (Kha-
toon et al. 2007), being used as food for cultured organ-
isms such as shrimps and sea urchins (Xing et al. 2007;
Zupo and Messina 2007). I. galbana, is the microalga most
commonly used as live feed in aquaculture (El-Tohamy
et al. 2021).

Materials and methods
Microalgal cultivation and processing

Fresh paste, frozen paste and spray-dried formats of N. salin-
icola, and spray-dried I. galbana were produced at the facili-
ties of Instituto Tecnoldégico de Canarias (ITC), located in
Pozo Izquierdo (27°48°52°" N, 15°25°25*” W; Gran Canaria,
Spain).

N. salinicola strain BEA 2004B (GenBank access ID:
MTO012298.1; https://www.ncbi.nlm.nih.gov/nuccore/
MTO012298; accessed on: 24 April, 2023), was isolated by
the ITC from samples taken of a desalination plant (“Desala-
dora del Sureste”, Gran Canaria). I. galbana strain BEA
1751B (GenBank access ID: MN867789.1, https://www.
ncbi.nlm.nih.gov/nuccore/MN867789.1, accessed on: 24
April, 2023), was isolated by the Spanish Bank of Algae
(BEA, Telde, Gran Canaria) from natural water samples
collected at the “Bocacangrejo” saltpans (Agiiimes, Gran
Canaria).

Briefly, the microalgae were aseptically grown at ITC’s
facilities in 200 mL Erlenmeyer flasks and transferred pro-
gressively into increasingly larger flasks and to 8 L Nalgene
polycarbonate carboys until a minimum biomass concentra-
tion of 0.5 g L™!. Cultures were then used to inoculate 250 L.
raceway-type cultivation systems placed under a 1,500 m?
greenhouse and transferred to increasingly larger fiberglass
reinforced polyester (250 L and 1,600 L) or concrete 10,000
L raceways covered by PVC. Culture depth was maintained
< 12 cm and outdoor cultures were supplied with CO, to
maintain the pH between 7.0 and 8.0. Both algae were har-
vested during the exponential growth phase, when they
reached a biomass concentration > 0.7 g L'\,

Microalgae pastes obtained by centrifugation had a water
content between 75 and 85% (w/w). In the case of N. salini-
cola, this paste was used to obtain the fresh format or fro-
zen at -20°C to obtain the frozen format. Fractions of both
N. salinicola and I. galbana pastes were further dehydrated
by spray drying (L-12, Ohkawara Kakohki Co, Ltd, Japan)
to obtain a dried biomass with a water content between 5
and 7% (w/w). Frozen format was maintained for approxi-
mately 20 days after collection until the beginning of the
experiment.

Extract preparation

Independently of the format, 25 g of microalgae were
extracted by maceration with 96% ethanol (3 X 250 mL X
24 h) and continuous stirring at room temperature (20 + 4
°C). The extract was filtered and the solvent was removed
under reduced pressure at 40 °C on a rotary evaporator,
yielding ethanolic extracts (Figure 1, Supplementary Mate-
rial). Extraction yields are shown in Table S1, Supplemen-
tary Material.

Liquid-liquid partition of EtOH extract

The ethanol extract was further fractionated by liquid-liquid
partition (Figure 1, Supplementary Material) by sequentiall
fractionation using a series of solvents of increasing polarity.
Briefly, the ethanol extract (8-12 g) was suspended in 300
mL distilled water and successively extracted with n-hexane
(3 x 300 mL) and ethyl acetate (3 X 300 mL). The organic
phases were concentrated under reduced pressure at 40 °C
on a rotary evaporator to give the n-hexane and ethyl ace-
tate fractions, whereas the aqueous residue was lyophilized
providing the water fraction. Partition yields are shown in
Table S1, Supplementary Material.

Total antioxidant capacity of microalgae formats

Ethanol extracts, n-hexane, ethyl acetate and water fractions,
and a standard solution of Trolox were dissolved in sterile
dimethyl sulfoxide (DMSO) using a sonication bath for 3-4
min at a final concentration of 50 mg mL™!' (Zérate et al.
2020).

Total antioxidant capacity was evaluated through the
study of both 2,2’-azinobis-(3-ethylbenzothiazoline-6-sul-
fonic acid) (ABTS) and 1,1-diphenyl-2-picryl-hydrazyl
(DPPH) radical scavenging assays.

The ABTS radical scavenging assay was conducted on
samples dissolved at different concentrations (0.244 to 250
ug mL™! in methanol), using 96-well microplates and adding
a control in each plate (Re et al. 1999; Zarate et al. 2020).
Equal volumes of 7 mM ABTS and 2.4 mM potassium per-
sulfate were mixed for 12-16 h at room temperature in the
dark and dissolved in methanol until an absorbance of 0.7
at 734 nm was obtained. ABTS solution was added to the
microwells and after 8 min of incubation the absorbance was
recorded at 750 nm with a BioRad Microplate Reader Model
680 (Bio-Rad Laboratories, USA).

Similarly, DPPH radical scavenging assay was assessed
using DPPH dissolved in methanol (45 pug mL!'). The
absorbance was measured at 515 nm after 30 min in dark-
ness (Blois 1958).

For both analyses the percentage of antioxidant activity
was calculated following the equation:
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Antioxidant activity(%) = [(AbSconuor — AbSgumpie ) /AbS oniror ] X 100

where: Abs,,,,,; 1 the absorbance of ABTS or DPPH radical
+ methanol; Abs,,,,, is the absorbance of ABTS or DPPH
radical + sample/standard.

Concentration scavenging 50% of radicals (ICs;) of
each sample was calculated by the interpolation of the
antioxidant activity percentage vs. concentration curve.

Experimental conditions

The enrichment protocols were performed in triplicate in
10 L cylinder-conical fiberglass tanks at the rearing facili-
ties of Centro Oceanografico de Canarias from Instituto
Espaiiol de Oceanografia (IEO-CSIC, Santa Cruz de Ten-
erife, Tenerife), for 5 h. Water temperature was 22-23°C
and salinity 28-30 ppt for rotifer, and 36 ppt for Artemia.
Rotifers were cultivated at a density of 180 + 20 individu-
als mL™! whereas 12-24 h-old Artemia nauplii obtained
from decapsulated BF Artemia cysts (INVE Aquaculture,
Belgium) were reared at 10 + 2 individuals mL"!. Rotifers
were enriched with 0.06 g L™ of a commercial lipid based
on DHA, Incromega™ DHAS500 (Croda, Inc., UK), while
0.6 g L' of Marine Lecithin LC 60® (PhosphoTech Labo-
ratoires, France) was used for Artemia as recommended
by the manufacturer. Regardless of the species, the lipid
emulsions without microalgae supplementation constituted
the control group. In addition, the same lipid emulsion
supplemented with one of the formats of N. salinicola or
1. galbana was used for the experimental treatments. Thus,
experimental rotifers were supplemented with either 0.04 g
L! of spray-dried 1. galbana (ISD) or N. salinicola (NSD),
0.07¢g L! of fresh (NFRE) or frozen (NFRO) N. salinicola
paste, while 0.10 g L™! of ISD and NSD, and 0.20 g L! of
NFRE or NFRO were used for Artemia. Microalgae doses
were based upon survival and oxidative stress response of
live prey recorded in preliminary assays.

Survival and sample preparation

At the beginning and at the end of the experimental period,
rotifers and Artemia nauplii population parameters were
volumetrically determined from the culture density (indi-
viduals mL") and final survival calculated. At the end
of the experiments, culture media containing rotifers and
Artemia were respectively filtered through a 60 or 100 pm
mesh, washed with clean seawater in order to eliminate
remaining microalgae and lipid emulsion, and immediately
stored at -80°C until further analysis.
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Lipid composition

The total lipid (TL) of samples was extracted in chloroform/
methanol (2:1, v/v) by the Folch method (Folch et al. 1957)
with small modifications as described by Christie and Han
(2010), and Reis et al. (2019).

Lipid classes were analysed by high-performance thin-
layer chromatography (HPTLC) in a one dimensional dou-
ble-development to separate polar and neutral lipids (Olsen
and Henderson 1989). Lipid classes identification was per-
formed by comparison to external lipid standards (cod roe
lipid extract; digalactosyl-diacylglycerol, monogalactosyl-
diacylglycerol, and sulfoquinovosyl-diacylglycerol (Avanti
Polar Lipids, Inc., USA)) placed on the same HPTLC plate.
Lipid classes were quantified by calibrated densitometry as
described by Reis et al. (2019).

Fatty acid methyl esters (FAME) were obtained from 1 mg
TL by acid-catalyzed transmethylation using toluene and 1%
sulphuric acid in methanol (v/v) for 16 h at 50°C (Christie and
Han 2010). FAME were purified by thin layer chromatogra-
phy using 20 x 20 cm plates coated with silicagel (Macherey-
Nagel, Germany) and subsequently separated and quantified
using a TRACE-GC Ultra Gas Chromatograph (Thermo
Scientific, Italy) as detailed by Galindo et al. (2022a). Indi-
vidual FAME were determined by comparison to a mixture
of commercial standards (Mix C4-C24 and PUFA No. 3 from
menhaden oil (Supelco Inc.)), and the identity confirmed by
GC-MS (DSQ II, Thermo Scientific) when necessary.

Antioxidant response

Peroxide index (PxI, meqO, kg'l) was determined follow-
ing Shantha and Decker (1994) with small modifications as
described previously (Galindo et al. 2022b). The concentra-
tion of lipid peroxides was calculated by monitoring ferric
chloride (FeCl,) synthesis at 500 nm, using a standard curve.

For the analysis of thiobarbituric acid reactive substances
(TBARS) and antioxidant enzymes, rotifer and Artemia sam-
ples were homogenized in an ice-cold 20 mM Tris-Cl (w/v)
buffer (pH 7.4) with protease inhibitors (Complete®, Sigma,
Spain), and supernatants aliquoted and stored at -80°C until
analysis (Galindo et al. 2022b).

Malondialdehyde (MDA) content of samples was obtained
by TBARS assay (Ohkawa et al. 1979). Homogenates were
incubated in a solution containing thiobarbituric acid (Galindo
et al. 2022b) and after reaction, they were fluorimetrically deter-
mined (excitation 530 nm/emission 550 nm) (Thermo Scientific
Appliskan, Thermo Fisher Scientific, Finland). MDA content
was calculated using a standard curve of 1,1,3,3-tetramethox-
ipropane and expressed as nmol MDA mg™! protein.



Journal of Applied Phycology (2024) 36:1751-1765

1755

Regarding antioxidant enzymes, superoxide dismutase
(SOD, EC 1.15.1.1) activity was calculated using 30 mM
pyrogallol as substrate. The auto-oxidation of pyrogallol
and the inhibition of this reaction were monitored at 420
nm for 10 min. One unit of SOD activity is equivalent
to the amount of enzyme that produces a 50% inhibition
of the auto-oxidation of pyrogallol (Mesa-Herrera et al.
2019).

Catalase (CAT, EC 1.11.1.6) activity was established
using the molar extinction coefficient of H,0, (€ = 42.6
M cm™), with 485 mM H,0, as substrate. Degradation
of H,0, was read at 240 nm during 15 min (Clairborne
1985).

Glutathione reductase (GR, EC 1.6.4.2) activity was
measured following Chung et al. (1991) with 1 mM GSSG
and 60 pM NADPH as substrates. Oxidation of NADPH
was determined at 340 nm for 15 min, using a molar
extinction coefficient of -6.22 mM™! cm™.

The activity of glutathione-S-transferase (GST, EC
2.5.1.18) was determined by the conjugation of 5 mM
GSH with 1 mM 1-chloro-2,4-dinitrobenzene (CDNB),
and the absorbance read at 340 nm for 15 min (Habdous
et al. 2002). GST activity was quantified using the molar
extinction coefficient of Mesenheimer complex (€ = 9.6
mM! em™).

Absorbances were measured in a spectrophotometer and
one unit of activity (U) defined as umol min™! unless other-
wise stated. Soluble protein of homogenized samples was

quantified following Bradford (1976) using bovine serum
albumin as standard.

Statistical analysis

Prior to analysis, normality and homoscedasticity of data
were confirmed and variance stabilizing transformations
(arcsine and logarithm) were used when needed. If both
assumptions were satisfied, one-way ANOVA followed by a
Tukey HSD post-hoc test were performed to establish signif-
icant differences between treatments. When variance stabi-
lizing transformations did not succeed, Welch test followed
by the Dunnett T3 test, or Kruskall-Wallis nonparametric
test followed by pair-wise comparison Mann—Whitney test
with Bonferroni correction were developed for no homosce-
dastic data, or non-normal distribution, respectively.
Results are presented as means + standard deviation
(SD). The statistical significance was set at p<0.05. Statis-
tical analysis was carried out with IBM SPSS Statistics 25.0
software package (IBM Corp., USA) for Windows.

Results
Total antioxidant activity of microalgae formats
DPPH antioxidant activity was generally low in all micro-

algae formats, with neither of the extracts showing more
than 50% of activity at the maximum concentration tested

Table1 DPPH and ABTS activities, and ICy, of spray-dried N. salinicola, fresh/frozen N. salinicola and spray-dried I. galbana used in the

experiment
DPPH ABTS
Activity ICs Activity | (O
Spray-dried N. salinicola Ethanol 29.52 + 0.61%Y >250 36.53 + 0.29> >250
n-hexanes 20.71 + 7.0220%Y >250 26.88 + 0.72% >250
Ethyl acetate 43.76 + 1.98° >250 77.31 + 1.53¢ 89.33 + 3.62%
Water 18.82 + 8.64% >250 28.31 + 1.60% >250
Fresh/frozen N. salinicola * Ethanol 28.66 + 0.65%Y >250 61.89 + 4.93>Y 171.9 +11.1
n-hexanes 27.26 + 2.69% >250 45.32 + 1.05 >250
Ethyl acetate 4224 +2.91° >250 76.76 + 0.53¢ 86.68 + 6.27%
Water 22.24 + 8.71% >250 49.78 + 1.00°* >250
Spray-dried I. galbana Ethanol 2531 + 0.62%* >250 36.22 + 1.94%% >250
n-hexanes 36.76 + 2.46°Y >250 37.11 +2.11% >250
Ethyl acetate 38.99 + 3.99% >250 74.51 +2.35¢ 96.08 + 2.88Y
Water nd >250 22.68 + 4.06™* >250
Trolox 9221 +0.32 743 +0.74 83.25 + 1.28 0.87 +0.18

Results are presented as means + SD. All determinations were carried out in quadruplicate. Fresh and frozen N. salinicola are presented together
as it was not possible to analyse the fresh microalgae. DPPH, 1,1-diphenyl-2-picryl-hydrazyl; ABTS, 2,20-Azinobis-(3-ethylbenzothiazoline-
6-sulfonic acid); ICs,, Concentration yielding 50% scavenging of each radical. “>¢ Represent significant differences between solvents within the
same format of microalgae (p<0.05). *¥* Represent significant differences between formats of microalgae for the same solvent (p<0.05). nd, not
detected. Activity (%) was measured at 250 ug mL"! for microalgae extracts and at 100 ug mL™! for Trolox standard
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(250 pg mL™). The highest values were mostly recorded in
ethyl acetate extracts from both N. salinicola (42-44%) and
1. galbana (~39%) (p<0.05; Table 1).

Similarly, ABTS scavenging assay showed that all ethyl
acetate extracts and also the fresh/frozen N. salinicola etha-
nol extract were capable of inhibiting more than 50% of
the radicals at 250 ug mL™'. The lowest ICs, values were
obtained in spray-dried and fresh/frozen N. salinicola ethyl
acetate extracts (p<0.05), despite which they were near 100-
fold less active than Trolox (87-89 ug mL™! vs. 0.87 + 0.18
ug mL™') (Table 1).

Survival of live prey

Neither rotifer (69-93%) nor Artemia survival (over 92% in
all cases) was significantly affected by the enrichment with
any blend of microalgae and lipid emulsions assayed.

Lipid profile of microalgae formats and lipid
emulsions

Microalgal total lipid content varied between 15 and 21%
dry weight (DW), of which 61-75% were total neutral lipids
(TNL). Free fatty acids + phytosterols (FFA+PTS) were
the main neutral lipid fraction (31-45%), although TAG was
especially relevant in NFRO (~30%). Pigments (P) were
remarkably abundant in ISD (~25%) (Table 2).

As shown in Table 3, total PUFA constituted the main
FA group of ISD, while total monounsaturated FA was in
N. salinicola. ISD contained high n-3 PUFA (~37% of total
FA) and n-3 LC-PUFA (~16%) levels, mainly due to DHA
(~15%). On the other hand, EPA (~10%) and EPA/ARA
ratios were remarkably high in all N. salinicola formats.

Finally, both LC 60® and Incromega™ emulsions were
mainly formed by PUFA (~53 and ~77% of total FA, respec-
tively) as a result of high EPA (~13 and ~9%) and DHA (~36
and ~55%) contents (Table 3).

Total lipid and lipid class composition of live prey

Regardless of the microalgae format, the TL content of
rotifers remained unchanged (23-27% DW) (Table 4). TNL
encompassed 82-88% of TL, mainly formed by TAG (33-
37% of TL). Cholesterol (CHO) was higher in NFRE-rotifers
(~15%) than in the control treatment (~12%; p<0.05), while
FFA was highest in NSD-rotifers (~27%) and lowest in
NFRO-rotifers (~18%; p<0.05).

Both PC and phosphatidylethanolamine (PE) were the
dominant polar lipids in all rotifer groups (4-5%). NFRO-
rotifers had the highest proportions of phosphatidylglycerol
(PG), phosphatidylserine (PS) and lysophosphatidylcholine
+ sphingomyelin (LPC+SM), while NSD- and NFRE-
rotifers showed the lowest values (p<0.05; Table 4).
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Table 2 Total lipid content and lipid class composition of the differ-
ent formats of N. salinicola and spray-dried I. galbana

NSD NFRE NFRO ISD
Total lipid (% DW) 21.07 20.72 18.59 15.39
Lipid class (% of total lipid)
LPC 0.55 nd 0.33 0.68
PC 3.72 1.46 1.94 2.17
PS+PI 1.73 1.37 1.01 1.49
SQDG 5.24 1.44 1.67 0.74
PE 4.06 1.11 1.67 0.92
DGDG 4.26 341 2.83 1.31
MGDG 4.88 1.86 1.76 6.02
UKPL 3.01 2.37 3.15 1.15
TPL 27.47 13.03 14.35 14.48
P 10.51 13.36 11.02 24.833
MAG+DAG 5.63 7.72 7.27 4.26
FFA+PTS 44.92 40.20 30.59 34.37
TAG 5.44 20.70 29.73 16.33
SE nd 5.00 7.04 4.37
UKNL - - - 1.37
TNL 62.02 73.61 74.63 60.69

NSD, spray-dried N. salinicola; NFRE, fresh N. salinicola; NFRO,
frozen N. salinicola; 1SD, spray-dried 1. galbana; DW, dry weight;
LPC, lysophosphatidylcholine; PC, phosphatidylcholine; PS, phos-
phatidylserine; PI, phosphatidylinositol; SQDG, sulfoquinovosyl-
diacylglycerol; PE, phosphatidylethanolamine; DGDG, digalacto-
syl-diacylglycerol; MGDG, monogalactosyl-diacylglycerol; UKPL,
unknown polar lipids; TPL, total polar lipids; P, pigments; MAG,
monoacylglycerols; DAG, diacylglycerols; FFA, free fatty acids;
PTS, phytosterols; TAG, triacylglycerols; SE, sterol esters; UKNL,
unknown neutral lipids; TNL, total neutral lipids. nd, not detected

The TL content of Artemia nauplii (18-19% DW) was not
affected by the microalgae feeding regime (Table 5). TNL
ranged from ~57% in the control treatment to ~63% in ISD-
Artemia. TAG was higher in both groups fed the spray-dried
microalgae (29-30%) than in the control-Artemia (~25%;
p<0.05), while FFA was highest in NFRE and ISD-groups
(~7%), and lowest in NFRO (~4%; p<0.05). Finally, sterol
esters (SE) reached its greatest proportion in ISD-Artemia
(4.06 + 0.41%; p<0.05).

PC (10-15% of TL) and PE (10-11%) were the most abun-
dant lipid fractions within polar lipids. PG was highest in
NFRO and NSD-Artemia (3.56 + 0.14 and 3.37 + 0.03%,
respectively), and lowest in ISD (2.89 + 0.16%; p<0.05)
(Table 5).

FA composition of live prey

Rotifer FA profile was greatly affected by the enrichment
protocol (Table 6). Thus, PUFA was the most relevant
group of FA (56-64% of total), being higher in ISD and
control groups, and lower in NFRE-rotifers (p<0.05). A
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Table 3 Total fatty acids and

main fatty acid composition
of the different formats of
N. salinicola, spray-dried I.

galbana, and of the commercial
lipids Incromega™ oil and LC

60®

Table 4 Total lipid content
and lipid class composition
of rotifers enriched with the
different dietary treatments

NSD NFRE NFRO ISD Incromega™ LC 60®

Total FA (ug mg™! DW) 142.78 153.64 132.65 78.02 - -
Fatty acids (% of total FA)

Total SFA 33.64 34.06 33.77 27.83 6.16 30.88
16:0 29.21 29.72 29.40 11.60 1.40 25.22
18:0 0.44 0.45 0.41 0.26 3.33 3.40
Total MUFA 46.43 4591 46.35 23.58 14.31 9.92
16:1! 43.83 43.35 43.86 7.15 0.49 1.32
18:12 2.08 2.00 1.99 9.04 7.82 4.94
Total n-6 PUFA 0.46 0.49 0.49 8.76 7.87 2.84
18:2 0.28 0.25 0.25 3.74 0.67 0.40
20:4 0.09 0.09 0.09 0.19 2.35 1.89
Total n-3 PUFA 12.95 12.88 13.08 36.92 69.22 49.58
18:3 0.55 0.54 0.54 6.42 0.34 0.14
20:5 9.67 9.66 9.85 0.46 9.09 12.99
22:6 1.51 1.48 1.53 14.99 55.17 35.68
Total PUFA 18.09 17.86 17.96 46.59 76.97 52.51
EPA/ARA 115.47 114.61 115.84 2.39 3.87 6.87
DHA/EPA 0.16 0.15 0.16 32.56 6.07 2.75
Total n-3 LC-PUFA 11.54 11.50 11.71 15.80 68.38 49.26

NSD, spray-dried N. salinicola; NFRE, fresh N. salinicola; NFRO, frozen N. salinicola; I1SD, spray-dried
I. galbana; FA, fatty acids; DW, dry weight; SFA, saturated fatty acids; MUFA, monounsaturated fatty
acids; PUFA, polyunsaturated fatty acids; LC-PUFA, long chain polyunsaturated fatty acids (> C20 and
> 2 double bonds). Totals include other minor components not shown. ! Mainly n-7 isomers; > Mainly n-7
isomers for microalgaes, and n-9 for commercial lipids; 3 Mainly n-7 isomers for N. salinicola, and n-9 for
1. galbana and commercial lipids

Control NSD NFRE NFRO ISD
Total lipid (% DW)  25.67 +2.14 2592 +3.37  2688+6.56 23.01 271  23.76 +2.50
Lipid class (% of total lipid)
LPC+SM 1.05+£0.30®  0.93+0.16°  0.88+029"  1.52+0.19°  0.95+0.05°
PC 4.58 +0.24 5.05 + 0.96 4.52 +0.44 4.73 £0.92 4.26 +0.39
PS 130 +£0.16®  0.89 +0.30®  0.77 +0.28" 146 + 020"  0.84 +0.21%
PI 1.86 + 0.36 0.96 + 0.45 0.93 + 0.43 1.04 + 0.09 1.07 + 0.02
PG 177 £ 0.19%  1.22 + 0.47* 127 +0.19% 193 +0.16 1.28 + 0.15%®
PE 4.81 £0.26 4.28 +1.21 3.70 + 0.92 5.05+0.85 4.04 +0.22
UKPL 224+032° - - 1.15+044*  0.48 +0.15
TPL 1760 + 1.34 1333 +3.18  1208+142 1687 +261 1291 +0.70
MAG+DAG 5.32 +0.06 7.04 +0.71 544 +1.62 775+ 1.91 8.71 + 1.24
CHO 11.66 + 1.00°  13.80 + 0.45® 1529 +0.85" 13.88 + 1.38" 14.81 + 1.93%®
FFA 20.57 £ 0.86°  26.60 + 1.54" 2431 +0.89" 1834 +2.96° 22.87 + 476"
TAG 3744 +0.77 3348 +3.02  36.12+054 3590+3.54  33.67+183
SE 6.03 +0.41 579 + 0.69 6.12 + 0.40 6.89 + 0.54 6.19 + 0.91
UKNL 1.40 +0.19 - 0.64 + 0.80 0.37 + 0.65 0.86 + 0.38
TNL 8240+ 134  86.67+3.18 87.92+142  83.13+261  87.09+0.70

Results are presented as means + SD (n=3). NSD, spray-dried N. salinicola; NFRE, fresh N. salinicola;
NFRO, frozen N. salinicola; ISD, spray-dried I. galbana; DW, dry weight; LPC, lysophosphatidylcholine;
SM, sphingomyelin; PC, phosphatidylcholine; PS, phosphatidylserine; PI, phosphatidylinositol; PG, phos-
phatidylglycerol; PE, phosphatidylethanolamine; UKPL, unknown polar lipids; TPL, total polar lipids;
MAG, monoacylglycerols; DAG, diacylglycerols; CHO, cholesterol; FFA, free fatty acids; TAG, triacyl-
glycerols; SE, sterol esters; UKNL, unknown neutral lipids; TNL, total neutral lipids. Different letters in
superscript within the same row represent significant differences between dietary treatments (p<0.05)
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Table 5 Total lipid content
and lipid class composition
of Artemia enriched with the
different dietary treatments

Control NSD NFRE NFRO ISD
Total lipid (% DW) 18.81 +1.77 19.49+029  1927+0.70  18.62+141 1833 +3.32
Lipid class (% of total lipid)
LPC+SM 3.03+1.65  273+0.06 425 +0.41 3.43 +0.31 2.39 +0.51
PC 1497 +323  1098+024  1098+124  1145+134  10.08 +0.31
PS 3.05+020  3.02+0.15 2.81 +0.10 3.16 + 0.39 2.94 +0.19
PI 5024039  451+038 4.58 +0.43 4.82 +0.15 4.34 +0.40
PG 329+0.14%  337+0.03%  3.15+028° 356+0.14°  2.89+0.16°
PE 1096 +0.34 10.81 +0.40  10.11 +0.18  10.87 + 0.68 9.83 +0.75
UKPL 283+055  3.77+092 3.19 + 1.17 3.52+0.82 4.60 + 0.94
TPL 43.16 £3.23°  39.19 +0.93®® 39.08 + 1.01® 40.80 +2.22%® 37.06 +2.12°
MAG+DAG 6.35 + 0.41 5.72 +0.39 6.41 +0.30 6.37 +0.55 6.52 +0.89
CHO 16.19 £2.14  1535+059  14.84+200 1595+ 1.04 1349+ 1.59
FFA 496 +0.59"  6.04+0.11"* 7.08+1.08°  4.06+1.60°  7.08+1.41°
TAG 2533+ 1.39° 29.14+0.73°  27.42 + 040%™ 28.05+ 1.08® 30.06 + 1.33"
SE 265+031* 291 +028° 331+026®° 339+087° 4.06+041°
UKNL 136 +0.06  1.65+0.30 1.86 + 0.54 1.38 +0.88 1.72 +0.14
TNL 56.84 +3.23*  60.81 +0.93®® 60.92 + 1.01®® 5920 +2.22%® 62.94 +2.12°

Results are presented as means + SD (n=3). NSD, spray-dried N. salinicola; NFRE, fresh N. salinicola;
NFRO, frozen N. salinicola; ISD, spray-dried I. galbana; DW, dry weight; LPC, lysophosphatidylcholine;
SM, sphingomyelin; PC, phosphatidylcholine; PS, phosphatidylserine; PI, phosphatidylinositol; PG, phos-
phatidylglycerol; PE, phosphatidylethanolamine; UKPL, unknown polar lipids; TPL, total polar lipids;
MAG, monoacylglycerols; DAG, diacylglycerols; CHO, cholesterol; FFA, free fatty acids; TAG, triacyl-
glycerols; SE, sterol esters; UKNL, unknown neutral lipids; TNL, total neutral lipids. Different letters in
superscript within the same row represent significant differences between dietary treatments (p<0.05)

Table 6 Total fatty acids and main fatty acid composition of rotifers enriched with the different dietary treatments

Control NSD NFRE NFRO ISD

Total FA (ug mg' DW) 140.26 + 3.35 137.34 + 12.02 135.82 + 26.72 122.90 + 37.49 123.85 + 12.48

Fatty acids (% of total FA)

Total SFA 8.67 + 0.28? 9.29 + 0.04% 11.01 +0.86° 10.32 + 0.67% 8.56 + 1.04°
16:0 336 +0.11% 437+0.11° 5.90 + 0.37° 5.67 +0.42° 3.33+0.36*
18:0 3.71 +0.07° 3.26 + 0.02° 341 +021%® 3.24 +0.14® 3.37 £ 0.39%

Total MUFA 25.50 + 0.54° 28.16 + 0.92° 29.67 +0.53° 29.80 + 1.05° 23.97 +0.43°
16:1! 450 +0.21* 9.20 + 0.63° 10.19 + 0.22% 10.56 + 0.66° 4.39 + 0.09°
18:12 14.42 +0.29° 13.13 + 0.28? 13.86 + 0.33% 13.62 + 0.39%° 13.54 + 0.40°

Total n-6 PUFA 8.57 + 0.06 7.88 + 0.08* 7.74 +0.11% 7.77 + 0.05% 8.59 +0.12°
18:2 3.07 + 0.05° 2.81 + 0.05 2.88 + 0.06™ 2.96 + 0.082 3.04 +0.10%
20:4 222 +0.03° 2.05 +0.03° 1.95 + 0.04* 1.96 + 0.02? 2.15 +0.03°

Total n-3 PUFA 56.35 + 0.70%¢ 53.90 + 0.89* 50.33 + 1.18° 50.96 + 1.32% 58.05 + 1.63¢
18:3 0.45 + 0.02 0.50 + 0.01% 0.43 + 0.06 0.48 + 0.06* 0.85 + 0.08°
20:5 7.69 + 0.13 8.48 +0.04° 741 0272 7.74 +0.24* 7.60 + 0.49?
22:6 42.36 + 0.58° 39.33 + 0.79° 37.19 + 0.82° 37.35 + 1.09° 42.39 + 0.69°

Total PUFA 62.69 + 0.66°¢ 59.73 + 0.94% 56.11 + 1.25° 56.77 + 1.35% 64.48 + 1.72¢

EPA/ARA 3.46 + 0.07° 4.13 +0.05° 3.80 £ 0.19® 3.96 + 0.09° 3.53 £0.19%

DHA/EPA 5.51 +0.06° 4.64 + 0.08° 5.02 +0.10° 4.83 +0.16° 5.59 +0.28°

Total n-3 LC-PUFA 5324 +0.71° 50.81 + 0.87% 4745 +1.12° 48.01 + 1.31%® 53.15 + 1.29°

Results are presented as means + SD (n=3). NSD, spray-dried N. salinicola; NFRE, fresh N. salinicola; NFRO, frozen N. salinicola; 1SD, spray-
dried I. galbana; DW, dry weight; FA, fatty acids; SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty
acids; LC-PUFA, long chain polyunsaturated fatty acids (> C20 and > 2 double bonds). Totals include other minor components not shown. !
Mainly n-7 isomers, > Mainly n-9 isomers. Different letters in superscript within the same row represent significant differences between dietary

treatments (p<0.05)
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similar pattern was onserved for total n-6 PUFA (8-9%),
total n-3 PUFA (50-58%) and total n-3 LC-PUFA (47-
53%) (p<0.05; Table 6).

ARA and DHA were remarkably high in control and
ISD-rotifers (2.22 + 0.03% and 2.15 + 0.03%; 42.36 +
0.58% and 42.39 + 0.69%, respectively). EPA was also
high in all treatments, mainly in NSD-rotifer (8.48 +
0.04%; p<0.05). Consequently, all rotifers had high
DHA/EPA ratios (5.0-5.6), mainly control and ISD-
rotifers, while EPA/ARA (3.5-4.1) ratio reached its peak
in the groups enriched with NSD and NFRO (p<0.05;
Table 6).

Monounsaturated was the most abundant FA family in
Artemia nauplii, ranging from ~38% in ISD-Artemia to
~44% in NFRO-Artemia, followed by PUFA (from 29.31
+ 0.06% in the control group to 36.17 + 0.56% in ISD-
Artemia), of which total n-3 was 3-4 fold higher than total
n-6 (22-28% vs. 6-7%). Total saturated was higher in the
control group (~29%) than in the experimental ones (22-
25%; p<0.05).
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Fig.1 Antioxidant activities: (A) catalase (CAT); (B) glutathione
reductase (GR); (C) glutathione-S-transferase (GST); (D) superox-
ide dismutase (SOD); (E) peroxides index (PxI) and (F) TBARS of
rotifers enriched with the different dietary treatments. Results are pre-

Total n-6 PUFA (7.11 + 0.15%), 18:2n-6 (3.92 + 0.09%),
18:3n-3 (2.73 + 0.07%), ARA (2.88 + 0.06%), and DHA
(10.80 + 0.34%) were greatest in ISD-Artemia (p<0.05). In
addition, both groups fed spray-dried microalgae contained
the most n-3 LC-PUFA (23-24%) and EPA (~13%; p<0.05).

ISD-Artemia showed the highest DHA/EPA ratio (0.85)
while NSD- and NFRO-Artemia had the highest EPA/ARA
ratio (4.4-4.8; p<0.05).

Live prey antioxidant activities and lipid
peroxidation

The activity of rotifer’s antioxidant enzymes CAT (4.14-
7.67 U mg™! protein), GR (6.60-9.24 mU mg™! protein),
GST (471.96-991.95 mU mg'1 protein) and SOD (714.15-
4135.77 U mg™! protein) was not affected by the dietary
treatment (Fig. 1A-D). By contrast, PxI was lowest in the
control group (15.24 + 2.00 meqO, kg™!), ranging between
57.88 and 91.28 meqO, kg™! in the experimental groups
(p<0.05; Fig. 1E). TBARS were reduced in both control and
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galbana. Different letters denote significant differences (p<0.05)
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ISD-rotifers (2.02 + 0.89 and 1.14 + 0.90 nmol MDA mg’!
protein, respectively) compared to rotifers fed N. salinicola
formats (4.88-6.05 mg™! protein; p<0.05; Fig. 1F).

Artemia nauplii presented lower CAT activity in both
ISD- and NFRO-groups (3.22 + 0.49 and 3.49 + 0.47 U
mg! protein, respectively) than in the control treatment
(6.76 + 1.82 U mg™! protein; p<0.05; Fig. 2A). By con-
trast, enzymatic activities of GR, GST, and SOD, the lipid
peroxidation indexes and TBARS were not affected by the
enrichment protocol (Fig. 2B-F).

Discussion

Rotifers and Artemia must be enriched with LC-PUFA in
order to boost their nutritional value and successfully con-
tribute to proper larval development (Seychelles et al. 2009;
Viciano et al. 2015, 2017). However, LC-PUFA-rich lipid
emulsions are highly susceptible to oxidation, requiring the
addition of antioxidant compounds (Viciano et al. 2017). In
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Fig.2 Antioxidant activities: (A) catalase (CAT); (B) glutathione
reductase (GR); (C) glutathione-S-transferase (GST); (D) superoxide
dismutase (SOD); (E) peroxides index (PxI) and (F) TBARS of Arte-
mia enriched with the different dietary treatments. Results are pre-
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this context, microalgae may exert several beneficial effects
when used to feed zooplankton including the improvement
of live prey protein content and FA profile and/or antioxidant
protection (Matsui et al 2020; Turcihan et al. 2021).

N. salinicola extracts showed lower DPPH scavenging
activity (22-44%; Table 1) than the values (~62.8%) reported
by Affan et al. (2007) for this species (previously known as
Navicula incerta; Hong et al. (2019)) although this might be
due to the different solvent used in their study (methanol).
Nevertheless, the ABTS test yielded more interesting results,
with all ethyl acetate extracts, and the ethanol extract from
fresh/frozen N. salinicola capable of inhibiting more than
50% of the radicals at 250 ug mL™!. Antioxidant capacity of
I. galbana has been previously attributed to its carotenoid,
polysaccharides and phenolic compounds content (Saranya
et al. 2014; Sun et al. 2014), and ethyl acetate has been rec-
ommended as the best solvent to obtain most of the valuable
FA and carotenoids in this species (Bustamam et al. 2021).

Under our experimental conditions, the mixture of dif-
ferent N. salinicola formats or the spray-dried I. galbana
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sented as mean + SD (n = 3). NSD, spray-dried N. salinicola; NFRE,
fresh N. salinicola; NFRO, frozen N. salinicola; 1SD, spray-dried 1.
galbana. Different letters denote significant differences (p<0.05)
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Table 7 Total fatty acids and main fatty acid composition of Artemia enriched with the different dietary treatments

Control NSD NFRE NFRO ISD

Total FA (ug mg' DW) 94.75 +20.78 78.09 + 12.12 97.70 + 31.44 85.59 + 13.16 108.11 + 24.23

Fatty acids (% of total FA)

Total SFA 28.61 + 0.39¢ 21.86 + 0.58* 25.16 + 0.13¢ 23.14 + 0.55° 23.01 + 0.58%
16:0 18.34 + 0.40° 13.67 + 0.48* 15.86 +0.12° 14.49 + 0.59? 13.94 + 0.58?
18:0 6.70 + 0.03° 5.22 + 0.09* 5.99 + 0.09° 5.55 +0.03° 5.66 + 0.09°

Total MUFA 39.49 + 0.44° 41.50 + 0.67% 41.91 +0.42% 43.70 + 1.42¢ 37.82 +0.31°
16:1! 7.46 + 0.05% 11.40 + 0.46° 10.06 + 0.29¢ 12.91 + 1.16% 7.19 +0.08*
18:12 29.52 + 0.48° 27.86 + 0.33% 29.54 + 0.44° 28.72 + 0.50% 28.02 + 0.42°

Total n-6 PUFA 6.15 + 0.04* 6.29 + 0.06 6.34 + 0.04* 6.28 + 0.05* 7.11 £0.15°
18:2 3.59 + 0.06 3.61 + 0.05 3.63 + 0.06* 3.70 £ 0.09* 3.92 +0.09°
20:4 2.56 + 0.03* 2.68 + 0.06* 2.64 +0.03* 2.58 +0.04* 2.88 + 0.06°

Total n-3 PUFA 21.80 + 0.14° 26.05 + 0.73° 22.22 +0.30° 22.27 + 1.41%® 28.25 +0.31°
18:3 2.26 +0.02* 2.46 +0.01° 2.44 +0.03° 2.49 + 0.05° 2.73 £ 0.07°
20:5 10.61 + 0.07* 12.86 + 0.34° 11.11 + 0.15% 11.32 £ 0.31° 12.69 + 0.13¢
22:6 7.55+0.12* 9.19 + 0.43* 7.36 + 0.09* 6.92 +1.18% 10.80 + 0.34°

Total PUFA 29.31 + 0.06* 34.03 + 0.73° 29.99 + 0.27° 30.35 + 1.20% 36.17 + 0.56°

EPA/ARA 4.14 +0.02* 4.80 + 0.14° 421 +0.01%® 4.39 +0.05° 4.41 +0.13%®

DHA/EPA 0.71 £ 0.01* 0.71 £ 0.02* 0.66 + 0.00* 0.61 + 0.09% 0.85 + 0.02°

Total n-3 LC-PUFA 18.55 + 0.13* 22.51 +0.73° 18.70 + 0.23° 18.66 + 1.49° 23.95 + 0.45°

Results are presented as means + SD (n=3). NSD, spray-dried N. salinicola; NFRE, fresh N. salinicola; NFRO, frozen N. salinicola; 1SD, spray-
dried I. galbana; DW, dry weight; FA, fatty acids; SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty

acids; LC-PUFA, long chain polyunsaturated fatty acids (> C20 and > 2 double bonds). Totals include other minor components not shown.

1

Mainly n-7 isomers, 2 Mainly n-9 isomers. Different letters in superscript within the same row represent significant differences between dietary

treatments (p<0.05)

with a lipid emulsion did not affect live prey survival or
TL content, as reported previously in works testing mixed
microalgal diets and formats (Palmtag et al. 2006; Thépot
et al. 2016). However, dietary treatments directly impacted
the FA profiles of rotifers and Artemia. Thus, spray-dried
formats generally improved PUFA retention in both spe-
cies (Tables 6 and 7) supporting the higher availability of
nutrients in spray-dried formats pointed out in a previous
study with Nannochloropsis oculata (Eryal¢in, 2019). In
particular, Artemia fed ISD showed the highest DHA con-
tent suggesting it is the best treatment to preserve DHA
incorporation, protecting against the preferential oxidation
of DHA described in Artemia (Reis et al. 2019). In addition,
the reduced DHA incorporation in all rotifers fed N. salini-
cola formats might be related to a poorer ability to retain
C22 PUFA into tissue lipids (Pérez et al. 2022) due to the
lower availability of DHA in their final enrichment products
compared to those of the control and I. galbana (Table 3).
As expected, the mixed enrichment protocol was more
effective in terms of LC-PUFA incorporation than other
feeding practices using commercial products or just micro-
algae. For instance, ARA, EPA and DHA proportions in roti-
fer and Artemia nauplii raised compared to values reported
when fed the commercial Ori-Green™ (algae + lipid emul-
sion-based product) (Rocha et al. 2017). Our experimental

treatments also improved the rates of LC-PUFA incorpora-
tion by live prey when fed with I. galbana for 24 h in a pre-
vious study performed by our group (data not shown). The
present results indicate that the combination of microalgae
and a lipid emulsion with a short-term enrichment period (5
h) may be a valuable enrichment protocol, even better than
some commercial products or microalgae alone, as previ-
ously suggested by Eryalcin (2019). Furthermore, diatoms
are not commonly used to feed live prey. The effectiveness
of using N. salinicola with a lipid emulsion as an enrichment
protocol for rotifers and Artemia, is reported for the first time
in this study.

The DHA/EPA ratio is a common indicator to evaluate
the nutritional suitability of a diet for marine larvae nutri-
tion, as inadequate ratios of these two FA may impair mem-
brane function and larval growth (Rodriguez et al. 1997;
Viciano et al. 2017). Although DHA/EPA requirement is
species-specific (Rodriguez et al. 1997), the recommended
ratio for marine fish larval normal development is similar
or even higher than that present in natural preys such as
copepods (~2) (Sargent et al. 1997; Viciano et al. 2017). In
our study, rotifers fed the mixture of microalgae and lipid
emulsion had higher DHA/EPA ratios (4.64-5.69) than
rotifers fed fresh or frozen T-ISO (Seychelles et al. 2009),
N. oculata, or a mixture of N. oculata and Chlorella vulgaris
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(Thépot et al. 2016). However, DHA/EPA ratios in Arte-
mia were generally low (0.7-0.8), in accordance to other
assays with either lipid emulsion or microalgae enrichment
(Viciano et al. 2015, 2017). The enrichment of Artemia with
DHA is actually a great research challenge in the aquaculture
sector, as it is well established that they retro-convert DHA
to EPA (Navarro et al. 1999).

ARA is also a relevant LC-PUFA in fish nutrition, being
important for growth, survival, pigmentation, stress toler-
ance, egg/larval quality and improved feed utilization effi-
ciency (Bell and Sargent 2003). Moreover, ARA and EPA
are involved in eicosanoids production, both competing for
the same enzymes, and consequently, their ratio must be
properly balanced (Magalhdes et al. 2020). In our experi-
ments, rotifers and Artemia presented EPA/ARA ratios of
around 4 (Tables 6 and 7), which is in line to values rec-
ommended for European seabass (Dicentrarchus labrax)
and gilthead seabream (Sparus aurata) larvae (Hamre et al.
2013).

Several studies suggest that phospholipids are preferred
over TAG as the main lipid source by most marine fish lar-
vae species (Reis et al. 2019; Lund et al. 2021; Turcihan
et al. 2021). Diets formulated with TAG may reduce fish
growth and survival, and promote lipid accumulation in the
liver and intestine. By contrast, phospholipids are highly
abundant in marine fish eggs, being essential structural com-
ponents of membranes, also involved in digestion, absorp-
tion and transport of lipids (Sargent et al. 1999), that are
required for the correct growth and survival of a wide range
of aquatic species (Hamre et al. 2013; Lund et al. 2018). An
adequate balance between energy and essentiality for live
prey can only be achieved by a suitable equilibrium between
phospholipids and TAG (Sargent et al. 1999). While rotifers
and Artemia have a natural polar/neutral lipid ratio of 30:70,
copepods have a more favorable proportion of approximately
50:50 (Hamre et al. 2013). Under our experimental condi-
tions, Artemia showed average polar/neutral lipid ratios of
40:60, more similar to copepods than that of rotifers (12-
18/88-82). Although recent studies demonstrate that Artemia
tends to metabolize dietary phospholipids into TAG (Reis
et al. 2017, 2019), the short enrichment period used in our
present work (5 h), together with the lipid emulsion based
on phospholipids (LC-60) probably favored Artemia’s polar
lipid and DHA incorporation.

Live prey lipid-enrichment protocols promote auto-
oxidation of PUFA and the formation of potentially toxic
oxidative products, compromising health and survival of
predators. Rotifers and Artemia naturally possess certain
levels of antioxidant enzymes required to metabolize reac-
tive oxygen species (ROS) and to repair damage caused by
free radicals, including lipid oxidation. In this sense, SOD
and CAT enzymes are considered the first line of defense in
the detoxification process against ROS (Barata et al. 2005b).
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CAT activity was higher in Artemia fed the control treat-
ment than in NFRO and ISD-Artemia (Fig. 2), suggesting a
protective effect of these two last formats compared to the
control, as organisms can up-regulate antioxidant defenses in
response to increasing ROS production (Barata et al. 2005a,
2005b). In spite of these differences in CAT activity between
Artemia groups, PxI was not affected by dietary treatments,
indicating that the Artemia antioxidant capacity was able to
efficiently fight against excessive ROS formation and oxi-
dative stress. The presence in Artemia of carotenoids with
recognized antioxidant capacity such as cantaxanthin (Rgn-
nestad et al. 1998), can be attenuating the damaging effects
of ROS.

On the other hand, and even though antioxidant enzyme
activity was not increased in rotifers, all experimental treat-
ments showed higher PxI and TBARS indexes than the con-
trol group, except for the TBARS values in the ISD-rotifers
(Fig. 1). This suggests that lipid peroxidation was partially
compensated by rotifers fed ISD or that the time of enrich-
ment was enough to generate oxidative stress but not to
maintain it. Thus, reducing the time of enrichment could
potentially have decreased lipid peroxidation. In fact, short
enrichment periods have been recommended in order to
avoid lipid oxidation and to improve enrichment efficiency,
especially in DHA-rich emulsions (McEvoy et al. 1995)
for both Artemia and rotifers (Reis et al. 2019; Pérez et al.
2022).

In conclusion, both N. salinicola and I. galbana might be
considered valuable microalgae to enrich rotifers and Arte-
mia when combined with a suitable lipid emulsion. How-
ever, considering its n-3 LC-PUFA content and DHA/EPA
ratio, I. galbana seems to be more adequate than N. salini-
cola to feed rotifers and Artemia for fish larvae. In addition,
the extra risk of oxidative stress caused by the addition of
a lipid emulsion seems to be partially compensated by the
ISD format and the short period of enrichment. Finally, this
study demonstrated that N. salinicola can be used as feed
for rotifers and Artemia, even improving their lipid compo-
sition in combination with a lipid emulsion. These results
emphasize the potential of microalgae biomass in combina-
tion with other agents for live prey enrichment protocols in
aquaculture.
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