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Abstract Aquaculture provides half of the fish for human
consumption, and the trend is on a significant rise over the
coming decades. However, the soaring price of traditional
ingredients used in aquafeeds is becoming prohibitive, espe-
cially in the case of capture fishery derivatives. Therefore,
new alternative ingredients and additives are required in order
to substitute fish meal and fish oil in aquaculture feeds.
Microalgae are a reliable alternative to these as they are po-
tential stabilizing agents against nutrient oxidation. In the
present study, three experimental aquafeeds were elaborated
with 15% microalgae biomass (Isochrysis galbana,
Nannochloropsis gaditana, and Scenedesmus almeriensis);
these were then stored under different temperature and light
conditions for 15 months in order to analyze the stability of
proteins, lipids, fatty acids, and carotenoids. The antioxidant
activity of the natural pigments present in microalgae allowed
frozen microalgae-based aquafeeds to maintain stable quality
over 9 months of storage. Nannochloropsis- and Isochrysis-
supplemented feeds had higher eicosapentaenoic and
docosahexaenoic acid contents than the microalgae-free con-
trol feed. However, longer storage times led to a drop in pro-
tein and carotenoid levels.
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Introduction

Historically, fish meal has been used as the main ingredient in
aquafeeds due to its balanced nutrient content, palatability, and
high digestibility (Cowey 1994; New 2001). Nutritionally, fish
meal is an appropriate protein source owing to its high protein
content (usually over 60%) with digestibility coefficients
above 80%. It also possesses a high biological value due to
its well-balanced essential amino acid composition, which is
similar to fish muscle. Additionally, elevated contents of high-
ly unsaturated fatty acids (HUFAs), mainly docosahexaenoic
acid (DHA) and eicosapentaenoic acid (EPA), along with im-
portant minerals (Ca, P, and Mg), vitamins (A, B12, C, D3,
choline, and inositol), as well as trace minerals, are reported
in fish meal (de la Higuera and Cardenete 1993). Nevertheless,
its quality is quite variable and source dependent (fish species,
season, and manufacturing process). Fish meal derives both
from industrial fishery catches and from fish by-products ob-
tained from seafood processing for human consumption.

The current supply of fish meal and fish oil could be
outstripped by current demand as a result of unsupportable
levels of industrial aquaculture and the diversification of
farmed species. Likewise, the availability of protein ingredi-
ents is impacted by increasing demand and is leading to con-
tinually rising prices (FAO 2014).

Economic problems aside, a communication from the
Commission to the European Parliament was adopted in
2009 regarding strategic guidelines for the sustainable devel-
opment of EU aquaculture, the main objectives being to en-
sure public health and safe fishing products, as well as to set
the aquaculture production system on a sustainable course.
For this reason, an intensive search for alternative protein
and oil sources, which totally or partially replace fish meal
and oil in aquafeeds, is being carried out (Silva et al. 2010);
this is in step with the FAO recommendations requiring a
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reduction in the use of fish meal and oil from extractive
fishing.

Currently, interest is growing in microalgae as an alter-
native source of protein and lipids, vitamins, minerals,
and nutraceutical substances in aquafeeds (Müller-Feuga
2000; Pereira et al. 2012; Güroy et al. 2011; Vizcaíno
et al. 2014, 2016). In the last few decades, the popularity
of microalgae has increased due to their appropriate size,
high nutritional value, rapid growth, and antioxidant ca-
pacity (Roy and Pal 2015).

In addition, microalgae possess an interesting fatty acid
profile due to their long-chain, polyunsaturated fatty acid
(PUFA) content, which is so essential in fish diets; they are
also a valuable source of essential vitamins (i.e., B6, B12, folic
acid) and natural pigments (i.e., β-carotene, astaxanthin, di-
terpene) (Spolaore et al. 2006). Authors such as Tibaldi et al.
(2015), Walker and Berlinsky (2011), and Vizcaíno et al.
(2014) have performed different studies using Isochrysis sp.,
Nannochloropsis sp., and Scenedesmus almeriensis as dietary
ingredients for feeding aquaculture fish species. These studies
concluded that microalgal biomass enhances growth, nutrient
utilization, and gastrointestinal morphology in different ma-
rine fish species (Vizcaíno et al. 2014, 2016). Sarker et al.
(2016) found improved results in Nile tilapia growth with
greater weight gain and a better protein efficiency ratio when
fully replacing fish oil with Schizochytrium sp. microalgal
biomass.

Previous studies have also shown that microalgae are a
promising alternative source of fish meal and fish oil due to
their biochemical composition, demonstrating that a small
amount of microalgae in aquafeed (5% dry weight (d.w.))
leads to a slight improvement in survival rates compared to
the commercial control diet; this is related to a better immune
response as well as a significantly higher antioxidant content
in prawn muscle (Li et al. 2015). Other studies have evaluated
the stability of several fish and microalgal oils to oxidation,
finding that oils obtained from microalgae can be as stable as
krill oil and significantly more stable than other fish oils
(Ryckebosch et al. 2013). Nonetheless, the oxidative stability
of feed must be evaluated since there is evidence that using
oxidized fish oil in diets has a negative effect on the immune
system; there is also evidence that enzyme activity is increased
because of antioxidant activity as is the stress response in fish
(Mourente et al. 2002; Alves Martins et al. 2007). Lipidic
oxidation is caused by chain reactions in which lipidic radicals
react with oxygen-forming hydroperoxide and other lipidic
radicals (Hernández et al. 2014); this process can be halted
using antioxidants. Traditionally, synthetic antioxidants
(butylhydroxytoluene (BHT), butylhydroxyanisole, and
ethoxyquin) with high antioxidant activity have been used
(Hamre et al. 2010), although other studies have demonstrated
the presence of these compounds in fish muscle, which nega-
tively affects health (Lundebye et al. 2010). Consequently, the

use of natural antioxidants is being increasingly studied since
food additive awareness is growing in the society.
Nevertheless, no in-depth study on the effects of natural anti-
oxidants on aquafeed storage has so far been carried out
(Hamre et al. 2010).

Taking the above points into consideration, the aim of the
present work was to study the stability of nutrients (proteins
and lipids, with special attention to the fatty acid and caroten-
oid contents), as well as to evaluate the use of microalgae as
potential stabilizing agents against nutrient oxidation in three
experimental aquafeeds containing 15% Isochrysis galbana
(ISO), Nannochloropsis gaditana (NAN), or Scenedesmus
almeriensis (SCE) biomass, and then comparing them to a
microalgae-free control (CT) feed under different storage con-
ditions for a period of 15 months.

Materials and methods

Experimental diets

Microalgal biomasses were provided by the Estación
Experimental BLas Palmerillas^ (Fundación Cajamar,
Almería, Spain). In brief, the cells were produced in an
industrial-sized outdoor vertical tubular photobioreactor
(3000 L) in continuous mode at a 0.3 day−1 dilution rate.
This facility is designed to operate with seawater or fresh water
in a closed circuit, with recirculation of the culture medium.
Agricultural fertilizers were used instead of pure chemicals at a
calcium nitrate concentration of 11 mM, according to the com-
mercial Algal medium (Bionova, Santiago de Compostela,
Spain). The inorganic compounds were added to artificial sea-
water (30 g L−1 NaCl; TorreSal, Unión Salinera de España).
The cultures were grown at pH 8.0 by on-demand injection of
CO2, and the temperature was maintained within the 23–25 °C
range by passing thermostatically controlled water through a
heat exchanger located inside the reactor. The biomass was
harvested daily by centrifugation (RINA continuous centri-
fuge, Riera Nadeu SA, Spain), frozen at − 18 °C, freeze-dried,
and finally milled to obtain a homogenized powder (< 100μm)
that was stored in the dark at − 20 °C until preparation of the
experimental diets. Four isonitrogenous (40% dry weight) ex-
perimental feeds were elaborated at the CEIA3-University of
Almería facilities (Experimental Diets Service, http://www.ual.
es/stecnicos_spe). Three experimental feeds were formulated
to contain 15% freeze-dried Isochrysis galbana (ISO),
Nannochloropsis gaditana (NAN), or Scenedesmus
almeriensis (SCE) biomass. A microalgae-free feed was used
as the CT. The ingredient composition of the experimental
feeds is shown in Table 1. Experimental aquafeeds were for-
mulated to contain 35–40% crude protein and 10% crude
lipids. Microalgal biomasses were used as alternative ingredi-
ents to reduce the use of fish meal and fish oil. However,
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microalgal biomasses contain different levels of proteins (from
35 to 44% d.w.), lipids (from 9 to 27% d.w.), and carbohy-
drates (from 22 to 36% d.w.). For this reason, the same inclu-
sion level does not necessarily result in the same level of fish
meal and fish oil in each experimental feed. Consequently, the
amount of fish meal, fish oil, and maltodextrin was adjusted
individually in each feed to achieve the required level of die-
tary proteins and lipids according to Vizcaíno et al. (2014). All
the experimental aquafeeds were elaborated using a single
screw laboratory extruder (Miltenz 51SP, JS Conwell Ltd.,
New Zealand) set to obtain 2-mm diameter pellets that were
dried and kept frozen at − 20 °C until use.

Analytical procedures

The fatty acid profile of the experimental diets was determined
by gas chromatography (Agilent Technologies 6890N Series
Gas Chromatograph, USA) after direct transesterification, as
described byRodríguez-Ruiz et al. (1998). The chromatograph-
ic system was equipped with a capillary column of fused silica
Omegawax (0.25 mm ×30 m, 0.25-μm standard film, Supelco,
USA) and a flame ionization detector (FID). Nitrogen was used
as the carrier gas at a flow rate of 58.1mLmin−1 and a split ratio
of 1:40. The injector and detector temperatures were set at 250
and 260 °C, respectively. The oven temperature was initially set

at 150 °C for 3 min, then programmed to increase to 240 °C at a
rate of 7.5 °C min−1 and finally set at 240 °C for 12 min.

The total carotenoid content was determined by chroma-
tography (HPLC) as described by Cerón et al. (2007).
Neoxanthin, lutein, violaxanthin, fucoxanthin, and β-
carotene standards were purchased from Sigma (USA).
Vaucheriaxanthin, zeaxanthin, diatoxanthin, and dinoxanthin
standards were purchased from DHI (Hørsholm, Denmark).
Dinoxanthin is not present in I. galbana, but it is used to
determine the diadinoxanthin content. Pigment quantification
was based on calibration curves taken at different standard
concentrations.

The total lipid content of the experimental diets was de-
termined according to Kochert (1978). The protein content
in the biomass was analyzed as described by González-
Lopez et al. (2010).

All measurements were performed in triplicate.

Experimental diet storage: preservation conditions

The stability of the experimental aquafeeds was studied by
analyzing the influence of the storage period, the temperature,
and the presence or absence of light on their biochemical
composition. The storage conditions in an inert atmosphere
were as follows: 25 °C at ambient light, 25 °C under the
absence of light, and refrigerated (6 °C) and frozen
(− 20 °C) under the absence of light. The analysis of proteins
and total lipids (total lipids, fatty acids, and total carotenoids)
was carried out periodically over the 15-month period. Two
replicates were taken for analyses from each condition
assayed.

Statistical analyses

Statistical data analyses were performed using the Statgraphics
Centurion XVI software package. Data, in percentage, were
arcsin(x1/2) transformed. The normality and homogeneity
analyses were performed using the Kolmogorov–Smirnov
and Levene tests, respectively. Multifactor ANOVA tests were
used to study the effect of the factors (time, temperature, irra-
diance, and aquafeed) and their interactions (time-temperature,
time-irradiance, time-aquafeed, temperature-aquafeed, irradi-
ance-aquafeed) at a 95% confidence level, for the protein, total
lipid, total fatty acid, carotenoid, DHA, EPA, saturated fatty
acid (SFA), monounsaturated fatty acid (MUFA), and PUFA
contents with the aim of deciding the most influential variable
in the biochemical composition.

Results and discussion

The aim of the present work was to study the stability of
aquafeeds supplemented with microalgae, for the partial

Table 1 Ingredient composition of the experimental feeds

CT ISO NAN SCE

Ingredients (g kg−1 d.w.)

Fish meala 661 585 568 565

Isochrysis biomassb 150

Nannochloropsis biomassc 150

Scenedesmus biomassd 150

Squid meal 50 50 50 50

Fish meal protein hydrolysatee 50 50 50 50

Soybean protein concentratef 25 25 25 25

Fish oil 60 37 30 58

Maltodextrin 88 37 61 36

Vitamin and mineral premixg 28 28 28 28

Binder (sodium alginate)h 38 38 38 38

Aquafeed codes are CT control; ISO 15% Isochrysis inclusion; NAN
15% Nannochloropsis inclusion; SCE 15% Scenedesmus inclusion
a Protein 69.4%; lipid 12.3%, Norsildemel (Bergen, Norway)
b Protein 35%; lipid: 21%
c Protein 43%; lipid 27%
d Protein 44%; lipid 9%
eCPSP90, protein 81%; lipid 8.8%, Sopropeche (France)
f Protein 65%; lipid 8%, DSM (France)
gMineral and vitamin premix according to Pereira andOliva-Teles (2003)
h Sigma-Aldrich (Madrid, Spain)
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replacement of fish meal and fish oil, evaluating different stor-
age conditions such as time (t), temperature (T), and the pres-
ence or absence of light (I), as well as the type of aquafeed (A),
on the stability of macronutrients (proteins and lipids, with
special attention to the fatty acid profile, mainly EPA and
DHA; as well as the effect of carotenoids in aquafeeds, which

act as natural antioxidants leading to stabilized nutrients that
are more susceptible to oxidation). The experimental
aquafeeds were elaborated with 15% microalgal biomass
(I. galbana, N. gaditana, or S. almeriensis) and stored under
different conditions for a period of 15months. Thus, a stability
study of aquafeeds was designed.
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Fig. 1 Influence of storage conditions on the protein and total lipid
content loss in function of the time (a), temperature (b), and light (c)
and on the total carotenoid content loss in function of time (d),

temperature (e), and light (f). Values are the mean ± standard deviation
in aquafeeds. BAverage proteins^ (dark blue circles) and Baverage lipids^
(white circles) are average values of every aquafeed for each condition
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Total protein

The evolution of the total protein content in aquafeeds was
monitored over time under the different storage conditions.
Figure 1 shows the effect of time (a), temperature (b), and
light (c) on the loss of protein content, whereas Table 2 pro-
vides a statistical analysis of the abovementioned factors.

The initial protein content in aquafeeds was 40% (d.w.); al-
though in the case of S. almeriensis-supplemented feed, this
value was significantly lower (35% d.w.) (Fig. 1a). It is known
that culture conditions affect protein accumulation inmicroalgae
(Camacho-Rodríguez et al. 2015), and in the case of the
S. almeriensis biomass, this may explain why SCE feed had a
lower protein content than other microalgae-supplemented
feeds. With regard to Table 2, time is the most important factor
affecting protein content, but no significant differences were
observed whatever the microalgae species used in the
aquafeeds, though the effect of interaction time-microalgae spe-
cies (tA) was the most important. In the case of CT, the protein
fraction was stable for 9 months; although after 12 months of
storage, this value decreased to 30% (Fig. 1a). However, the
NAN and ISO feeds showed a progressive decrease in the total
protein content from the beginning (Fig. 1a). According to
Gandía-Herrero et al. (2010), maltodextrin promotes the stabil-
ity of biomolecules so the lower content of this carbohydrate in
regard to CT might contribute to the protein reduction observed
in NAN and ISO (Table 1); although in the case of ISO, the
protein diminution was lower than that in CT (Fig. 1a). In spite
of its lower initial protein content, SCE feed stayed preserved
throughout the storage period. This could be explained by the
ability of S. almeriensis to accumulate lutein under certain
growth conditions (Sánchez et al. 2008), and certain pigments

have demonstrated high antioxidant activity, thus being able to
avoid biomolecular degradation (Cerón et al. 2007).

Regarding the effect of temperature, this factor makes a
significant difference to protein content. At 25 °C, the protein
level decreased slightly in all aquafeeds containingmicroalgae
when compared to the values of samples stored at − 20 and
6 °C (Fig. 1b); no differences were observed between refrig-
erated and frozen samples. This observed temperature effect
might be explained by the fact that natural pigments supplied
by microalgal biomass, which have an antioxidant capability
against biomolecular degradation (Cerón et al. 2007), are de-
graded when stored at room temperature and in the presence
of light, with the consequent loss of pigments from antioxi-
dant activity. Nevertheless, CT did not show protein reduction
at 25 °C because the higher maltodextrin content contributes
to increased protein stability at this temperature (Ferrari et al.
2013). Likewise, light did not affect the protein content in the
aquafeeds (Table 2); although in the case of SCE, a significant
drop was observed (Fig. 1c), probably due to the
photodegradation of natural antioxidants, as demonstrated by
Gouveia and Empis (2003), who found greater carotenoid
degradation in microalgal biomass stored under light rather
than under dark conditions.

Total lipid content

With reference to the total lipid content, the average values are
shown in Fig. 1, observing no lipid degradation during the
storage period whatever factor was evaluated (Fig. 1a–c); the
value remained stable at 10.2% (d.w.). Similarly, Aryee et al.
(2012) studied the effect of temperature (25, 4, − 18, and
− 80 °C) over 45 days of storage on fatty acids in salmon oil

Table 2 Multifactor ANOVA testing the effect of time (t), temperature
(T), irradiance (I), and type of aquafeed (A) on the nutrient stability in
experimental aquafeeds formulated with 15% microalgal biomass under
different storage conditions over 15 months. The data variability is

attributable to the main effect of each factor and the interactions found,
as indicated by the p value. The contribution of each factor was expressed
as the percentage variation of the response (F ratio of each factor relative
to the sum of all F ratios)

Response Statistics t T I A t-T t-I t-A T-A I-A

Lipids % 62.30 0.29 0.48 0.13 1.69 2.66 8.85 1.94 1.43

p value <0.0001 0.2305 0.1904 0.0178 0.5141 0.4607 <0.0001 0.4355 0.4713

Protein % 68.87 10.56 0.20 2.11 1.81 3.72 6.38 2.78 3.57

p value <0.0001 0.0015 0.7050 0.2146 0.2507 0.0417 0.0001 0.0814 0.0629

Fatty acids % 13.02 1.26 21.24 41.20 1.63 3.16 4.72 3.33 10.44

p value <0.0001 0.7245 0.0062 <0.0001 0.9256 0.5170 0.1762 0.4305 0.0259

Carotenoids % 28.53 25.53 1.875 12.05 7.45 0.312 18.4 4.11 1.74

p value <0.0001 <0.0001 0.8413 0.0745 0.3162 0.8930 0.0348 0.2196 0.8643

EPA % 9.34 0.56 15.75 66.20 0.37 2.30 1.08 0.84 3.55

p value <0.0001 0.5573 0.0001 <0.0001 0.9633 0.0372 0.3365 0.5120 0.0157

DHA % 3.16 0.06 9.85 80.40 0.70 1.44 1.19 1.15 2.06

p value 0.0003 0.9101 0.0002 <0.0001 0.3676 0.0472 0.0343 0.1079 0.0271

Italicized values mean significant differences (p value < 0.05)
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and reported that the fatty acid composition was not affected
by either the temperature or the storage period. Hernández
et al. (2014) found no differences in the fat oxidative status
of diets stored for 24 weeks; these included the synthetic an-
tioxidant (BHT) and the natural antioxidant rosemary extract,
allowing us to establish that both additives protect against
lipid oxidation. However, studies carried out by Hamre et al.
(2010) concluded that the synthetic antioxidant ethoxyquin
can be replaced by natural antioxidants since the inclusion of
rosemary extract at the highest level (6.0 g kg−1) achieved
lower oxidation values than were reached in the control diet,
and with no difference to those that used all the antioxidants
present in their experiments.

Total carotenoids

Only experimental aquafeeds supplemented with microalgae
included natural carotenoids. NAN was the aquafeed with the
highest carotenoid content, 0.24% (d.w.); followed by ISO,
0.19%; and SCE 0.17% (Fig. 1d). The main factors affecting
carotenoid stability in aquafeeds are time and temperature,
although there is a significant effect from the interaction time
and microalgae species (tA) (Table 2). This may be due to the
fact that the carotenoid profile is greatly influenced by the
microalgal strain as well as the culture conditions.

The carotenoids present in the aquafeeds did not degrade
over the first 6 months of storage. After this, however, signif-
icant drops in the carotenoid content—35% in ISO, 32% in
NAN, and 45% in SCE—were observed up to the end of the
storage period (Fig. 1d). These results are in agreement with
those of Gouveia and Empis (2003) for dry Chlorella vulgaris
and Haematococcus pluvialis biomass, incorporated into for-
mulated feeds for rainbow trout and gilthead seabream. In
their study, the authors found that the carotenoid content
remained quite stable for a storage period of 2.5 months; al-
though after 6 months, carotenoid content losses of 24 and
18.8% were detected in diets enriched with C. vulgaris and
H. pluvialis biomass, respectively.

Regarding temperature, no significant difference was ob-
served between NAN stored at − 20 and 6 °C, with values of
0.23% (d.w.), yet they were significantly lower in feed samples
kept at 25 °C (Fig. 1e). In the case of ISO and SCE feeds, the
most suitable storage temperature is − 20 °C; indeed, signifi-
cant drops of 40 and 80% were observed when stored at 6 and
25 °C, respectively (Fig. 1e). Other authors also established
that refrigerating at 4 °C allows one to preserve feeds in good
conditionwithout adding antioxidants (Hernández et al. 2014).
Hamre et al. (2010) achieved the lowest lipidic oxidation
values when using natural antioxidants (rosemary extract)
compared to those using a mix of synthetic antioxidants.

In the present work, no statistically significant differences
were observed between samples stored under light and dark
conditions for SCE, although NAN and ISO stored under light
conditions suffered significantly higher losses than those un-
der dark conditions (Fig. 1f). Gouveia and Empis (2003) also
found no difference between samples stored under light and
dark conditions over 2.5 months; although after 1 year, the
samples under light conditions suffered a significantly higher
carotenoid content loss than those kept under dark conditions.

Fatty acids

HUFAs (mainly EPA and DHA) are essential nutrients in fish
nutrition; however, these compounds are quite susceptible to
oxidation during aquafeed storage (Alves Martins et al. 2007;
Fernandes et al. 2012). In the present study, the effect of the
storage conditions on EPA and DHA content losses was quan-
tified, as well as the ω-3/ω-6 ratio.

Fatty acid profile in aquafeeds

Figure 2 shows the effect of time, temperature, and the pres-
ence or absence of light, respectively, on the fatty acid profile
of aquafeeds, categorized as SFAs, MUFAs, and PUFAs.
Concerning the effect of the aquafeed type, Table 2 reveals
that this factor had the biggest effect on the fatty acid content
(p < 0.05). This is verified in Fig. 2d–g, where the fatty acid
content is slightly higher in the CT feed compared to that in the
other feeds that included microalgae. It is known that fish oil

Table 3 Evolution of theω-3/ω-
6 ratio in experimental feeds
under different storage conditions

Aquafeed ω-3/ω-6

Initial Final

Light Darkness 6 °C − 20 °C

CT 3.04 ± 0.00 3.22 ± 0.03 3.24 ± 0.04 3.25 ± 0.07 3.23 ± 0.05

NAN 2.30 ± 0.01 2.07 ± 0.02 2.33 ± 0.00 2.44 ± 0.01 2.56 ± 0.20

ISO 3.02 ± 0.00 2.74 ± 0.01 3.08 ± 0.00 3.22 ± 0.00 3.10 ± 0.01

SCE 3.17 ± 0.05 2.78 ± 0.00 3.19 ± 0.02 3.36 ± 0.03 3.38 ± 0.09

�Fig. 2 Influence of storage conditions on the fatty acid content loss in
function of time (a), temperature (b), and light (c). Effect of time on the
fatty acid profile in the CT (d), NAN (e), ISO (f), and SCE (g) feeds
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has a more complete fatty acid profile than microalgal biomass
so it is expected that the fatty acid composition of microalgae-
supplemented feed is not as ample as that of the CT feed,
which includes fish oil as the main lipidic ingredient (data
not shown). Previous studies reveal that fish oil substitution

by plant oil is possible although an imbalance in the fatty acid
profile of the feeds can appear (Montero et al. 2015).

According to Fig. 2, PUFAs are the major fraction of fatty
acids in aquafeeds with values up to 4% (d.w.). It reveals that
there are no significant differences in the fatty acid profile in
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Fig. 3 Influence of storage conditions on EPA (time (a), temperature (b), and light (c)) and DHA (time (d), temperature (e), and light (f)) content loss in
aquafeeds. Values are the mean ± standard deviation
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terms of the different factors considered during the storage
period (time, temperature, and light), showing average values
for SFAs andMUFAs ranging from 2.0 to 2.5% (d.w.) and 1.2
to 1.6% (d.w.), respectively.

The ω-3/ω-6 ratio is an important parameter since low
values lead to a detrimental effect on fish growth and immunity
(Montero et al. 2015). Data shown in Table 3 indicate that the
ω-3/ω-6 ratio in ISO and SCE feeds resulted in values of 3.04
and 3.13, respectively, similar to that observed for the CT diet,
of 3.04. However, this ratio was 23% lower in the case of the
NAN feed due to the lower DHA content. The SCE feed also
had a lower EPA content than the other aquafeeds, although in
this case, it was compensated for by a higher 18:3ω-3 content.
After 15 months of storage, the presence of light seems to be
the most affective factor on ω3/ω6 in microalgae-
supplemented diets—this ratio decreased by 10% in every
case, while in samples stored under dark conditions, no differ-
ences were observed. On the other hand, refrigerated and fro-
zen samples had a slightly increased ω-3/ω-6 content. In the
CT feed, there was no appreciable drop in this ratio for samples
stored under light conditions, probably due to the higher malto-
dextrin content in this diet which promotes biomolecular sta-
bility (Gandía-Herrero et al. 2010). However, previous studies
have demonstrated the greater ability of plant natural antioxi-
dants to efficiently avoid lipidic oxidation compared to syn-
thetic antioxidants (Hernández et al. 2014), which have dem-
onstrated a certain carcinogenic capacity (Ito et al. 1985).

EPA and DHA

The main factor affecting the EPA and DHA contents is the
type of microalgae used for aquafeed preparation (Table 2). In
the case of EPA, the highest initial content was observed in
NAN and ISO, with 1 and 0.9% (d.w.), respectively (Fig. 3a).
This is due to this HUFA’s high content in the biomass of these
microalgae, making up 30 and 28% of total fatty acids, respec-
tively (Camacho-Rodríguez et al. 2014). On this basis, the
lowest EPA content was in SCE as this microalga lacks EPA
in its fatty acid profile, meaning that fish oil is the sole supply
of EPA in this feed.

With reference to DHA, ISO was expected to be the diet
with the highest content since the I. galbana biomass can
accumulate up to 1.2% (d.w.) of DHA (Batista et al. 2013).
However, as one can observe in Fig. 3d, the CTand SCE diets
actually had a higher DHA content than the ISO feed. This
could be because less fish oil was added to the ISO feed
(Table 1) given that the contribution of I. galbana biomass
to the DHA content is significantly lower (1.8 gDHA kg−1 feed)
than that of fish oil (4.8 gDHA kg−1). Miller, Nichols, and
Carter (2007) remarked on the importance of this HUFA in
the replacement of fish oil with DHA-enriched oil from the
microalgae Schizochytrium sp.—they observed no decrease in
the HUFA content of the feeds.

After 6 months of storage, a slight EPA content loss (lower
than 10%) was observed in all of the aquafeeds (Fig. 3a), dem-
onstrating significant differences over time (Table 2). However,
this EPA loss did not increase alongwith increased storage time,
probably due to the presence of natural antioxidants in the
aquafeeds (natural-like pigments in the microalgae-
supplemented feeds and vitamins in the control feed). It has
been reported that biomolecules that have an antioxidant capac-
ity avoid PUFA degradation (Cerón et al. 2007). Other authors
reported similar results, such as Hamre et al. (2010), who stud-
ied lipidic oxidation in fish feeds by adding different antioxidant
agents, concluding that natural antioxidants achieved the lowest
oxidation values when compared to synthetic antioxidant-
supplemented feeds, as well as the positive effects in terms of
food safety in a society with a growing awareness of food ad-
ditives. In the case of DHA, no significant effect was appreci-
ated in the aquafeeds during the storage period tested (Fig. 3d)
in spite of the fact that Table 2 reveals a significant effect from
storage time on DHA content, probably due to measurement
fluctuation caused by experimental deviations. As can be ob-
served in Fig. 3b, e, the EPA and DHA contents in aquafeeds
were not influenced by the storage temperature (Table 2).

The presence or absence of light is the second main factor
affecting both EPA and DHA content loss (Table 2). In the
case of CT, no difference was observed in samples stored
under different light conditions (Fig. 3c, f). However,
microalgae-supplemented aquafeeds showed a significant
drop in both the EPA and DHA contents when stored under
light (Fig. 3c, f). Antioxidant activity and the behavior of
compounds could explain the effect of light on the EPA and
DHA content of aquafeeds. With regard to the innocuous ef-
fect of light on the CT feed, this might be explained by the
presence of maltodextrin, which, as explained before, contrib-
utes to biomolecular stability (Gandía-Herrero et al. 2010).

Table 4 Multifactor ANOVA testing the effect of time (t), temperature
(T), and irradiance (I) on the ω-3/ω-6 ratio in experimental aquafeeds
formulated with 15% microalgal biomass under different storage
conditions over 15 months. The data variability is attributable to the
main effect of each factor, as indicated by the p value. The contribution
of each factor was expressed as the percentage variation of the response
(F ratio of each factor relative to the sum of all F ratios)

Aquafeed Response Statistics t T I

CT ω-3/ω-6 ratio % 99.87 0.06 0.07

p value <0.0001 0.9118 0.7523

NAN ω-3/ω-6 ratio % 20.78 55.58 23.64

p value 0.3903 0.1719 0.4291

ISO ω-3/ω-6 ratio % 1.60 89.72 8.69

p value 0.7732 0.0459 0.6265

SCE ω-3/ω-6 ratio % 0.48 87.44 12.08

p value 0.8697 0.0836 0.6215

Italicized values mean significant differences (p value < 0.05)
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Moreover, Cerón et al. (2007) demonstrated that the antioxi-
dant activity of pigment esters is significantly higher than
those offered by free pigments, and this could explain why
these PUFAs are able to form esters with pigments. Under
dark conditions, when higher pigment content remains in the
aquafeeds, these esters provide a greater antioxidant effect
with lower PUFA content loss (Table 4).

Conclusion

To conclude, microalgae are potential ingredients for
aquafeeds due to their stabilizing activity against nutrient ox-
idation. Overall, the nutrient composition was not affected
when 15% of I. galbana, N. gaditana, or S. almeriensis bio-
mass was used as a fish meal and fish oil replacement. The
nutrient stability in microalgae-supplemented aquafeeds after
9 months of storage was similar to that found in a control feed
elaborated mainly with capture fishery derivatives. A signifi-
cant protein loss was observed, but this was lower in
aquafeeds supplemented with Isochrysis or Scenedesmus bio-
mass than that in the microalgae-free control feed. The carot-
enoid content followed the same trend, with no difference
observed in aquafeeds stored at − 20 and 6 °C, although sam-
ples kept at 25 °C showed a significantly higher loss. In addi-
tion, samples stored under dark conditions were better pre-
served than those kept under light conditions, probably due
to the better preservation of feeds that contained natural anti-
oxidants. The total lipid content and fatty acid profile in
aquafeeds were not affected by the storage conditions, ensur-
ing the stability of these nutrients for at least 15 months.
Admittedly, the PUFA content was slightly higher in the con-
trol feed than in the microalgae-supplemented feeds although
the EPA content was higher in NAN and ISO than in the
control feed, which shows that the microalgal biomass com-
position also affected the quality of the aquafeeds.
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