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A B S T R A C T

This study evaluates the in vitro protein hydrolysis of four microalgae (Tisochrysis lutea, Nannochloropsis gaditana,
Tetraselmis suecica and Scenedesmus almeriensis) by intestinal proteases of gilthead sea bream (Sparus aurata) and
Senegalese sole (Solea senegalensis). The hydrolysis of protein was monitored at different sampling times by
electrophoretic techniques, and the quantification of the free amino acids released by proteases. Overall, S.
aurata or S. senegalensis proteases hydrolysed microalgae protein in a similar way. The highest hydrolysis values
(coefficient of protein degradation, CPD > 70%) were obtained for Tisochrysis and Nannochloropsis biomasses,
which showed a progressive and almost complete proteolysis at the end of the in vitro assay. Tetraselmis and
Scenedesmus protein was also hydrolysed, but SDS-PAGE revealed that two protein fractions remained virtually
intact at the end of the in vitro assay. The final amount of free amino acids released in vitro by the fish digestive
enzymes ranged from 9 to 25 g 100 g protein−1. A linear relationship between CPD and the amount of free amino
acids released was found, a fact that suggests that microalgae protein is hydrolysed efficiently by the digestive
proteases of both fish species. The present study provides information about the protein availability from se-
lected microalgae, which will aid in the initial evaluation of the microalgae as potential protein sources in feeds
of two important farmed fish species.

1. Introduction

Dietary protein plays a key role in fish growth, since it represents
the source of essential amino acids for protein accretion in new tissues
[1,2]. In spite of the significant reduction of fishmeal in aquafeeds [3],
this ingredient is still an important protein source for carnivorous fish
species. However, constraints related to high prices, limited avail-
ability, and environmental concerns have promoted extensive research
efforts focused on the assessment of alternative protein sources [4,5].
New protein ingredients for feeding fish should meet several require-
ments, the most important of which is providing high-quality protein, in
terms of both quantity and bioavailability of well-balanced essential
amino acids. Several microalgae species might represent an alternative
ingredient of interest in aquafeeds, due to their high protein content,
ranging from 30% to 55% in dry matter [6]. In this regard, in the last
years numerous studies have assessed the potential of microalgae as
dietary protein ingredient in practical diets for different fish species
[2,4,7,8].

Nevertheless, microalgae represent a heterogeneous source of pro-
tein, owing to the specific particularities of each strain, a fact that

implies that the potential bioavailability of protein for a given micro-
algae cannot be easily predicted. For instance, the structure and che-
mical composition of the cell wall vary among microalgae species
[9,10] and in fact, the cell wall itself may act as a protective barrier,
avoiding the release of intracellular nutrients [11] The efficiency with
which fish can hydrolyse microalgae cell walls relies heavily on the
carbohydrate composition (specifically, how sugars are linked to each
other), as well as on the possession of the appropriate digestive en-
zymes. As far as we know, little research has been carried out to assess
the in vitro hydrolysis of microalgae protein by fish digestive enzymes
[12].

In vitro digestibility methods have been widely accepted as helpful
procedures in order to evaluate the quality of protein ingredients for
aquafeeds [2,13], in terms of both the extent of protein hydrolysis, and
its further bioavailability for specific fish species [14]. These assays are
faster, cheaper and less laborious than those based on in vivo feeding
trials, but they should consider the species-specific digestive char-
acteristics, which might determine different abilities to digest and as-
similate nutrients [15,16]. When available, alternative experimental
procedures are also preferred from an ethical point of view. The use of

https://doi.org/10.1016/j.algal.2018.11.018
Received 15 February 2018; Received in revised form 26 November 2018; Accepted 27 November 2018

⁎ Corresponding author.
E-mail address: falarcon@ual.es (F.J. Alarcón).

Algal Research 37 (2019) 145–153

2211-9264/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/22119264
https://www.elsevier.com/locate/algal
https://doi.org/10.1016/j.algal.2018.11.018
https://doi.org/10.1016/j.algal.2018.11.018
mailto:falarcon@ual.es
https://doi.org/10.1016/j.algal.2018.11.018
http://crossmark.crossref.org/dialog/?doi=10.1016/j.algal.2018.11.018&domain=pdf


enzyme extracts obtained from the intestine is recommended to simu-
late in vitro digestion, given that this strategy could fairly indicate the
potential bioavailability of nutrients for each specific species [12,17].

The aim of this work was to assess the in vitro protein hydrolysis of
different microalgae (Tisochrysis lutea, Nannochloropsis gaditana,
Tetraselmis suecica and Scenedesmus almeriensis) by digestive proteases
of two farmed marine fish species, gilthead sea bream and Senegalese
sole. The hydrolysis of microalgae protein by digestive enzymes of the
two fish species was evaluated by the sequential characterization of the
protein substrates throughout the in vitro enzyme assay using gel elec-
trophoresis and analysis of free amino acids.

2. Material and methods

2.1. Preparation of fish enzyme extracts

Gilthead sea bream juveniles (25 g average body weight) were ob-
tained from a commercial nursery (Predomar SA, Almería, Spain), and
they were fed a commercial diet (Skretting, crude protein: 47% DM)
twice per day (9:00 and 13:00) at a rate of 3% biomass daily.
Senegalese sole specimens (40 g average body weight) were provided
by Centro Agua de Pino (IFAPA, Huelva, Spain) and they were fed a
commercial diet (Skretting, crude protein: 55% DM) twice per day
(9:00 and 17:00) at a rate of 3% of their body weight per day for
15 days. On the day of sampling, 6 h after the fish received the last feed
ration, fifteen fish of each species were randomly selected, anaes-
thetized and sacrificed by severing their spine according to the re-
quirements of the Council Directive 2010/63/UE. Immediately, the
abdomen was opened and the whole viscera were obtained. The in-
testines were separated from the other organs, and all visible fat re-
moved. For each species, three pools of five individual tissues were
homogenized in distilled water at 4 °C (0.5 gmL−1). Supernatants were
obtained after centrifugation (12,000 rpm, 12min, 4 °C) and stored in
aliquots at −20 °C until further use. Total soluble protein in enzyme
extracts was determined in triplicate using bovine serum albumin as
standard [18]. Total alkaline protease activity of the enzymatic extracts
was measured spectrophotometrically using 5 g L−1 casein in 50mM
Tris HCl (pH 9.0) as substrate [19]. One mL of casein solution was in-
cubated with 10 μL the extracts during 30min at 25 °C. The reaction
was stopped by adding 0.5 mL of 20% (w/v) trichloroacetic acid (TCA).
Blanks were prepared by adding TCA before the extracts. The reaction
mixture was cooled for 15min at −4 °C, and then centrifuged
(12,000 rpm, 12min, 4 °C). The absorbance of supernatants at 280 nm
was measured spectrophotometrically (Shimadzu UV-1800, Shimadzu,
Kyoto, Japan). One unit of total protease activity (UA) was defined as
the amount of enzyme that released 1 μg of tyrosine per min in the
reaction mixture, considering an extinction coefficient for tyrosine of
0.008 μg−1 mL−1 cm−1, measured at 280 nm. Enzyme activity of each
digestive extract was analysed in triplicate.

2.2. Microalgae

Freeze-dried biomass of four microalgae species (Tisochrysis lutea,
TIS; Nannochloropsis gaditana, NAN; Tetraselmis suecica, TET; and
Scenedesmus almeriensis, SCE) were used in this study. These strains
were selected considering their high protein content, their potential to
be used in aquafeeds, and the fact that they were previously assessed as
feed ingredients for farmed marine fish. Microalgae were provided by
Estación Experimental “Las Palmerillas” (Fundación Cajamar, Almería,
Spain). Briefly, the microalgae were cultivated in a semi-industrial sized
(3000 L) outdoor tubular photobioreactor (PBR) in continuous mode.
Values of pH, temperature and dissolved oxygen were continuously
monitored by using specific probes (Crison Instruments, Spain). The
biomass was harvested daily by centrifugation (RINA centrifuge, Riera
Nadeu SA, Spain), frozen at −18 °C, lyophilized, and finally milled
(RM200 mill, Retsch, Spain) during 20min to obtain a fine powder

(< 100 μm) that was stored in the dark at−20 °C until further analysis.
Each microalgae biomass was obtained from a single production batch
that was homogeneously blended before using. Protein content
(N× 6.25) was obtained using elemental analysis (C:H:N) with a Fisons
EA 1108 analyzer (Fisons Instruments, Beverly, MA, USA), whereas
amino acid profiles were analysed through a Waters HPLC system
(Waters 474, Waters, Milford, MA, USA) following the method pre-
viously described by Bosch et al. [20]. Data obtained are shown in
Tables 1 and 2, respectively.

Additionally, aqueous extracts (0.5 mgmL−1) from each microalga
were prepared, homogenized in distilled water by shaking for 30min at
room temperature and for 24 h at 4 °C. The mixtures were centrifuged
for 20min at 13000 g and 4 °C. Supernatants were used to determine
total soluble protein in triplicate according to Bradford [18] (Table 3).

2.3. In vitro protein hydrolysis assay

The in vitro protein hydrolysis of the microalgae biomass was car-
ried out in 10mL-jacketed reaction vessels connected to a circulating
water bath maintained at a constant temperature of 25 °C, under

Table 1
Protein content of the microalgae evaluated in the study.

Microalgae species Crude protein content (% dry matter)

Tisochrysis lutea (TIS) 43.6
Nannochloropsis gaditana (NAN) 44.9
Tetraselmis suecica (TET) 36.0
Scenedesmus almeriensis (SCE) 42.8

Table 2
Amino acid profile (g 100 g protein−1) of the selected microalgae and fishmeal.

TIS NAN TET SCE Fishmeal

Aspartic acid 8.9 7.6 9.6 8.5 9.2
Glutamic acid 11.4 10.6 11.4 10.2 13.0
Alanine 5.8 5.9 6.0 7.6 6.3
Cysteine 0.9 0.8 1.2 0.8 0.9
Glycine 5.4 5.3 6.5 5.9 5.6
Serine 3.9 3.7 4.4 3.8 3.8
Proline 3.4 7.1 3.8 3.7 4.2
Tyrosine 2.9 2.8 2.9 2.8 3.1
Arginine* 5.5 5.8 6.6 5.2 5.8
Phenylalanine* 4.8 4.5 5.9 4.7 3.9
Histidine* 1.6 1.7 1.8 1.6 2.4
Isoleucine* 4.5 4.3 4.1 3.9 4.7
Leucine* 6.8 6.9 7.0 7.3 7.6
Lysine* 4.1 4.8 3.8 4.3 6.9
Methionine* 1.57 1.3 1.3 1.2 3.0
Threonine* 4.1 4.1 4.6 4.6 4.3
Valine* 4.7 5.0 5.0 4.9 5.3
NEAA (%) 53.2 53.4 53.3 53.5 51.2
EAA (%) 46.8 46.6 46.7 46.6 48.8
Ratio EAA/NEAA 0.88 0.87 0.88 0.87 0.95

NEAA: Non-essential amino acids; EAA: essential amino acids, marked in the
first column with asterisks. Tisochrysis lutea (TIS), Nannochloropsis gaditana
(NAN), Tetraselmis suecica (TET), and Scenedesmus almeriensis (SCE).

Table 3
Soluble protein content of the microalgae evaluated in the study.

Soluble protein content (mg g dry matter−1)

TIS 89.2 ± 12.0c
NAN 28.6 ± 3.4b
TET 24.4 ± 2.1b
SCE 8.8 ± 1.0a

Values with different lowercase letter indicate significant difference
(p < 0.05). Tisochrysis lutea (TIS), Nannochloropsis gaditana (NAN),
Tetraselmis suecica (TET), and Scenedesmus almeriensis (SCE).
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continuous agitation by a magnetic stirrer. For each assay, a known
amount of each microalga, providing 80mg crude protein (8mgmL−1),
was suspended in 50mM Tris HCl buffer pH 9.0. After 15min stirring,
protein hydrolysis was initiated by the addition of a previously calcu-
lated volume (from 0.350mL to 0.475mL depending on the specific
activity measured) of the digestive enzymatic extract, providing
200 units of total alkaline protease activity (UA) per reaction vessel.
This protocol was carried out in triplicate for each microalgae species
and for each of the enzymatic extracts tested. The enzyme-substrate
ratio chosen for this assay has been used previously in other in vitro
studies carried out in Sparus aurata [21] and Solea senegalensis [1].
Blank assays with microalgae in the absence of fish enzyme extracts
were also carried out.

2.4. Electrophoretic analysis of protein hydrolysis

Throughout the course of the in vitro hydrolysis of proteins by fish
digestive enzymes, the reaction mixtures were sampled at different time
intervals (0, 15, 30, 45, 60, 75, and 90min). At each time point, 50 μL
samples were collected from the reaction mixture and diluted (1:1) in
sample buffer (0.125M Tris HCl, pH 6.8; 4% (w/v) SDS; 10% (v/v) β-
mercaptoethanol; 20% (v/v) glycerol; 0.04% (w/v) bromophenol blue)
and boiled for 5min. After that, samples were stored at −20 °C for
further analysis by sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) according to Laemmli [22], using 11% poly-
acrylamide and 8×10×0.075 cm gels. Electrophoresis was per-
formed at a constant voltage of 100 V per gel for 60min at 4 °C. The gels
were stained overnight with 0.1% Coomassie brillant blue (BBC R-250)
in a methanol-acetic acid solution (50:20:50). Destaining was carried
out in a methanol-acetic acid-water solution (35:10:55). A protein
standard including twelve proteins ranging from 6.5 kDa (aprotinin,
bovine lung) to 200 kDa (myosin, porcine heart) was used (wide range
molecular weight marker, S-84445, Sigma, St. Louis, USA). The relative
molecular mass (Mr, in kDa) of proteins was estimated using a linear
plot of log Mr. of protein standards vs relative mobility (Rf). Five mi-
crolitres of molecular weight marker solution prepared according to the
manufacturer's instructions were loaded on each plate.

The results obtained previously by other authors when performing
SDS-PAGE of similar microalgae species were used as a reference to
identify the main protein fractions separated in the present study; T.
galbana [23,24], N. gaditana [25,26], Tetraselmis sp. [27], and Scene-
desmus sp. [28].

2.5. Calculation of the coefficient of protein degradation (CPD)

The extent of in vitro protein hydrolysis was expressed by a nu-
merical value obtained considering both the decrease of optical density
(expressed as percentage) for each protein band after the enzymatic
hydrolysis, and the relative proportion that such band represented in
the total separated protein [21]. The value obtained was called coeffi-
cient of protein degradation (CPD), and it was estimated using the
following mathematical expression:
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where i is the major protein bands identified from 1 to n, ODi is the
optical density of the protein band i and t is the time of reaction.

2.6. Quantification of free amino acids released during the in vitro assay

Analysis of free amino acids released at different sampling times (0,
15, 30, 45, 60, 75, and 90min) was performed according to Church
et al. [29]. This technique is based on the conjugation of the amino
terminal group of the amino acid with o-phthaldialdehyde (OPA). In
brief, 50 μL of the samples collected from the digestion mixture

reactions were fixed in 50 μL of 20% TCA and centrifuged at 12,000 g
for 15min. Subsamples (10 μL) of the supernatant samples were added
to 1mL of OPA reagent, the solutions were incubated 5min at room
temperature, and then absorbance was read at 340 nm. The amount of
free amino acids was calculated using a standard curve made with L-
leucine. Blank assays were run to estimate free amino acids from en-
zyme extracts and microalgae suspensions, which enabled to determine
the net release of amino acids attributable to enzymatic hydrolysis.
Results were expressed as accumulated values of free amino acids re-
leased during the enzymatic hydrolysis (g of L-leucine equivalents 100 g
protein−1). All assays were performed in triplicate.

In addition, values of the CPD estimated as explained above were
plotted against accumulated values of free amino acids released.

2.7. Statistical analysis

All experiments were repeated at least three times with three re-
plicates. Data were expressed as mean ± SD. Comparison of means
was carried out by one-way ANOVA with a 5% level of probability
(p < 0.05) followed by a multiple comparison test. Data in percentage
(%) were arcsin (x1/2)-transformed, checked for normality (Shapiro-
Wilk test) and homoscedasticity (Levene test). CDP (in percentage) and
free amino acids released (in g L-leucine equivalents 100 g protein−1)
were plotted against time of digestion for different microalgae. The
relationship between CDP and free amino acids released was examined
using the Spearman rank correlation test, and correlations were con-
sidered significant at (p < 0.05). All statistical analyses were per-
formed with Stagraphics Plus 4.0 (Rockville, Maryland, USA) software.

3. Results

The proteinograms of microalgae and fish digestive extracts are
shown in Fig. 1. No protein hydrolysis was observed in microalgae
samples when in vitro assays were carried out in the absence of fish
enzyme extracts, and the protein patterns found in S. aurata and S.
senegalensis enzyme extracts were negligible in comparison with mi-
croalgae proteinograms. Microalgae showed a complex protein profile
made up of several fractions with a wide range of molecular weight.
The time-course protein hydrolysis by the digestive proteases of S.
aurata and S. senegalensis is shown in Figs. 2 and 3. Changes in optical
density measured in electrophoretic gels were assessed in six protein
fractions ranging from 11.7 to 56.4 kDa in TIS, seven fractions ranging
from 41.0 to 85.3 kDa in NAN, eight fractions ranging from 22.9 to
58.5 kDa in TET, and six fractions ranging from 26.8 to 156.1 kDa in
SCE (Figs. 2 and 3). In the case of TIS, with the exception of the
11.7 kDa protein, a noticeable hydrolysis of all the separated fractions
was evidenced, especially during the initial 15min of digestive simu-
lation (Figs. 2A and 3A). Compared with TIS, NAN hydrolysis showed a
similar trend, but in this case the optical density of all the protein
fractions was decreased at the end of the in vitro assay (Figs. 2B and 3B).
TET and SCE showed a particular pattern, with some protein fractions
showing noticeable degradation, whereas 22.9 and 24.1 kDa fractions
of TET (Figs. 2C and 3C), and 26.8 and 149.2 kDa fractions of SCE
(Figs. 2D and 3D) remained intact after 90min. For each specific mi-
croalgae, gilthead sea bream or Senegalese sole digestive proteases
yielded similar protein hydrolysis profiles.

Changes in average CPD values during the in vitro assays are shown
in Fig. 4. TIS and NAN yielded a similar pattern of protein hydrolysis
due to both gilthead sea bream and Senegalese sole proteases. In both
cases, the evolution showed an initial quick proteolysis, followed by a
less marked but sustained hydrolysis until the end of the assay, reaching
final CPD values over 70%. Regarding TET and SCE, the CPD values
were significantly lower (p < 0.05) throughout the complete assay
compared with those obtained for TIS and NAN.

The kinetics of free amino acids release was assessed by analysing
the cumulative production of amino acids vs digestion time (Fig. 5).
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Gilthead sea bream proteases yielded two different patterns; i) the ac-
cumulation of amino acids released from TIS and SCE was progressive,
whereas ii) the free amino acids released from TET and NAN levelled off
at lower values, especially in the case of TET. Senegalese sole proteases
generated similar amounts of free amino acids after 90min hydrolysis
for all the algae assayed, except for TET that yielded the lowest con-
centration. At the end of the in vitro assay, free amino acids released
ranged from 9.5 to 26.8 g 100 g protein−1. Overall, gilthead sea bream
and Senegalese sole proteases released the highest cumulative values of
free amino acids with TIS (25.8% and 22.4%, respectively) (p < 0.05).
On the contrary, the lowest values were obtained for TET after hydro-
lysis, regardless of the fish digestive extract considered.

Finally, a clear linear relationship between the evolution of CPD and
the kinetics of free amino acids released was found (Table 4), as in-
dicated by R2 values, which ranged from 0.833 to 0.942, and from
0.632 and 0.938 for gilthead sea bream and Senegalese sole, respec-
tively.

4. Discussion

Simulated digestion assays for testing novel feed ingredients with
species-specific digestive enzymes are highly informative, while also
enabling to minimize the use of live animals. These assays can also be
used as effective tools for predicting the potential protein quality prior
to undertaking costly in vivo animal feeding trials [2]. The present study
provides an initial overview of the digestive capacity of two farmed fish
to hydrolyse microalgae proteins by using in vitro digestibility techni-
ques. The results obtained enabled to classify the microalgae studied
into two well-defined groups; a) TIS and NAN that were easily hydro-
lysed by the fish digestive proteases, according to the CPD values ex-
ceeding 70% after 90min of hydrolysis, and b) TET and SCE that
showed lower final CPD values.

The use of species-specific enzymatic extracts obtained from dif-
ferent parts of the fish digestive system is recommended to simulate in
vitro digestion [12,17,30]. The in vitro simulation of fish digestion has
been used in salmonids (primarily rainbow trout, Oncorhynchus mykiss),
and other fish species, including S. aurata and S. senegalensis [17]. To
date, there are some studies evaluating microalgae protein hydrolysis
and nutritional quality by using commercial enzymes from mammals
are available in the literature [31,32]. However, research using species-
specific fish digestive enzymes is rather scarce [12].

Protein hydrolysis has been monitored by electrophoretic separation
in ruminants [33], humans [34], and farmed fish species [1,35]. SDS-
PAGE separation enables the identification of individual protein frac-
tions contained in feedstuffs, as well as the assessment of the kinetic of

hydrolysis under different in vitro simulated conditions. In our study,
SDS-PAGE analysis showed, overall, that proteins of microalgae were
easily hydrolysed by digestive proteases of S. aurata and S. senegalensis.
A quick and almost complete hydrolysis of the main protein fractions
was observed. However, TET and SCE included two protein fractions
that remained undegraded at the end of the in vitro assay.

As for conventional feed ingredients, protein solubility is an im-
portant factor that determines the susceptibility of a given protein to be
hydrolyzed enzymatically [1,12]. In the case of SCE and TET, results
evidenced that the lower the content of soluble protein the lower the
protein hydrolysis value. It is know that the existence of a recalcitrant
cell wall in microalgae is a factor that could limit protein bioavailability
in the gut of monogastric animals, including fish [12,36]. The absence
of cellulase activity in fish gut can hinder the efficient utilization of
intracellular nutrients [35]. Species of the genus Scenedesmus are
characterized by a rigid and extremely resistant cell wall [36,37], a fact
that might well explain the relatively low protein solubility observed in
proteinograms (Figs. 2 and 3).

Taking into account that the digestive tract of the farmed fish
considered in this study lack any appreciable cellulase enzyme activity,
it could be of interest the rupture of the cell wall prior to including
microalgae in feeds, a practical measure that could help improve the
utilization of the intracellular nutrients supplied by microalgae-based
diets. In the present study, the microalgal biomasses were ground into a
fine powder by means of a mortar mill, in order to ensure homogeneity
in all in vitro assays. Nevertheless, the rupture of the cell walls was not
checked. For this reason, future studies aimed at linking the extent of
cell-wall disruption to measures of nutrient digestibility are suggested.

The structure and spatial conformation of any given protein, as well
as the amino acid composition are factors that determine its suscept-
ibility to be hydrolysed [1,12]. Given that microalgae used in the pre-
sent study display similar amino acid composition, the reduced hy-
drolysis observed in some specific fractions of TET and SCE might well
be related to limited accessibility of proteases owing to complex
structure of such protein fractions. In general, the presence of high
percentage of non-polar amino acids in algal proteins compared to plant
proteins [38,39] seems to be correlated with lower solubility and di-
gestibility of microalgae [32]. Unfortunately, those aspects have not
been assessed in the present study, and further studies would be re-
quired to ascertain the biochemical characteristics of microalgal pro-
teins that determine such high resistance to hydrolysis.

The information obtained from electrophoresis gels has been used to
quantify changes in optical density of protein fractions, in order to es-
timate a numerical quantitative index of the global hydrolysis of pro-
teins [1,14]. In the present study, CPD values were higher than 70% in

Fig. 1. SDS-PAGE of blank assays of the different microalgae carried out in absence of fish enzymes at 0 and 90min, and protein profile of S. aurata (S. a) and S.
senegalensis (S. s) enzyme extracts. Tisochrysis lutea (TIS), Nannochloropsis gaditana (NAN), Tetraselmis suecica (TET), and Scenedesmus almeriensis (SCE).
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Fig. 2. Time-course of in vitro proteolysis of (A) Tisochrysis lutea (TIS), (B), Nannochloropsis gaditana (NAN), (C) Tetraselmis suecica (TET), and (D) Scenedesmus
almeriensis (SCE) by S. aurata proteases. Images show SDS-PAGE hydrolysis patterns obtained at different sampling times (0, 15, 30, 45, 60, 75 and 90min), and
graphics show changes in the optical density (OD) (measured as pixels per cm2) of the main protein fractions throughout the enzymatic in vitro hydrolysis. Numbers at
the left of proteinograms and at the right of densitometric curves show the relative molecular weight (kDa) of the main proteins studied.
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Fig. 3. Time-course of in vitro proteolysis of (A) Tisochrysis lutea (TIS), (B), Nannochloropsis gaditana (NAN), (C) Tetraselmis suecica (TET), and (D) Scenedesmus
almeriensis (SCE) by S. senegalensis proteases. Details are explained in caption to Fig. 2.
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TIS and NAN, a fact that revealed high proteolysis by S. aurata and S.
senegalensis proteases. To our knowledge, there are no studies reporting
the in vitro digestibility of T. lutea by digestive enzymes of farmed fish.
The high protein hydrolysis observed in this microalga may be related
to the fact that T. lutea has no distinct cell wall, and consequently, it
could be expected that cells were easily hydrolyzed [40]. Regarding
NAN, the high protein hydrolysis observed is in agreement with pre-
vious results reported by Tibetts et al. [12] for other Nannochloropsis
species (N. granulata). In general, the observed CPD values with S.
aurata and S. senegalensis proteases suggest a reasonably high bioa-
vailability of microalgae proteins. In fact, similar values have been
described for other raw materials commonly used in aquafeeds, such as
soybean protein concentrate or fishmeal [1,41,42]. In the case of TET
and SCE, CPD values were around 50%, which reflected that protein of
these microalgae was less susceptible to the action of fish proteases
under the simulated conditions used in the in vitro assay. In spite of this
fact, TET and SCE values were higher than those reported for some
plant protein sources (< 40% [43]).

The existence of microalgae showing different protein hydrolysis
rates might be of practical interest in fish nutrition. One the one hand,
highly hydrolysable proteins could release bioavailable amino acids
easily and quickly, which might possibly act as stimulator of both the
digestion and metabolism. On the other, intermediate hydrolysable
proteins could end up in lower release rate of amino acids in the in-
testine, a fact that might prevent the saturation of amino acid mem-
brane carriers in the microvilli of enterocytes. It should be born in mind
that absorption efficiency of amino acids is influenced by the relative
and total concentrations of specific amino acids in the intestine [44].

The amount of free amino acids released from proteins that might be
absorbed through the intestinal epithelium is an important aspect to be

considered as well [45]. The primary mechanism of intestinal absorp-
tion of digested protein is via enterocyte transporters, which show high
specificity for free amino acids and low molecular weight peptides (di-
and tri-peptides). Hence, the quantification of free amino acids released
in vitro might be useful with the aim of estimating the bioavailability of
dietary protein. In the present work, fish digestive proteases were able
to release from 9% to 25% of total amino acids contained in microalgae
protein after 90min of in vitro hydrolysis. These values were similar to
those obtained for fishmeal and plant proteins, such as soybean meal,
soybean meal concentrate or pea meal [1,46,47]. The different acces-
sibility of proteolytic enzymes to microalgal protein peptide bonds
might explain the quantitative differences observed regarding the

Fig. 4. Changes in coefficient of protein degradation (CPD) during in vitro protein hydrolysis of microalgae by S. aurata (A) and S. senegalensis (B) intestinal proteases.
Asterisks denote statistically significant differences among microalgae for each sampling time (p < 0.05). Data are mean of triplicate determinations (n=3).
Tisochrysis lutea (TIS), Nannochloropsis gaditana (NAN), Tetraselmis suecica (TET), and Scenedesmus almeriensis (SCE).

Fig. 5. Concentration of free amino acids released (g 100 g protein−1) during the in vitro proteolysis of microalgae by S. aurata (A) and S. senegalensis (B) intestinal
proteases. Asterisks symbolize statistically significant differences among microalgae for each sampling time (p < 0.05). Tisochrysis lutea (TIS), Nannochloropsis
gaditana (NAN), Tetraselmis suecica (TET), and Scenedesmus almeriensis (SCE).

Table 4
Relationship between partial coefficients of protein degradation (% CPD) and
the amino acids released from protein (measured as the cumulative value of
amino acids released at each sampling time) during the in vitro hydrolysis.
Tisochrysis lutea (TIS), Nannochloropsis gaditana (NAN), Tetraselmis suecica
(TET), and Scenedesmus almeriensis (SCE).

Linear fitting R2 p-value

Gilthead sea bream
TIS y= 2.4×+20.2 0.804 0.0063
NAN y=6.5×+18.6 0.833 0.0041
TET y=3.9×+2.0 0.942 0.0003
SCE y=2.9×+14.7 0.848 0.0032

Senegalese sole
TIS y= 2.8×+25.2 0.668 0.0247
NAN y=3.2×+29.6 0.632 0.0327
TET y=4.8×+5.3 0.938 0.0003
SCE y=3.3× – 4.4 0.832 0.0042
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amount of amino acids released and, therefore, this factor could re-
present a crucial aspect for the bioavailability and further absorption of
free amino acids into the enterocytes [48].

Additionally, a linear relationship between CPD and free amino
acids released was found for all the microalgae evaluated. This suggests
that both parameters are complementary indices that, together, enabled
to measure in vitro the overall protein hydrolysis of microalgae. The
presence of a wide range of enzymes in the digestive extracts of farmed
fish species has been reported [19], including both exo- and endo-pro-
teases. Such variety of digestive enzymes confers fish intestinal extracts
a clear advantage in terms of simulation of protein breakdown under in
vitro conditions, compared to the use of commercial enzymes. CPD
values likely reflected the action of endoproteases on microalgal pro-
tein, whereas free amino acids are released from protein and small
peptides by the action of exoproteases. The values of CPD and release of
free amino acid obtained in the present study suggest that microalgal
protein can be hydrolysed by digestive proteases of gilthead sea bream
and Senegalese sole.

In conclusion, S. aurata and S. senegalensis proteases hydrolysed si-
milarly the protein of each specific microalga, but the pattern of hy-
drolysis changed depending on the microalgae species considered, as
revealed by differences in the coefficient of protein degradation and the
rate of total free amino acids released. The highest hydrolysis values
were obtained for Tisochrysis and Nannochloropsis biomasses, but in the
case of Tetraselmis and Scenedesmus at least two protein fractions re-
mained intact at the end of the in vitro assay. These in vitro assays re-
present a valuable preliminary tool aimed at selecting feed ingredients
for farmed fish. The present study provides useful species-specific in-
formation of microalgae as potential sustainable ingredients for aqua-
feeds. Further research is needed to improve understanding of the
factors that determine microalgae protein bioavailability, as well as to
assess the in vivo biological performance of fish fed with diets supple-
mented with these microalgae.
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