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Abstract
Microalgae like Spirulina (Arthrospira platensis) are protein rich and can be alternative protein sources to fishmeal and soybean
meal in fish feed formulation. The present study aims to improve the protein bioavailability of Spirulina by cost-effective protein
extraction followed by protease supplementation in fish feed, using in vitro studies. Different extraction procedures such as
microwave-assisted, high pressure, and temperature-mediated extraction, boiling and an isoelectric precipitation were employed
to study the protein yield from Spirulina powder, and this was compared with the conventional soybean meal and fishmeal
conditioning during feed manufacture. Bromelain is a potent protease that has not been widely used as a feed additive with
Spirulina. To study the comparative efficiency of bromelain and other proteases like papain and trypsin on Spirulina and
conventional feed substrates, a protease assay was performed at different temperatures and enzyme concentrations. The digest-
ibility of these substrates was also studied in vitro, using gut extracts from the fingerlings of Mozambique tilapia (Oreochromis
mossambicus). Unlike an in vivo feeding trial, a novel method was used to study the effect of protease supplementation on the
inherent digestibility of the gut with an in vitro method. Bromelain showed the highest activity on all the substrates at both the
temperatures. Bromelain supplementation improved the in vitro digestibility of the Spirulina that were subjected to protein
extraction, more than the un-extracted one. The results of the present in vitro study suggest that Spirulina could serve as an
alternative protein source, and bromelain-based supplementation could improve the digestibility of Spirulina-based fish diets.
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Introduction

The aquaculture industry is one of the major contributors to
the total food production and artificial feeds need to be formu-
lated to provide adequate amounts of nutrients, especially pro-
teins (Kim et al. 2012), to the candidate species. Although this
is species-specific, feed accounts for about 40–60% of the
total operational costs in the aquaculture industry (Bais
2018), due to the inclusion of expensive protein sources such
as fishmeal and soybeanmeal (Tacon 1997). Being expensive,
it becomes important that all the protein present in the feed is
not wasted or excreted without assimilation into the fish body,
especially in juvenile fishes, where the utilization of dietary

protein is even lower, due to the lower levels of proteolytic
enzymes (Kolkovski 2001).

Spirulina (Arthrospira platensis), a filamentous cyanobacteri-
um, is rich in minerals and antioxidant peptides and has among
the highest recorded protein amounts (Bleakley and Hayes
2017). The present cost-intensive culturing and variability in
the composition of microalgae bring up the costs up to 30% of
the total cost in aquaculture feed formulation (Borowitzka 1997).
Although various non-conventional methods of protein extrac-
tion from microalgae like the use of pulsed electric fields, high-
voltage electrostatic fields, high field electric discharges, ultra-
sound, and high pressure, microwave-assisted, sub- and super-
critical fluid extraction are available, most of them are expensive,
involve longer treatment times, or may even show variability
(Barba et al. 2015). This is further accompanied with poor pro-
tein digestibility of Spirulina due to the cell wall (Bleakley and
Hayes 2017); this can be reduced by pre-treating the Spirulina
and improving the bioavailability by protease supplementation.

Feed ingested by fish undergoes break down and is then
exposed to various proteases, carbohydrases, and lipases in
the digestive tract of fish. Various studies have been conduct-
ed on supplementation of fish diets with phytases, carbohy-
drases, proteases, etc. (Castillo and Gatlin 2015; Yigit et al.
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2016; Sharma et al. 2019). All these are in vivo studies, in-
volving the supplementation of diets with varying concentra-
tions of enzymes in order to improve protein digestibility,
maximize the growth, and improve the biochemistry, intesti-
nal health, or haematological profiles. It is well established
that the proteolytic enzymes bromelain and papain, present
in pineapple (Ananas comosus) and papaya (Carica papaya)
respectively, have a number of aquaculture applications as
in vivo feed supplements (Patil and Singh 2014; Choi et al.
2016; Rachmawati and Samidjan 2018; Rostika et al. 2018;
Subandiyono et al. 2018; Tewari et al. 2018; Yuangsoi et al.
2018; Sharma et al. 2019) in addition to their therapeutic and
commercial uses (Amri and Mamboya 2012; Pavan et al.
2012). Papain has been used in the extraction of proteins from
Spirulina, but bromelain has not been tried for this purpose
(Sun et al. 2016; Fan et al. 2018).

It has been found that simulation of the physico-chemical
conditions in the digestive tract of a fish during in vitro diges-
tion tests is on par with in vivo results. A study involving
in vitro digestibility of feedstuff using pyloric caecal crude
enzyme extract has been reported as a valuable tool to evaluate
the growth performance (Rungruangsak-Torrissen et al.
2002). In vitro studies provide a cheaper and faster alternative
to in vivo feeding trials to study the effects of enzyme supple-
ments in the feed. Various in vitro methods like apparent
digestibility, degree of hydrolysis, pH-stat, and pH-drop have
been employed in studies of shrimp (Ezquerra et al. 1998) and
fish (Grabner 1985; Carter et al. 1999; Rungruangsak-
Torrissen et al. 2002).

This study aims to assess the effect of various common pro-
teolytic enzymes over traditional protein feed substrates in
aquaculture—soybean meal and dry fish meal—and also aims
to understand if Spirulina (protein extracted using various cost-
effective methods) can be used as a replacement to these tradi-
tional substrates. Many studies have been conducted on the
in vivo supplementation of enzymes in feed, without an expla-
nation as to why this particular enzyme concentration was used.
This study aims to assess the effect of exogenous protease sup-
plementation in presence of the gut in vitro using a modified
form of a protease assay (Cupp-Enyard 2008). The study in-
volves a substrate-enzyme reaction followed by the estimation
of the free tyrosine equivalents released. The free amino acid
release can be an indicator of digestion of the provided protein
and further, easier assimilation in the fish body.

Materials and methods

Protein isolation process and estimation

Various protein-rich substrates were used to check the effi-
ciency of processes normally used to prepare feeds in the
aquaculture industry. Usually protein-rich substrates are not

subjected to any kind of pre-treatment to increase protein bio-
availability, but after feed preparation, during conditioning, the
feed mixture is subjected to thermal steaming in conditioning
chambers for 30 s or 2–3min when the feed is steam pelleted or
extrusion pelleted, respectively (Hardy and Barrows 2003). In
the present study, these conditions were incorporated into the
preparation of soybean meal (SBM) and fishmeal (FSM), and
different extraction processes were also tried for Spirulina (A.
platensis). Substrates used for the assay include 4% protein
solutions of SBM, FSM, and Spirulina. The SBM (50.25%
crude protein; DMart Premia, Bengaluru, India) and FSM
(solefish) (60.09% crude protein; H. S. Dry Fish, Bengaluru,
India) were purchased from a local market in Bengaluru, India.
Spirulina was obtained as a dry powder (62.1% crude protein;
2 M Biotech, Ramanathapuram, India).

The FSM and SBM powders were homogenized with wa-
ter and heated at 120 °C for 2 min. The Spirulina samples were
solubilized with 1 M NaOH solution amounting to 1/10 the
total volume of solution preparation, for 15 min. These sam-
ples were subjected to protein extraction methods—by boiling
at 120 °C for 2 min (boiled (BSP)), by isoelectric precipitation
(ISP) (Parimi et al. 2015), by minimal grinding in distilled
water (un-extracted (USP)), by autoclaving at 15 psi pressure
for 20 min (autoclaved (ASP)), and by microwave-assisted
extraction (MSP) for 3 min. The ‘SP’ in these acronymns refer
to Spirulina. The Spirulina solutions were neutralized with
1 M HCl, so that these solutions had a pH of 7 ± 0.75. The
SBM and FSM were also adjusted to the same pH. These
solutions were then centrifuged at 12320×g for 15 min and
the supernatants were used as the substrate (see Fig. S1 for
flowchart). These were subjected to protein estimation (Lowry
et al. 1951) and protein yield and protein recovery were cal-
culated as follows:

Protein yield g g−1substrate
� �

¼ Amount of protein obtained after extraction gð Þ
Amount of substrate used for extraction gð Þ

Protein recovery %ð Þ
¼ Amount of protein obtained after extraction gð Þ

Amount of protein present in the substrate gð Þ � 100

Substrate preparation for in vitro protein digestibility
assay

Substrates used for all the in vitro assays described below
were prepared using the same methods as in the previous
section, but instead of 4% protein solutions, 1% protein solu-
tions were made. The substrates include bovine serum albu-
min (BSA) (standard) (HiMedia, India), MSP (based on re-
sults of ‘Protein isolation process and estimation’), SBM, and
FSM. The previously described procedures were used to pre-
pare 1% protein solutions of the same.
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Preparation of enzymes

The enzymes used were stem bromelain (SRL, Mumbai,
India), papain (SRL, Mumbai, India), and bovine trypsin
(HiMedia, Mumbai, India). The bromelain and papain stock
solutions were prepared at a concentration of 200 mg mL−1 in
0.1 M sodium acetate-acetic acid buffer (pH 5.5) (Scott et al.
1987). The trypsin stock solution of 200 mg mL−1 was pre-
pared in 0.1 M sodium carbonate-bicarbonate buffer (pH 8)
(Rick 1974). All assay dilutions have been described in terms
of the percentage of the stock (200 mg mL−1) for easy com-
parison with gut extract.

Maintenance of fish and preparation of gut extract

Fingerlings of the Mozambique tilapia, Oreochromis
mossambicus, weighing 7.68 ± 0.17 g and measuring 9.15 ±
01.96 cm were purchased from the Fisheries Research and
Information Centre, Hebbal, Bengaluru, India. The fingerlings
were stocked in 25 litre plastic tubs at a stocking density of 1
fish L−1, in replicates of three. The fish were acclimatized to
the laboratory conditions for 10 days. The physiochemical
parameters such as dissolved oxygen (4.59 ± 0.46 mg L−1),
pH (6.83 ± 0.29), temperature (25 ± 1 °C), and total hardness
(221.67 ± 2.89 mg L−1) were kept optimum for the fish, and
they were fed ad libitum with basal diet (Taiyo, Chennai,
India) (for composition, refer Online Resource 1).

For the preparation of the gut extract, a live fingerling of
O. mossambicus was sacrificed 24 h post-feeding, (described
as the state of highest gut protease activity) (Anukoolprasert
et al. 2019). The fish was euthanized in clove oil (0.4 mL L−1

water) (Fernandes et al. 2017), and the entire gut was homog-
enized with ice cold 0.1M phosphate buffer (pH 7) (1:3 (w/v))
and centrifuged at 12320×g for 5 min and the supernatant was
used as the ‘gut extract’ for the further steps. This was done
using three replicates.

Colorimetric protease activity assay

Effect of temperature

The proteolytic activity of the above enzymes and gut extract
on the selected substrates was assayed using a modified meth-
od of Cupp-Enyard method (2008), with FSM, SBM, BSA,
and MSP as protein substrates (see Fig. S1 for flowchart
detailing of the substrate preparation and Fig. S3 for
colorimetric assay flowchart). These substrates were prepared
as described in the ‘Protein isolation process and estimation’
section. Briefly, 200 μL of 1% protein substrate solution and
40 μL of stock enzyme solution (bromelain, papain, trypsin,
and gut extract separately) was added to each of the test tubes
in triplicate and was incubated at two temperatures, 25 °C and
37 °C for 10 min. The enzyme-substrate reaction was stopped

by vigorous shaking with 200 μL of 0.1M trichloroacetic acid
solution. This was centrifuged at 12320×g for 5 min and to 40
μL of the supernatant, 150 μL of 0.5 M sodium carbonate
solution followed by 25 μL of 0.5 M Folin-Ciocalteau reagent
was added and incubated for 30 min at the respective temper-
atures. The absorbance values were recorded at 660 nm using
iMark Microplate Reader (BioRad Laboratories, India) and
the number of tyrosine equivalents released was calculated
from the standard graph of L-tyrosine. This value was used
as a measure of the enzyme efficiency by calculating the ac-
tivity in terms of μmole of tyrosine equivalents min−1 mL−1.
One unit of protease activity is the amount of enzyme solution
that can release 1μmole of tyrosine equivalents per minute per
milliliter of the substrate under standard conditions.

Reference substrates

BSA, FSM, SBM, and MSP were subjected to various con-
centrations (20, 40, 60, 80, 100% of the stock) of the candidate
enzymes (bromelain, papain, and trypsin) and gut extract by
the modified Cupp-Enyard protease assay at 25 °C only as
described above (based on results of the ‘Effect of tempera-
ture’ section).

In vitro supplementation study

To study the effect of various protease supplements on the
in vitro digestibility of feed substrates, BSA, FSM, SBM,
and Spirulina (MSP, ASP, ISP, and USP), a supplementation
study was carried out. The modified Cupp-Enyard protease
assay was performed at 25 °C, with 40 μL of gut extract along
with 10 μL of varying amounts of the supplement, bromelain
(0.2-1 mg bromelain mg-1 substrate protein) to 200 μL sub-
strate (see Fig. S4 for flowchart). As a comparison of the
inherent digestibility with the supplementation study, gut ex-
tract with no supplement was also tested. This was done to
understand the amount of Spirulina that can be digested by the
fish gut, and how bromelain can improve the same.

Efficacy of bromelain and gut extract on different MSP
concentrations

The effect of different substrate concentrations (%) (w/v) of
MSP with fixed volume of gut extract and varying amounts of
bromelain was assayed by the modified Cupp-Enyard prote-
ase assay at 25 °C. The gut extract and bromelain were taken
at a fixed volume (40 μL), while theMSP concentrations were
varied from 1-10% (w/v).

Statistical analyses

The samples from the protein isolation process and all the
colorimetric protease assays were subjected to various
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statistical analyses with a significance level of P = 0.05 (α =
5%). One-way and two-way ANOVA were performed as ap-
propriate, using GraphPad Prism 8.4.2 software for Windows
(Muzyaka et al. 2020). The values are represented as mean ±
range, calculated using three independent biological replicates
(n = 3). All results are presented as scatter plots or bar graphs,
with error bars indicating range.

Results

Protein isolation process and estimation

In the present study, the microalga Spirulina was subjected to
different methods of extraction (USP, BSP, ASP, ISP, MSP)
and the protein recovery percentage and protein yield (g g−1of
substrate) were estimated and presented in Table 1, along with
other substrates, FSM and SBM. The protein recovery per-
centage was of the order: FSM > ISP > MSP > SBM = BSP
> ASP > USP. Results of the one way ANOVA revealed that
the protein recovery percentage showed statistically signifi-
cant variations between different substrates (F(6,14) = 255.2,
P < 0.0001). In the present study, various extraction processes
were tried to obtain maximum protein from the different sub-
strates like boiling; microwave-assisted, isoelectric-precipitat-
ed, and autoclave-extracted Spirulina; and heat conditioning
method for FSM and SBM. The protein yield was seen to be in
the order: FSM > ISP > MSP > BSP > ASP > SBM > USP.
Results of the one-way ANOVA revealed that the protein
yield percentage showed statistically significant variations be-
tween different substrates (F(6,14) = 298.2, P < 0.0001). From
these results, it is evident that ISP method of processing is
suitable for Spirulina to get more protein recovery and yield,
but due to minimal downstream processing steps, MSP (sec-
ond highest yield and recovery) was chosen over ISP.

Colorimetric proteolytic activity assay

Effect of temperature

In the present study, the effect of temperature (at 25 °C and 37
°C) on the protease activity of bromelain, papain, trypsin, and
gut extract was documented (Fig. 1). It was observed that
bromelain showed the highest activity on all the substrates at
both the temperatures, while FSM was the most hydrolyzed
by proteases. Among the four enzymes treated on BSA at
different temperatures, bromelain registered maximum activi-
ty at both the temperatures. Two-way ANOVA revealed that
BSA showed statistically significant variations between dif-
ferent enzymes (F(3,14) = 101.5, P < 0.0001). No statistically
significant variations were observed between different tem-
peratures (F(1,14) = 0.0277, P = 0.87). The order of activity
of different enzymes on BSA at 25 °Cwas bromelain > papain
> trypsin = gut extract and at 37 °C was bromelain > papain =
trypsin > gut extract (Fig. 1a).

On FSM, bromelain showed the highest activity among all
the enzymes. Two-way ANOVA revealed that FSM showed
statistically significant variations between different enzymes
(F(3,16) = 19.68, P < 0.0001). There were statistically signifi-
cant variations between different temperatures as well (F(1,16)

= 8.510, P = 0.01). The activity of bromelain, papain, and
trypsin showed no significant variations at both the tempera-
tures, but the activity of gut extract was significantly higher at
25 °C. The order of activity of different enzymes on FSM at
25 °C and 37 °C was bromelain = gut extract > papain =
trypsin (Fig. 1b).

Bromelain registered the maximum activity on MSP at
both the temperatures. Two-way ANOVA revealed that
MSP showed statistically significant variations between dif-
ferent enzymes (F(3,16) = 19.68, P < 0.0001). There were sta-
tistically significant variations between different temperatures
as well (F(1,16) = 8.510, P = 0.01). The activity of bromelain,
papain, and trypsin showed no significant difference at both
the temperature, but the activity of the gut extract was signif-
icantly higher at 37 °C. The order of activity was found to be
bromelain > trypsin = papain = gut extract and bromelain >
gut extract = trypsin = papain at 25 °C and 37 °C, respec-
tively (Fig. 1c).

On SBM, bromelain registered maximum activity at
both the temperatures. Two-way ANOVA revealed that
SBM showed statistically significant variations between
different enzymes (F(3,16) = 14.80, P < 0.0001). There
were statistically significant variations between different
temperatures (F(1,16) = 23.85, P = 0.0002). The activity of
trypsin and gut extract showed no significant variation at
both the temperatures, but the activity of bromelain and
papain was significantly higher at 37 °C. The order of
activity was bromelain > gut extract = trypsin = papain,
at both the temperatures (Fig. 1d).

Table 1 Protein extraction efficiency after the substrates were subjected
to different kinds of protein extraction methods

Substrate Protein recovery (%) Protein yield (g g−1 of substrate)

Spirulina MSP 26.65 ± 1.01c 0.184 ± 0.006c

USP 20.67 ± 1.01e 0.128 ± 0.006g

ISP 37.71 ± 0.23b 0.234 ± 0.001b

ASP 23.35 ± 0.40d 0.145 ± 0.003e

BSP 25.23 ± 0.84c 0.156 ± 0.005d

FSM 39.71 ± 0.64a 0.240 ± 0.004a

SBM 25.87 ± 1.00c 0.130 ± 0.005f

Results in the same column with different superscripted letters are signif-
icantly different (P < 0.05)
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In summary, all the substrates showed statistically signifi-
cant variations between different enzymes. Between different
temperatures, FSM, MSP, and MSP showed statistically sig-
nificant variations. The activity of bromelain showed no sig-
nificant variations at both the temperatures for BSA, MSP,
and FSM, while the activity was significantly higher at 37
°C for SBM. The activity of bromelain and gut extract was
highest on FSM, while the lowest activity of bromelain was on
SBM, and that of gut on BSA. The order of activity of B at 25
°C was FSM > BSA > MSP > SBM and at 37 °C was FSM >
SBM > BSA >MSP. The order of activity of the gut extract at
25 °C was FSM > SBM >MSP > BSA, while at 37 °C it was
of the order FSM > SBM > MSP > BSA.

Reference substrates

The effect of various concentrations (20, 40, 60, 80, 100% of
the stock) of the candidate enzymes on different substrates such
as BSA, FSM, SBM, andMSP at 25 °C was evaluated (Fig. 2).

Among the different concentrations of the different enzymes
considered, the highest proteolytic activity on BSA was obtain-
ed with 100% bromelain). Two-way ANOVA revealed that
BSA showed statistically significant variations between differ-
ent enzyme concentrations (F(4,40) = 28.08, P < 0.0001). There
were statistically significant variations between different en-
zymes (F(3,40) = 107.4, P < 0.0001) as well. The order of activ-
ity at their best activities was found to be bromelain > papain >
gut extract = trypsin (Fig. 2a).

When FSMwas considered, the highest proteolytic activity
was seen with bromelain at 100%. Two-way ANOVA re-
vealed that FSM showed statistically significant variations
between different enzyme concentrations (F(4,39) = 6.495, P
= 0.0004). There were statistically significant variations be-
tween different enzymes (F(3,39) = 7.539, P = 0.0004) as well.
The order of activity at their best activities was found to be
bromelain > gut extract = papain = trypsin (Fig. 2b).

On MSP, the highest proteolytic activity was seen with
bromelain at 100%, although the variations between the

Fig. 1 Effect of temperatures on the proteolytic activity of different
enzymes on selected substrates (a) BSA (b) FSM (c) MSP (d) SBM
(where B, bromelain; P, papain; T, trypsin; and G, gut extract) (results

at the same temperature sharing the same superscripted letters are not
significantly different (P > 0.05))
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60% and 80%, and 80% and 100% bromelain showed no
significant variations. Two-way ANOVA revealed that MSP
showed statistically significant variations between different
enzyme concentrations (F(4,34) = 78.34, P < 0.0001). There
were statistically significant variations between different en-
zymes (F(3,34) = 112.0, P < 0.0001) as well. The order of
activity at their best activities was found to be bromelain >
gut extract > papain > trypsin (Fig. 2c).

The highest proteolytic activity on SBM was seen with
bromelain at 40%, after which no significant variations were
seen. Two-way ANOVA revealed that SBM showed no sta-
tistically significant variations between different enzyme con-
centrations (F(4,35) = 0.5107, P = 0.7282). There were statis-
tically significant variations between different enzymes
(F(3,35) = 24.00, P < 0.0001) as well. The order of activity at
their best activities was found to be bromelain > gut extract =
papain = trypsin (Fig. 2d).

In summary, all the substrates showed statistically signifi-
cant variations between different enzyme concentrations, ex-
cept SBM, and, between different enzymes, all substrates
showed statistically significant variations. Bromelain showed
the highest activity among all the enzymes considered. Hence,

it was considered as a supplement for the in vitro supplemen-
tation study.

In vitro supplementation study

The result of the supplementation of the gut with different
amounts of bromelain on all the substrates considered (FSM,
SBM, BSA, ISP, MSP, USP) was documented. It was seen
that the ASP and BSP samples had high content of free amino
acids owing to the harsh extraction conditions; thus, they were
not used for the supplementation study (personal observation).
The order of highest activities was seen to be ISP > FSM >
BSA = MSP > USP > SBM. The inherent gut capacities to
digest the substrates are in the order: FSM > MSP = ISP =
SBM = BSA > USP. Two-way ANOVA revealed that the
different amounts of bromelain supplement added showed
statistically significant variations between different enzyme
concentrations (F(5,60) = 7.306, P < 0.0001). There were sta-
tistically significant variations between different substrates
considered for the supplementation study (F(5,60) = 108.0, P
< 0.0001) as well. It can be seen that on supplementation with
1 mg bromelain mg−1 substrate protein, ISP shows an

Fig. 2 Activity of selected proteolytic enzymes on different substrates (a) BSA (b) FSM (c) MSP (d) SBM. Results of the same enzyme sharing the same
superscripted letters (at different concentrations) are not significantly different (P > 0.05)
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extremely significant variation (P < 0.0001) and at 0.8 mg
bromelain mg−1 substrate protein, MSP significant variation
(P = 0.007) when compared to USP (Fig. 3).

Efficacy of bromelain and gut extract on different MSP
concentrations

The efficacy of bromelain and gut extract on different concen-
trations of MSP was documented. The highest activity of bro-
melain and gut extract was seen at 7% MSP after which there
was no significant increase. The activity of bromelain onMSP
was significantly higher than gut extract at all MSP concen-
trations (P < 0.05) (Fig. 4). Two-way ANOVA revealed that
the different concentrations of Spirulina showed statistically
significant variations between different enzyme concentra-
tions (F(9,40) = 68.72, P < 0.0001). There were statistically

significant variations between different enzymes considered
for the supplementation study (F(1,40) = 695.7, P < 0.0001)
as well.

Discussion

The digestibility of protein (of raw and unprocessed form) of
microalgae is poor and hence it is vital to standardize a suit-
able algal protein extraction method in order to improve their
bioavailability (Barba et al. 2015). Various procedures are
optimized to extract protein from various microalgae and are
species-specific (Barba et al. 2015; Parimi et al. 2015). In the
present study, different cost-effective extraction procedures
were tried out for Spirulina, and isoelectric precipitation and
microwave-assisted extraction were found to be the optimal

Fig. 3 In vitro supplementation
of the gut extract with different
amounts of bromelain. Results of
the same substrates sharing the
same superscripted letters (at
different mg bromelain mg−1

substrate protein) are not
significantly different (P > 0.05)

Fig. 4 Proteolytic activity of
bromelain and gut extract when
subjected to different
concentrations of MSP
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procedures. They showed higher available protein than the un-
extracted one, as the extraction process helped to release the
protein from the cell wall. Pre-treatments such as mechanical,
enzymatic, thermal, and chemical treatments or cell lysis have
been reported to degrade the microalgal cell wall, in order to
improve the accessibility of the intra-cellular components
(Parimi et al. 2015). Although the results of the extraction
indicated that ISP was the most protease-hydrolyzable form
of Spirulina, it showed the presence of residual acid (from the
extraction), making it unsafe as a fish food ingredient (person-
al observation). Since the process of extraction of Spirulina
proteins for aquaculture must be cost-friendly with minimal
downstream processing steps, MSP was considered as the
optimum extraction procedure even though ISP showed a
higher yield.

Most studies on the algal proteins are crude protein–based,
using the estimation of total nitrogen, but the presence of
nitrogenous non-protein constituents like nucleic acids,
amines, and glucosamides, and cell wall materials which over-
estimate the crude protein content is not reliable (Becker
2007). The same study reported that the content of non-
protein nitrogen amounts to 11.5% in Spirulina and 6% in
Dunaliella. The pH stat method is accurate only if pure protein
samples are used; if there is fat content, the release of fatty
acids interferes with the pH shift caused by peptide hydrolysis
(Grabner 1985). The pH-drop method for estimating protein
digestibility in salmonid diets tends to overestimate samples
with low apparent protein digestibility (Ezquerra et al. 1998).
For these reasons, a protease assay was preferred to study
protein digestibility of various enzymes. A few studies have
used protease assays to study protein digestibility (Diken et al.
2016; Abdel-Warith et al. 2020).

The effect of temperature (25 °C and 37 °C) was studied in
order to account for the differences in activity as most com-
mercial enzymes have an optimum at 37 °C, and if they are to
be used as feed supplements, then their activity should be
comparable at lower water temperatures as fish have low body
temperatures (Encarnação 2016). Various studies have per-
formed the in vitro digestibility at various temperatures like
25, 27, 23, 37, and 15 °C as per the physiological conditions
of the candidate species (Ezquerra et al. 1998; Rungruangsak-
Torrissen et al. 2002). For most substrates, there were no sig-
nificant variations in the enzyme activities at both the temper-
atures. Interestingly, in our study, the activity of the gut extract
on few substrates was better at 25 °C than at 37 °C, which
appears to be in conflict with the general enzyme catalytic
principles. But, in a study involving hybrid juvenile tilapia
(O. niloticus ×O. aureus), similar results were reported, where
the amylase and lipase had higher activity at 15 °C than at 20
°C, which could be attributed to the existence of isoenzymes
(Jun-Sheng et al. 2006). In a study involving acetylcholines-
terase from rainbow trout, it was seen that the affinities of
enzyme to substrate vary with temperature and approach

maximal values at temperatures corresponding to those at
which the fish were acclimatized (Baldwin and Hochachka
1970). The results of the present study can also be attributed
to the same, as the fishes were acclimatized at 25 °C. The
results of various in vitro digestibility studies reveal that
FSM was found to be more digestible than SBM (Chong
et al. 2002; Valverde-Chavarría et al. 2016), while others con-
sider SBM (Bai et al. 2016) and Spirulina (Montoya-Martínez
et al. 2018) to be more digestible than FSM. In the present
study, it was seen that all the enzymes showed the highest
activity on FSM when compared to the other substrates.
Thus, it was seen that the different concentrations of different
enzymes showed varying level of interactions. A study
showed that α helices and β sheets in the substrate in-
creased and decreased the in vitro digestibility of protein-
aceous substrates, respectively (Bai et al. 2016). This study
showed that the digestibility (and the number of α helices)
of soybean meal was better than that of fishmeal, which
differs from the present study results where fishmeal
showed higher digestibility.

The differences in the activities of the different prote-
ases can be attributed to the specificity of the enzymes
(Fig. 5). Bovine trypsin can make a proteolytic cleavage
C-terminal to a Lys or Arg residue, as long as they are not
next to a Pro (Olsen et al. 2004). Papain on the other hand
cuts next to a Lys or Arg, when they are not next to Val
(Sigma-Aldrich 2020b). In addition to this, the Lys or Arg
must be flanked by a hydrophobic amino acid like Ala,
Tyr, Trp, Val, Leu, Ile, or Phe. Bromelain makes a cleav-
age next to Lys, Tyr, or Ala, irrespective of the flanking
sequences (Sigma-Aldrich 2020a). If it is assumed that all
amino acids are equally distributed, then the probabilities
of obtaining the specific sequence required for proteolytic
cleavage by bromelain, papain, and trypsin can be calcu-
lated as 15, 3.33, and 9.5%, respectively (see Online
Resource 1 for additional information). Thus, the activity
of bromelain would be the highest among the other en-
zymes as the probability of finding the required cleavage
sequence is the highest, and this agreed with the results of
the present study. The differences in activity could also be
attributed to the differences in enzyme purity of the com-
mercial products and the differences in specific activity of
the enzymes (see Online Resource 1 for specific activity of
the enzymes used). The pH of optimum activity of the
enzymes could also cause a difference in the activities.
The optimum pH of bromelain and papain is 5.4–5.8
(Scott et al. 1987) and trypsin is 7–8 (Rick 1974) while
all the reactions were carried out at pH 7 ± 0.75. This
altered pH (other than optimum pHs) could also influence
the activity of the enzymes. Since, the results of the present
study revealed that the activity of bromelain was the
highest on all the substrates, it was considered as the sup-
plement for the next part of the study.
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In vitro digestibility studies have been found to show results
that are at par with the in vivo studies (Grabner 1985).
Although, the in vitro studies can be used as a precursor, it is
better if they are followed up with in vivo studies. Various
studies have been conducted with various substrates to check
the effect of proteinaceous ingredients in vivo, with the help of
feeding trials. A study on Clarias gariepinus revealed that full
fat soybean meal could be used as a fishmeal replacement only
up to 41% and after that, high contents of anti-nutrition factors
(ANFs) like protease inhibitors, lectins, phytic acid, saponins,
phytoestrogens, antivitamins, and allergens inhibit the digestive
enzymes (Francis et al. 2001; Abdel-Warith et al. 2020). It must
be taken into consideration that incorporation ofmicroalgae like
Chlorella sp., Spirulina sp., and Schizochytrium sp. in fish diets
has shown inhibitory effects to gut proteases thereby lowering
the protein digestibility of these ingredients (Diken et al. 2016).
An in vivo study involving Cyprinus carpio revealed that
A. platensis replaced fishmeal with no significant change in
growth, while Spirulina as the sole diet showed better protein
retention (Nandeesha et al. 1998). An in vivo study supple-
mented Spirulina in the diets ofOncorhynchus mykiss and they
observed no differences in growth performance, but the

supplementation enhanced the antioxidant profile of the gut
(Sheikhzadeh et al. 2019). Another in vivo study revealed that
30% A. platensis inclusion is deemed the optimal level of die-
tary replacement for increased growth performance, improved
feed utilization efficiency, and enhanced overall health status of
Nile tilapia juveniles (Velasquez et al. 2016).

Supplementation studies have shown improved fish health
and growthwhen bromelain has been supplemented in various
in vivo feeding trials on C. carpio (Sharma et al. 2019),
O. niloticus (Yuangsoi et al. 2018), and Puntius javanicus
(Subandiyono et al. 2018). The present supplementation study
is novel as it performs a supplementation study on the gut of
O. mossambicuswith bromelain, in vitro without the need of a
feeding trial. This supplementation study is novel as it pro-
vides a method to assay protease supplementation, making it a
cost-effective and a faster method to assess the same before a
feeding trial is performed. However, an in vivo study should
follow, in order to validate these results. The study of the
efficacy of bromelain and gut extract on different concentra-
tions of MSP is useful to estimate the amount of bromelain
that can efficiently improve the protein digestibility of the gut,
in order to accordingly incorporate different amounts of bro-
melain for different amounts of Spirulina. It also gives us
information about how differently the gut and bromelain fare
in their digestibility of Spirulina.

In conclusion, Spirulina (A. platensis) can serve as an alter-
native protein source to fishmeal and soybean meal and its
bioavailability can be improved with cost-effective extraction
procedures followed by bromelain supplementation.
Considering the importance of cost-effectiveness in the aqua-
culture industry, MSP was considered as the optimum extrac-
tion procedure even though ISP showed a higher yield, as the
former had minimal downstream processing steps. The results
of the in vitro supplementation study revealed that the activity
of supplemented gut extract was higher than the inherent gut
capacity to digest the protein-rich substrates. For MSP, the best
amount of bromelain supplement was 0.8 mg bromelain mg−1

substrate protein. Thus, this study is a proof of concept that
bromelain can be used as a protease supplement to enhance
the digestibility and bioavailability of Spirulina in fish feeds
for O. mossambicus. Further work on in vivo systems could
reinforce the efficacy of bromelain in enhancing fish feed, live-
stock feed, and/or human nutrition.
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