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Abstract
Fish processing generates a lot of wastes which are discarded resulting in environmental problems. However, this material represents a signi�cant source of
high-value bioproducts with potential biotechnological applications. The objective of this study was to characterize and to compare speci�c activities of acid
and alkaline proteases recovered from the viscera of Merluccius hubbsi (Mh), Percophis brasiliensis (Pb), Urophyis brasiliensis (Ub), and Cynoscion guatucupa
(Cg) under different pH and temperature conditions. Stomach proteinases from four species had a higher activity at pH 2, with stability in the range of pH 2-4.
Optimum pH from intestinal enzymes of Cg was 11.5, while for the crude extract of Mh, Pb, and Ub catalytic activity was registered over a wide pH range range
from 7 to 11.5. Stomach proteinases from four studied species had a higher activity at 30 °C and 50 °C, with stability at 10 °C and 30 °C. Optimum
temperature from intestinal enzymes of the four tested species was 50 °C with high stability at 10 °C and 30 °C. Alkaline proteinase from all species and acid
proteinases from Cg was inactivated at 70ºC, while stomach enzymes of Mh, Pb, and Ub had a residual activity lower than 5% at 80 °C after 5, 10 y 20 minutes
of pre-incubation, respectively. Digestive proteinases recovered in this study could be used as biocatalysts in industrial processes, reducing costs, adding value
to the �shery waste, and contributing to the reduction of environmental pollution.

Introduction
Fish and �shery products are some of the most commercialized foods in the world and they represent a valuable bioresource of nutrients to obtain diversi�ed
and healthy diets. Total �sh production in the world reached an all-time high of 171 million tonnes in 2016 and is expected to reach 201 million tonnes in 2030
(FAO 2018). However, 70% of �sh used in industrial processing is discarded as processing leftover, generating a lot of wastes and other by-products (Olsen et
al. 2014). This solid waste includes heads, skins, trimmings, �ns, scale, viscera, and bones (Sahu et al. 2016). Although a fraction of this waste is used to the
elaboration of �shmeal (Mo et al. 2018), large amounts of this generated solid waste is not used and is directly discarded on open-air dumps or water sources
(Pereira and Fernández-Gimenez 2016). Fishery by-products and wastes extracted from inexpensive marine feedstock may have even higher in value than the
starting material, so, it is necessary to identify techno-economic viability for recycling of these wastes (Oliveira et al. 2017).

Proteases are the most widely used group of enzymes in industrial bioprocesses so they represent about 40–65% of the total commercial enzyme
preparations (Atta et al. 2017). In this sense, �sh viscera are one of the most important wastes because they contain digestive enzymes, especially aspartic
proteases (pepsin) in stomach, and serine proteases (trypsin, chymotrypsin, collagenase, and elastase) in intestine and pyloric ceca (Klomklao et al. 2011;
Vannabun et al. 2014; Välimaa et al. 2019). These digestive proteinases have unique properties compared with their counterpart enzymes from land animals.
Some of their distinctive features include greater stability over a wide range of pH, higher catalytic e�ciency, and thermostability at low temperatures (Aspevik
et al. 2017). These characteristics have become suitable for different applications in many food-processing operations (Oliveira et al. 2017).

There are some studies about commercial applications for enzymes recovered from �sh by-products (Kim and Dewaprya 2014) where the development of new
and improved technologies have allowed that these enzymes can be used more e�ciently in several processes (FAO 2018).

Fish enzymes present in these by-products are able to catalyze reactions without additional thermal aid, reducing manufacturing cost, and allowing the
development of products with more consistent properties (Kuddus 2018). These natural products are more accepted than the corresponding synthetic ones
because they are considered safer by consumers (Ferraro et al. 2013).

Argentina has 4,700 km of coastline on the Argentine Sea over the Southern Atlantic Ocean, making �shing a signi�cant economic activity with various �shing
resources, being the demersal resources among the most important ones. Merluccius hubbsi is one of the main �shing resources with captures about 417 mil
tonnes in 2018 and this species represents 50% of the total �sh catches (Allega et al. 2019). On the other hand, the captures of Percophis. brasiliensis and
Cynoscion guatucupa were 56,575 tonnes in 2018 (Prosdocimi et al. 2019). These species are actively �shed as they are commercialized in the international
market as frozen �llet, headless, and gutted and Mar del Plata (Argentina) is the main landing port supplied (Irusta et al. 2016). However, discards of these
species represent rising volumes of by-products that emerged by �shery processing and have serious environmental-security implications. On the other hand,
P. brasiliensis, C. guatucupa and Urophyis brasiliensis are �shed as by-catch of the target species such as M. hubbsi (Bovcon et al. 2013). For this reason, a
description of operational parameters and biochemical characteristics of enzymes recovered from �sh wastes is necessary to revalue these discards, power
market them, and to ensure a pro�table utilization at industrial scale. Biochemical parameters of enzymes often constrained the operational limits of the
biotechnological process (van Beilen and Li 2002). Therefore, the characterization of enzymes is crucial for correct process design and useful for
understanding their types, modes of action, and activity values. The effect of pH and temperature on the enzymatic activity is evaluated with the a�nity for
speci�c substrates in most studies (Martínez-Cárdenas et al. 2017). Until now, there are no comparative studies evaluating the potential of the digestive
enzymes present in �sh wastes from actively commercialized species.

Scarce previous researches focused on digestive enzymes of Argentine �sh species. In this sense, trypsin from the viscera and heads of M. hubbsi (Lamas et
al. 2015) and Engraulis anchoita (Lamas et al. 2017) and digestive aspartic proteases from Prochilodus lineatus (Gomez et al. 2018) have been characterized.

The aim of this study was to characterize and to compare speci�c activities of acid and alkaline proteases under different pH and temperature conditions
recovered from wastes generated during the processing of Merluccius hubbsi, Percophis brasiliensis, Urophyis brasiliensis, and Cynoscion guatucupa.

Materials And Methods
Fish samples

Stomach, small intestine and pyloric ceca of Merluccius hubbsi (Mh) and Percophis brasiliensis (Pb) were provided by Pinapesca S.A., Mar del Plata,
Argentina. Cynoscion guatucupa (Cg) and Urophyis brasiliensis (Ub) were �shed from Mar del Plata coast (38° 04’S, 57° 30’W) by commercial �eet and viscera
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were extracted immediately. Viscera of four adult �shes of each species were used. All samples were frozen and transported to Mar del Plata National
University for analysis.

Preparation of crude extracts

Stomach, intestine and pyloric ceca were separated and crushed in a glass-te�on tissue homogenizer with distilled water for intestine-ceca, or with water
adjusted to pH 2 using 0.1N HCL in stomachs (1:4 w/v). The resulting materials were centrifuged at 10,000 g for 30 min at 4 °C (Presvac EPF 12R). The
supernatants were separated and stored as crude extracts for all the enzymatic assays. Enzymatic extracts from intestine and pyloric ceca were frozen at
-20 °C. Extracts from stomachs were maintained overnight at 4 °C to activate the pepsinogen, and then at -20 °C until use.

Enzymatic assays

Protein content was determined by Bradford (1976) method, using bovine serum albumin (Sigma A9647) as standard protein, and it was expressed as mg
protein/mL crude extract.

Acid proteinase activity was determined at pH 2 using stomach samples, according to Anson (1938). Brie�y, 5 µL of each crude extract was mixed with 250 µL
of universal buffer pH 2 (Stauffer 1989) in Eppendorf tubes and 250 µL of 0.5% w/v hemoglobin (Sigma H2625) as substrate. The mixture was incubated
30 min at 25 °C. Then, the reaction was stopped by adding 250 µL of 20% w/v trichloroacetic acid (TCA). After that, all tubes were centrifuged at 10,000 g for
5 min and absorbance of the supernatants was measured at 280 nm in a spectrophotometer (SPECTROstar Nano BMG LABTECH).

Alkaline proteinase activity on intestine-ceca samples was measured according to García-Carreño (1992) using a similar protocol above mentioned using
azocasein (Sigma A2765) as the substrate, and universal buffer at pH 8. In this case, the absorbance of the supernatants was measured at 360 nm.

All assays were performed in triplicates. Trichloroacetic acid was added in blanks tubes before the substrate was supplied. A unit of enzymatic activity (U)
was de�ned as a change in absorbance per minute. Total activity (TA) was expressed as U/mL of crude extract, and the speci�c enzyme activity (SA) as U/mg
of soluble protein.

For determining the optimum pH, the proteinase activity was assayed at pH 2, 3, and 4 for stomach samples, and pH 7, 8, 9.5 and 11.5 for intestine-ceca
samples. In all cases, the universal buffer was used (Stauffer 1989). The substrate (azocasein or hemoglobin) was dissolved in each of the pH buffer
solutions, and the protocol was followed as described above. The effect of pH on the stability of proteinases was evaluated by pre-incubating the crude
extracts at different times (30, 60, and 150 min) in the above mentioned buffer. Then, the enzymatic activities were measured as described previously.

For determining the optimum temperature, the enzyme activity at pH 2 for stomach samples and pH 8 for intestine-ceca samples, was assayed at 10, 30, 50,
and 70 °C. In order to establish the thermal stability, prior to enzymatic activity, a mix of 5 µL of crude extract and 250 µL of adequate buffer was incubated for
30, 60, and 150 min at the above mentioned temperatures. Then, the substrate solution was added and the protocol was continued as described above.

In the cases where the enzymes still had activity at 70 °C for 150 min, a denaturation assay was performed. Firstly, enzymatic activity was determined in
buffer universal at pH 2 or pH 8, depending on the sample. Then, all the tubes were pre-incubated at 80 and 90 °C for 5, 10, and 20 min. Finally, the respective
substrate solution was added and the protocol was continued as described above. Enzymes were considered denatured when the residual enzymatic activity
was less than 5% with respect to their initial values.

Statistics

Data sets were presented as the mean and standard error. After testing data normality and homogeneity of variance, differences among data sets were
analyzed by ANOVA followed by a Tukey’s multicomparison test. Differences are reported as statistically signi�cant when p  0.05. Analyses were made using
R Studio Software (v.1.2.5033; RStudio Team 2016) and R Commander (v.3.6.2; R Development Core Team 2015).

Results And Discussion
Enzymatic activity

The viscera from �sh wastes, which includes stomach, small intestine, and pyloric ceca, are characterized by being the richest source of digestive proteolytic
enzymes (Khantaphant and Benjakul 2008; Klomklao 2008; Simpson 2000).

In present work, speci�c enzymatic activity on U. brasiliensis (Ub) stomach extract was signi�cantly higher than the other studied species. However, for
intestine-ceca crude extracts, speci�c enzymatic activity evidenced the highest activities for Ub and P. brasiliensis (Pb). Besides, total enzymatic activity for
intestine-ceca crude extracts exhibited the highest activity for Pb (Table 1).
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Table 1
Total activity (TA), speci�c activity (SA) and soluble protein (SP) of stomach and intestine of �shes.

    Mh Pb Ub Cg

Stomach TA* 1.77 ± 0.570a 1.43 ± 0.162a 1.55 ± 0.525a 1.15 ± 0.263a

SA** 0.50 ± 0.137a 1.90 ± 0.464ab 7.26 ± 3.043b 0.38 ± 0.094a

SP*** 3.90 ± 1.540b 0.87 ± 0.172a 0.24 ± 0.091a 3.26 ± 0.903b

Intestine-Ceca TA* 0.75 ± 0.362a 3.46 ± 0.353b 0.65 ± 0.095ab 0.25 ± 0.063a

SA** 0.31 ± 0.133a 1.82 ± 0.437b 1.40 ± 0.266b 0.15 ± 0.041a

SP*** 2.49 ± 0.344a 2.01 ± 0.228ab 0.49 ± 0.064b 1.79 ± 0.410ab

*U/mL **U/mg protein ***mg/mL. The assays were carried out at 25 °C for 30 min at pH 2 for stomach extracts and pH 8 for intestine-ceca extracts
recovered from �shery waste of Merluccius hubbsi (Mh), Percophis brasiliensis (Pb), Urophyis brasiliensis (Ub) and Cynoscion guatucupa (Cg). Values
indicate means and standard error from three replicates. Different letters in each row indicate signi�cant differences (p < 0.05).

Previous studies have shown that the digestive enzyme activity has a correlation with feeding habits of �shes (Falcón-Hidalgo et al. 2011; Gioda et al. 2017;
Martínez-Cárdenas et al. 2017; Pujante et al. 2017). All species studied in this work are carnivorous; Mh is a generalist and opportunistic predator that feeds
mainly on demersal �shes, followed by crustaceans and cephalopods (Alonso et al. 2019), while Ub is a generalist that feeds mainly on shrimp, crabs,
shell�sh and shrimp is its main prey (Plavan et al. 2007). On the other hand, Cg has a varied diet that changes throughout its development, �rst, feed on small
crustaceans and progressively increase their consumption of �sh (Viola et al. 2018) whereas Pb feeds mainly on �sh and squid (Milessi and Marí 2012). For
this feeding habit, digestion of proteins occurs in the stomach with a high acid proteinase activity such as pepsin. The hydrolysis of protein is �nalized in the
intestine with the release of amino acids and peptides where alkaline proteinases usually have a lower activity (Xiong et al. 2011; Jesús-Ramirez et al. 2017;
Martínez-Cárdenas et al. 2017; Merino-Contreras et al. 2018). This can be corroborated with results showed in Table 1 for Mh, Cg, and Ub, where stomach
proteinase activity was higher than intestine enzyme activity. However, Pb evidenced higher activity of intestinal-ceca proteinases. Similar results were
reported for other carnivorous species, such as rainbow trout Oncorhynchus mykiss (Hidalgo et al. 1999) where intestinal proteolytic activity was higher than
the stomach enzyme activity.

Martínez et al. (2011) proposed the relative activity of the main digestive alkaline proteases as an indicator of the nutritional status of the �sh. These authors
demonstrated that a high trypsin and chymotrypsin activity has been correlated with the presence of a diet with an adequate protein constitution, while a low
value correlates with food shortage. Thus, the discrepancy in the enzymatic activity between species may be due to the feed condition of �sh at a pre-
sampling time (Natalia et al. 2004).

Optimum pH and stability of proteinase activities

The effect of pH on stomach proteinase activities are shown in Table 2A. While optimum pH for enzymes of Pb was pH 2, in the case of Mh and Ub were pH 2
and pH 3. Stomach enzymes of Cg had similar activity values for all tested pH. The stability of stomach enzymes at acid pHs was evaluated at different times
of pre-incubation. Acid proteinases from all �shes tested were highly stable in the range of pH 2–4. After 150 minutes of pre-incubation, the enzymes of all
species kept their activity. All values did not show signi�cant differences at different time incubation. Similar results were found in viscera of Monterey sardine
(Sardinops sagax caerulea) (Castillo-Yañez et al. 2004) and sábalo (Prochilodus lineatus) (Gomez et al. 2018). However, the highest values for acid proteinase
activity were higher at pH 3 for acid proteinases extracted from viscera of other species as farmed giant cat�sh (Pangasianodon gigas) (Vannabun et al.
2014) and golden grey mullet (Liza aurata) (Bkhairia et al. 2016).

The effect of pH on intestine-ceca proteinase activities are shown in Table 2B. Optimum pH for enzymes of Cg was 11.5, while for the crude extracts of Mh,
Pb, and Ub, the catalytic activity was almost constant over a wide pH range from 7 to 11.5, without signi�cant differences. The stability of enzymes at alkaline
pHs was evaluated with different times of pre-incubation. The pH stability pro�le showed that alkaline proteinases from all species were highly stable within
the tested range of pH. After 150 minutes of pre-incubation, the enzymes of all species kept their catalytic activity, and their values did not show signi�cant
differences at different time incubation. Similar results were reported for seer �sh (Scomberomorus guttatus) (Rengasamy et al. 2016), farmed giant cat�sh (P.
gigas) (Vannabun et al. 2014), chihuil sea cat�sh (Bagre panamensis) (Rios-Herrera et al. 2019), Indian oil sardine (Sardinella longiceps) (Ramkumar et al.
2018) and greater amberjack (Seriola dumerili) (Oliveira et al. 2017).

Table 2

Table 2. Speci�c proteinase activity at different conditions of pH for stomach (A) and intestine-ceca extracts (B)

A)
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SPECIES time

(min)

pH

2 3 4

Mh 0 0.49 ± 0.137 aA 0.25 ± 0.093 aA 0.11 ± 0.029 aA

30 0.46 ± 0.153 aA 0.26 ± 0.073 aA 0.09 ± 0.031 aA

60 0.50 ± 0.143 aA 0.33 ± 0.089 aA 0.12 ± 0.056 aA

150 0.55 ± 0.137 aA 0.31 ± 0.101 aA 0.14 ± 0.053 aA

Pb 0 1.90 ± 0.464 aA 1.14 ±   0.331 abA 0.08 ± 0.027 bA

30 2.11 ± 0.539 aA 1.40 ± 0.378 abA 0.17 ± 0.051 bA

60 2.13 ± 0.523 aA 1.41 ± 0.426 abA 0.27 ± 0.135 bA

150 2.03 ± 0.499 aA 1.40 ± 0.381 abA 0.18 ± 0.088 bA

Ub 0 7.26 ± 3.043 aA 3.48 ± 0.331 aA 0.86 ± 0.430 bA

30 8.44 ± 2.071 aA 6.22 ± 0.378 abA 1.40 ± 0.294 bA

60 5.31 ± 2.088 aA 2.75 ± 0.426 aA 0.66 ± 0.232 aA

150 5.57 ± 2.225 aA 2.79± 0.381 aA 1.02 ± 0.530 aA

Cg 0 0.38 ± 0.094 aA 0.26 ± 0.090 aA 0.12 ± 0.039 aA

30 0.46 ± 0.097 aA 0.35 ± 0.124 aA 0.15 ± 0,050 aA

60 0.47 ± 0.102 aA 0.32 ± 0.112 aA 0.19 ± 0.044 aA

150 0.46 ± 0.103 aA 0.30 ± 0.107 aA 0.14 ± 0.029 aA

B)

SPECIES time

(min)

pH

7 8 9.5 11.5

Mh 0 0.23 ± 0.104aA 0.31 ± 0.133 aA 0.24 ± 0.121 aA 0.62 ±0.090 aA

30 0,28 ± 0.113aA 0.40 ± 0.191 aA 0.12 ± 0.093 aA 0.43 ±0.168 aA

60 0.31 ± 0.120aA 0.29 ± 0.130 aA 0.43 ± 0.196 aA 0.60 ±0.246 aA

150 0.24 ± 0.098aA 0.40 ± 0.173 aA 0.17 ± 0.112 aA 0.25 ±0.192 aA

Pb 0 1.41 ± 0.322aA 1.82 ± 0.437 aA 1.15 ± 0.579 aA 2.67 ±0.464 aA

30 1.40 ± 0.279aA 1.78 ± 0.436 aA 0.80 ± 0.396 aA 1.63 ±0.339 aA

60 1.37 ± 0.372aA 1.77 ± 0.424 aA 2.15 ± 0.363 aA 2.31 ±0.511 aA

150 1.50 ± 0.283aA 1.86 ± 0.279 aA 1.26 ± 0.629 aA 1.40 ±0.701 aA

Ub 0 1.57 ± 0.265aA 1.40 ± 0.266 aA 1.83 ± 0.439aA 1.58 ±0.431aA

30 1.06 ± 0.307aA 0.85 ± 0.189 aA 0.54 ± 0.507 aA 1.00 ±0.272 aA

60 1.59 ± 0.346aA 1.40 ± 0.288 aA 1.65 ± 0.318 aA 2.40 ±0.480 aA

150 1.28 ± 0.196aA 1.40 ± 0.242 aA 1.36 ± 0.300 aA 1.73 ±0.384 aA

Cg 0 0.15 ± 0.040aA 0.15 ± 0.040 aA 0.19 ± 0.073 abA 0.56 ±0.146 bA

30 0.12 ± 0,053aA 0.19 ± 0.060 aA 0.14 ± 0.040 aA 0.39 ±0.099 aA

60 0.10 ± 0.028aA 0.12 ± 0.026 aA 0.23 ± 0.053 aA 0.53 ±0.099 bA

150 0.16 ± 0.046aA 0.20 ± 0.060 aA 0.23 ± 0.060 abA 0.50 ±0.105 bA
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The assays were carried out at 25 °C during 0, 30, 60, and 150 min for extracts recovered from �shery waste of Merluccius hubbsi (Mh), Percophis brasiliensis
(Pb), Urophyis brasiliensis (Ub) and Cynoscion guatucupa (Cg). Speci�c enzyme activity (SA) was expressed as U/mg of soluble protein. Values indicate
means and standard error and were calculated from three replicates. Means within the same rows with different small letters are signi�cantly different. Means
within the same columns with different capital letters are signi�cantly different (p  0.05).

Optimum temperature and thermostability

The effect of temperature on the proteinase activity of stomach samples is shown in Table 3A. The signi�cant highest values of enzymatic activity were
observed at 30 and 50 °C for Mh, Pb, and Ub. The enzymes of Cg showed signi�cantly high activity at 50 °C. The stomach enzymes of Mh, Pb, and Cg were
stable for 150 minutes at 10, 30, and 50 °C. The enzymes of Ub were stable at 10 and 30 °C, and these extracts stand out for maintained a high activity at
30 °C, from 11.78 U/mg protein (time 0 min) to 11.6 U/mg protein (time 150 min). Similar results were reported for Sardinella aurita (Ben Khaled et al. 2011), S.
sagax (Castillo-Yañez et al. 2004), P. lineatus (Gomez et al. 2018) and P. gigas (Vannabun et al. 2014) where optimum temperatures were between 33–55 °C.

In the present study, proteinase activity for C. guatucupa stomach extracts at 70 °C was almost null. However, acid proteinases for the other studied species
had activity after 150 min at pH 2, so a denaturation assay was performed to determine the temperature where these enzymes lose more than 95% of their
initial activity. Obtained results showed that proteinase residual activities for enzymes of Mh, Pb, and Ub were less than 5% at 80 °C after 5, 10 y 20 minutes of
pre-incubation, respectively (data not shown). High temperatures can cause the loss of catalytic activity because the quaternary structure of the protein is
unfolded, and consequently, inactivation of the enzymes occur (Klomklao et al. 2011).

The effect of temperature on the proteinase activity of intestine-ceca is shown in Table 3B. Optimum temperature was 50 °C for enzymes of all species. The
maximum value observed was 5.05 U/mg protein for the crude extract of Ub. The enzymes of all �shes were thermostable at 10 and 30 °C during 150 minutes,
without signi�cant differences. However, in all cases, the values of speci�c enzymatic activity were highest at 30 °C. After 150 minutes at 30 °C, the enzymes
of Cg doubled their activity initial while the enzymes of the other species maintained their enzymatic activity initial.

After 30 minutes at 50 °C, there was a pronounced and signi�catively loss of speci�c activity for enzymes of all species. These values are correlated with what
was found for the digestive proteinases of S. guttatus (Rengasamy et al. 2016), P. gigas (Vannabun et al. 2014), B. panamensis (Rios-Herrera et al. 2019), S.
longiceps (Ramkumar et al. 2018) and S. dumerili (Oliveira et al. 2017), where the optimum temperature was between 45–60 °C. However, in those previous
studies, alkaline proteinases were stable at higher temperatures than in this research. These differences may be due to the fact that �sh viscera recovered
from tropical water species are used for most studies on digestive proteases, such as seer �sh, farmed giant cat�sh, and Indian oil sardine. The four
commercial species selected in the present study inhabit cold waters of the Argentine Sea over Southwestern Atlantic waters (23–55 °S), where water
temperatures are usually below 20 °C (Allega et al. 2019).

For all studied species, the alkaline proteinase activity was almost null at 70 °C, thus, the denaturation assay was not necessary. Proteinase residual activity
was less than 5% after 30 min for enzymes of Pb and Ub, and after 150 minutes for enzymes of Cg. Alkaline proteinases of Mh showed low enzyme activity
and values did not show signi�cant differences at different time incubation (data not shown).

Table 3

Table 3. Speci�c proteinase activity at different conditions of temperature for stomach (A) and intestine extracts (B)

A)
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SPECIES time

(min)

TEMPERATURE (°C)

10 30 50 70

Mh 0 0.34 ± 0.063 aA 0.65 ± 0.157 aA 0.59 ± 0.143 aA 0.21 ± 0.027 aA

30 0.34 ± 0.059 aA 0.57 ± 0.140 aA 0.46 ± 0.089 aA 0.14 ± 0.061 aA

60 0.34 ± 0.059 aA 0.49 ± 0.106 aA 0.35 ± 0.082 aA 0.08 ± 0.026 aA

150 0.33 ± 0.072 aA 0.55 ± 0.122 aA 0.17 ± 0.021 aA 0.08 ± 0.030 aA

Pb 0 2.06 ± 0.470 aA 3.14 ± 0.750 aA 3.63 ± 0.714 aA 1.35 ± 0.395 aA

30 1.22 ± 0.493abA 3.37 ± 0.858 aA 4.39 ± 1.071 aA 0.04 ± 0.020 bB

60 1.94 ± 0.531abA 3.34 ± 0.732 aA 2.70 ± 0.679 aA 0.13 ± 0.094 bB

150 1.78 ± 0.453abA 3.15 ± 0.777 aA 2.17 ± 0.561 abA 0.15 ± 0.116 bB

Ub 0 6.72 ± 1.417abA 11.78 ± 3.878aA 11.79 ± 4.118aA 2.42 ± 0.651 bA

30 7.51 ± 3.142abA 11.58 ± 3.392bA 2.71 ± 0.823aAB 2.92 ± 2.129 aA

60 6.73 ± 2.417abA 11.97 ± 3.609aA 2.41 ±0.147cbAB 0.37 ± 0.531 cA

150 7.54 ± 2.291 aA 11.6 ± 3.576 aA 1.08 ± 0.411 bB 0.25 ± 0.185 bA

Cg 0 0.33 ± 0.118abA 0.61 ± 0.179ab A 0.79 ± 0.165 aA 0.11± 0.034 bA

30 0.31 ± 0.089abA 0.67 ± 0.127 aA 0.62 ± 0.110 aA 0.04 ± 0.016bAB

60 0.32 ± 0.119abA 0.62 ± 0.171 aA 0.47 ± 0.082 abA 0.02 ± 0.006 bB

150 0.33 ± 0.116abA 0.57 ± 0.174 aA 0.43 ± 0.088 abA 0.01 ± 0.005 bB

B)

SPECIES time

(min)

TEMPERATURE (°C)

10 30 50 70

Mh 0 0.14 ± 0.059 aA 0.44 ± 0.197 abA 1.30± 0.430 bA 0.14± 0.058 aA

30 0.12 ± 0.043abA 0.40 ± 0.137 aA 0.13 ± 0.031ab B 0.04 ± 0.028bA

60 0.12 ± 0.054 aA             0.36 ±0.157 aA 0.19 ± 0.079 aAB 0.07 ± 0.013 aA

150 0.08 ± 0.030 aA 0.41 ± 0.216 aA 0.18 ± 0.103 aB 0.06 ± 0.031 aA

Pb 0 0.51 ± 0.167 aA 1.90 ± 0.461 abA 3.11 ± 0.556 bA 0.96 ± 0.247 aA

30 0.44 ± 0.13 aA 2.29 ± 0.430 bA 1.47 ± 0.100 bB 0.04 ± 0.010 aB

60 0.54 ± 0.154 aA 2.14 ± 0.481 bA 0.22 ± 0.110 aC 0.05 ± 0.029 aB

150 0.57 ± 0.187 aA 2.09 ± 0.472 bA 0.04 ± 0.008 cC 0.00 ± 0.000 cC

Ub 0 0.51 ± 0.242 aA 1.75 ± 0.331bA 5.05 ± 0.710 cA 0.48 ± 0.081 aA

30 0.40 ± 0.18 abA 1.67 ± 0.340 aA 0.49 ± 0.076 bAB 0.02 ± 0.020 aB

60 0.33 ± 0.136 aA 1.58 ± 0.256 bA 0.29 ± 0.109 aAB 0.20 ± 0.106 aAB

150 0.35 ± 0.161abA 1.49 ± 0.292 aA 0.58 ± 0.379 abB 0.04 ± 0.020bAB

Cg 0 0.20 ± 0.099 aA 0.20 ± 0.069 aA 1.90 ± 0.471 bA 0.34 ± 0.091 abA

30 0.09 ± 0.054 aA 0.32 ± 0.075 abA 1.38 ± 0.330 bA 0.18 ± 0.069 aAB

60 0.06 ± 0.014 aA 0.42 ± 0.131 bA 0.88 ± 0.197 bA 0.08 ± 0.026 aAB

150 0.08 ± 0.019 aA 0.39 ± 0.122 bA 0.07 ± 0.031 aB 0.01 ± 0.012 aB

The assays were carried out at 25 °C during 0, 30, 60 and 150 min at pH 2 for stomach extracts and pH 8 for intestine extracts recovered from �shery waste of
Merluccius hubbsi (Mh), Percophis brasiliensis (Pb), Urophyis brasiliensis (Ub) and Cynoscion guatucupa (Cg). Speci�c enzyme activity (SA) was expressed
as U/mg of soluble protein. Values indicate means and standard error from three replicates. Means within the same rows with different small letters are
signi�cantly different. Means within the same columns with different capital letters are signi�cantly different (p  0.05).
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Optimum temperature and stability of �sh enzymes are associated with the habitat characteristics (Nalinanon et al. 2008). In this sense, enzymes of the
species studied in this work were stable at low temperature (10 °C, Table 3A and 3B). However, all the tested enzymes also showed high activity at high
temperatures (30–50 °C). These ectothermic species can adopt different strategies according to habitat characteristics to maintain a normal level of
proteolysis at temperatures well below than of endothermic species. For example, they increase enzyme production to compensate for reduced kinetic
e�ciency (Brier et al. 2007). Although acid and alkaline proteases showed stability at 10 °C, the enzyme activity at this temperature showed low values.

In recent years, the interest by �nding new thermostable enzymes has grown mainly because various industrial processes occur at high temperatures using
enzymes from mesophilic sources. Fish proteases, for example, are widely used in several industries to make a change in taste, texture, and appearance of the
product and in waste recovery. Also, they are used in food, pharmaceutical, and laundry industries, leather treatment and bioremediation processes.
Thermostable enzymes have certain bene�ts for industrial processes, such as a high reaction rate and a longer half-life. Previous studies have reported that
recovered proteases can be used for reducing the viscosity of stick-water poured outside in the processing of �shmeal (Castillo-Yañez et al. 2004) and they
can be useful in some food processing operations where low temperatures and rapid inactivation of proteases are needed like the production of protein
hydrolysates (Castro-Ceseńa et al. 2012; Rios-Herrera et al. 2019). Furthermore, the lower denaturation temperature for �sh enzymes, especially alkaline
proteinases showed in the present study, with respect to microbial enzymes could be an advantage in industrial processes because it implies an energy saving
in the process. In this sense, based on its characteristics of thermal stability and denaturation, the enzymes recovered from Mh, Pb, Cg, and Ub could be
appropriate for technological uses.

Conclusions
This study displays novel results about biomolecules, as proteases of wastes, from four commercial �sh species from the Atlantic Southwest Ocean; it´s the
�rst research that compares activity from proteases recovered from Merluccius hubbsi, Percophis brasiliensis, Urophyis brasiliensis, and Cynoscion
guatucupa. This study demonstrated patterns of proteinases varying activity depending on location in the digestive tract, temperature, and pH conditions and
it was demonstrated that viscera of the four tested commercial species are an important source of proteolytic enzymes that provided acid and alkaline
proteinases with stability at low and moderates temperatures, and maintenance of its catalytic capabilities in a wide range of pHs. These recovered enzymes
could be used as biocatalysts in industrial bioprocesses with different biotechnological applications, reducing costs, adding value to the �sheries wastes, and
contributing to the reduction of environmental pollution. Future research regarding partial puri�cation and immobilization of these enzymes, scale-up studies,
and techno-economic evaluation is needed to be carried out. Improved utilization of the resource not only could provide several and novel useful higher-value
products, but also improve economical returns to the �shing industry without increasing �shing pressure.
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