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Abstract Effects of the pretreatments namely heating,

microwave (MW), and ultrasound (US), followed by the

enzymatic hydrolysis using different proteases (fla-

vourzyme, neutrase, and protamex) on the protein recov-

ery, umami taste compound content, and antioxidant

activities of the Labeo rohita head (LRH) protein hydro-

lysate was investigated. US and MW pretreatments

increased the protein recovery, MSG-like amino acid and

flavour 50-nucleotide contents, equivalent umami concen-

tration (EUC) and antioxidant activities of LRH protein

hydrolysates significantly (p\ 0.05). The type of enzyme

influenced the protein recovery and EUC significantly but

did not influence the flavour 50-nucleotide content of LRH

protein hydrolysate (p[ 0.05). The highest recovery yield

of LRH protein hydrolysate (69.75%) was obtained with

the MW pretreatment followed by the protamex hydrolysis,

while the highest EUC (41.82 g monosodium glutamate

(MSG)/kg) was yielded with the combination of the US

pretreatment and the flavourzyme hydrolysis. These results

indicate that US and MW pretreatments can help to

enhance the recovery yield, umami taste compound content

and antioxidant activities of the LRH protein hydrolysate.

Keywords Pretreatments � Enzymatic hydrolysis � Protein
hydrolysate � Umami taste compounds � Antioxidant
activities

Introduction

The growing demand for fish consumption around the

world has led to the development of aquaculture production

at an exponential rate (FAO 2016). However, fish pro-

cessing is associated with the generation of huge amounts

of the by-products in the form of heads, bones, skins,

scales, fins, and blood, which can account for 50–70% of

total body weight of fish (Olsen et al. 2014). At present,

some of these by-products are converted to low market

value products such as animal feed, fish silages, and fer-

tilisers. However, the main bulk is dumped in the envi-

ronment, resulting in the loss of valuable components and

also environmental pollution (Olsen et al. 2014). It has

been observed that most of the fish by-products, especially

the fish head contains high protein and are rich in umami

taste compounds such as 50-nucleotides (inosine 50-
monophosphate and guanosine 50-monophosphate), amino

acids (glutamate and aspartate) and some low molecular

weight peptides (Cheung and Li-Chan 2014). Thus, the

production of new value-added ingredients such as protein

hydrolysates, with high umami taste as well as potential

biological activity, can pave the way for the complete

valorisation of these by-products.

Enzymatic hydrolysis is a specific, simple, safe, eco-

friendly method currently used to convert the fish by-

products into a more marketable and functional form,

namely fish protein hydrolysate (Neves et al. 2017). Pro-

teases such as alcalase, flavourzyme, papain, neutrase, and

protamex have been employed for the preparation of the
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protein hydrolysates from the fish byproducts with different

bioactivities (Liaset et al. 2002; Yang et al. 2016; Neves

et al. 2017). However, the enzyme–substrate specificity is

an important factor that determines the biofunctional

properties of protein hydrolysates because it strongly

influences its molecular size and the hydrophobic/hy-

drophilic balance and sequence of peptides. Several studies

have been reported that the enzymatically prepared protein

hydrolysates from the fish protein possess antioxidant

potential (Yang et al. 2016; Neves et al. 2017). In addition

to antioxidant potential, previous studies have indicated

that fish protein hydrolysates were good sources of umami

amino acids (aspartic acid and glutamic acid) and flavour

50-nucleotides, which can enhance the umami taste of foods

(Phat et al. 2016). However, conventional enzymatic

extraction facing some limitations in practical applications

such as the poor conversion rate of the substrate, low

hydrolysis rate of the enzyme and low reaction efficiency

due to the compact structural conformation of the protein,

insufficient contact frequency between the substrate and

enzyme (Qu et al. 2013). Therefore, new techniques are

needed to improve the rate of enzymatic hydrolysis and in

turn the release more umami amino acids and increase the

extraction yield of protein.

Recently, some pretreatments including the US, MW

and HT have been used to modify the physical structure of

proteins and make them more sensitive to enzymolysis

(Uluko et al. 2015; Nguyen et al. 2016; Chen et al. 2017;

Ketnawa and Liceaga 2017; Stefanović et al. 2017).

Ultrasound could modify the protein conformation by the

cavitation effect through affecting hydrogen bonds and

hydrophobic interactions and disrupting of the proteins

structures (Cheng et al. 2017). MW irradiation could

modify protein structure by accelerating organic reactions

by modifying chemo-, region-, or stereo-selectivity (Pra-

manik et al. 2002). On the other hand, heating could bring

the structural changes in protein by destroying the inter

protein bonds which leads to unfold the peptide chains and

expose more number of enzymes cleavage sites (Uluko

et al. 2015). Enzyme binding sites might be exposed at

greater extent due to the unfolding of protein molecules,

which markedly speeds up the enzymatic hydrolysis pro-

cess of the proteins and promotes the release of large

amount, peptides or free amino acids.

India is the second largest producer of freshwater fish in

the world after China (FAO 2016). LRH is also one of the

most sold and processed fish species in the Indian fish

market, which leads to the generation of huge quantities of

by-products. The total waste production from LRH fish in

India was estimated at approximately 0.9 million tons

annually (Kudre et al. 2017). It was noticed that most of the

by-products generated, especially the head mass are rich in

protein (Ruthu et al. 2014). However, the extraction of

protein from the head part of fish is tedious due to the

higher content of indigestible fish bones. Therefore, the use

of pretreatments, followed by enzymatic hydrolysis of

LRH head proteins, could increase the rate of hydrolysis of

fish proteins and, consequently, increase the extraction

yield, antioxidant potential and taste content of umami.

However, the studies on the influence of the pretreatments

on enzymatic hydrolysis of the fish head protein are very

dearth. Paradoxically, there is no report of the effect of

pretreatments (MW US and HT) and the enzymatic

hydrolysis on umami taste compound content and antiox-

idant activities of protein hydrolysates of the LRH head.

Therefore, the present study aimed to investigate the

effects of HT, MW and US pretreatments, followed by

enzymatic hydrolysis using different proteases (fla-

vourzyme, neutrase, and protamex) on extraction yield and

umami taste compound content and antioxidant activities

of LRH protein hydrolysates.

Materials and methods

Materials

Chemicals and enzymes

Ophthaldialdehyde (OPA), 9-Fluorenylmethoxycar-

bonylchloride (FMOC), (±)-6-Hydroxy-2,5,7,8-tetram-

ethylchromane-2-carboxylic acid (Trolox),

dithiodipropionic acid, 2,4,6-tripyridyl-s-triazine (TPTZ),

2,2-Diphenyl-1-(2,4,6-trinitrophenyl) hydrazyl (DPPH),

Inosine 50-monophosphate (50-IMP), Guanosine 50-
monophosphate (50-GMP), Cytidine 50-monophosphate (50-
CMP), Adenosine 50-monophosphate (50-AMP); Uracil 50-
monophosphate (50-UMP), Sodium fluorescein, 2,20-Azobis
(2-methylpropionamidine) dihydrochloride, Flavourzyme�

1000 L (mixed endoprotease and exopeptidase from

Aspergillus oryzae), Protamex� (endopeptidase from

Bacillus sp.), and Neutrase� 0.8 L (endoprotease from

Bacillus amyloliquefaciens) and standard of amino acid

were procured from Sigma (St. Louis, MO, USA).

Labeo rohita head (LRH)

LRHs were collected from the local fish market and placed

in ice at a heads/ice ratio of 1:2 (w/w), then transported to

Department of Meat and Marine Sciences, CSIR-Central

Food Technological Research Institute, Mysuru. Upon

arrival to the laboratory, LRHs were immediately rinsed

twice with the cold distilled water to remove the contam-

inants. Washed LRHs were ground to uniformity by a

grinder and then stored in sealed plastic bags at - 80 �C
until use but not longer than 2 months.
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Methods

Preparation of LRH head slurry

Before pretreatment, frozen samples (50 g) were thawed at

4 �C for 12 h and dispersed in deionised water at a ratio of

1:3 (minced head: water). Then, the mixture was stirred for

15 min using a magnetic stirrer (Corning Magnetic Stirrer

PC 210, Thermo Scientific, Marietta, Ohio, USA) to ensure

complete dissolution. The mixed head slurry was subjected

to following pretreatments.

Pretreatments

Microwave pretreatment MW pretreatment of LRH

slurry (200 mL) was performed using the microwave

(Start, Milestone, USA) at a power of 200 W at 50 �C for

5, 10 and 15 min. The sample was agitated at 150 rpm/min

throughout the pretreatment. After MW pretreatment, the

sample was cooled at room temperature (28–30 �C).

Ultrasound pretreatment US pretreatment was carried

out using a Sonics ultrasound system (VCX-750, Sonics,

Newtown, USA) equipped with a flat tip probe set at

20 kHz frequency. Sample (200 mL) was transferred to

500 mL flat bottom conical flask, and the suspension was

sonicated with an ultrasonic intensity of 75 W/cm2 for 5,

10 and 15 min. The pulse duration of on-time 3 s and off-

time 2 s was used. The flat bottom conical flasks containing

sample was placed in an ice bucket during sonication to

reduce heat gain.

Heat pretreatment For heat pretreatment, 200 mL of the

sample was transferred to 500 mL of a flat bottom conical

flask and closed tightly with the cap. The sample was

heated at 90 �C for 5, 10 and 15 min with agitation

(150 rpm) in a temperature-controlled water bath (C415A,

Rivotek, Mumbai, India). Then, the samples were cooled to

room temperature (28–30 �C). An untreated slurry

(200 mL) of a head slurry of LRH was considered as a

control.

Enzymatic hydrolysis and nitrogen recovery

Enzymatic hydrolysis was performed according to the

method described by Bhaskar et al. (2008) with slight

modification. The pH of pretreated slurries and the tem-

perature activity values of each enzyme, including Neu-

trase, Protamex, and Flavourzyme, was adjusted to the

optimum condition as followed: (a) flavourzyme (pH 7.0

and 50 �C); (b) neutrase (pH 7.0 and 50 �C) and (c) pro-

tamex (pH 8.0 and 55 �C). The initiation of hydrolysis was

performed by adding each enzyme at the same activity

levels of 1.5 U/100 g LRH. The hydrolysis reaction was

run for 2 h with continuous shaking (150 rpm) in a tem-

perature-controlled orbital shaking water bath. After

hydrolysis, enzymes were inactivated by heating the sus-

pension at 90 �C for 15 min in a water bath. After that, all

hydrolysates were cooled immediately to room temperature

(28–30 �C) and centrifuged at 8,000 g for 15 min at 15 �C
using Legend centrifuge (Sorvall Legend XF, Thermo

Fisher Scientific, Langenselbold, Germany). The super-

natants were collected and lyophilised at - 55 �C and

0.05 Pa pressure for 24 h using a lyophiliser (CoolSafe 55,

ScanLaf A/S, Lynge, Denmark). Dried hydrolysate pow-

ders were placed in polyethylene bags, sealed and stored at

- 80 �C until analysis.

Determination of extraction yield

The following equation calculated the protein extraction

yield (%, w/w):

Protein recovery yield ð%Þ ¼ Protein weight in hydrolysate gð Þ
Protein weight in dried LRH gð Þ

� 100

ð1Þ

Determination of degree of hydrolysis (DH)

The DH of the LRH hydrolysates was determined using an

ophthaldialdehyde (OPA) assay as described by Nielsen

et al. (2001).

Protein and moisture content

Moisture and total nitrogen contents of LRH hydrolysates

were determined as per AOAC method (1998). Crude

protein was measured by multiplying total nitrogen content

by the factor of 6.25.

Determination of free amino acid (FAA) content

The analysis in FAA content of LRH hydrolysate samples

was carried out as per the method of Bidlingmeyer et al.

(1987). Hydrolysate samples (100 mg) were suspended in

20 mL of 5% trichloroacetic acid and stirred for 1 h at

room temperature (28 ± 1 �C), then centrifuged at

10,000 g for 15 min at 4 �C. The supernatants were col-

lected and filtered through a 0.22 lm PTFE membrane

filters. FAAs derivatised with the OPA/FMOC reagent

were analysed on HPLC (Elite Lachrom 2000, Hitachi,

Minato-ku, Tokyo, Japan) equipped with a Zorbax Eclipse

AAA column (C18, 4.6 9 150 mm, 3.5 lm, Agilent

Technologies, California, USA). The column heater was
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set at 35 �C, and the mobile phase flow rate was main-

tained at 1.5 mL�min-1. Eluent A was 40 mM Phosphate

buffer pH 7.8, and eluent B was methanol/Acetonitrile/

Water (45/45/10). The nonlinear separation gradient was

0–18.1 min (57% B), 18.60 min (100% B), 22.30 min

(100% B); 23.20 min (0% B) and 26.00 min (0% B). The

amino acids were monitored at 334 nm except for proline,

which was detected at 262 nm. Amino acids were identi-

fied and quantified by comparing with the authentic stan-

dard amino acid mixture. The amino acid content was

expressed as g/kg protein.

Determination of 50-nucleotide content

The 50-nucleotide analysis was performed according to the

method of Pei et al. (2014) with slight modifications.

Hydrolysate samples (100 mg) were suspended in 20 mL

of ultrapure water and stirred for 2 h at room temperature

then heat at 90 �C for 1 min. Mixtures were centrifuged at

6,000 g for 30 min at 4 �C. Supernatants were collected

and filtered through a 0.45 lm PTFE membrane. Filtrates

were used for determination of 50-nucleotides using HPLC

(Elite Lachrom 2000, Hitachi, Minato-ku, Tokyo, Japan)

equipped with a 250 9 4.60 mm, 5 lm C18 column

(Gemini, Phenomenex, USA), and a diode array detector

set at 254 nm. The separation of 50-nucleotides was carried
out using methanol and 0.05% phosphoric acid at the ratio

of 5:95 (v/v) as an isocratic mobile phase. The separation

of 50-nucleotides was carried out at a flow rate of

1 mL min-1 for 30 min. Authentic 50-nucleotide standards
were used for identification and quantification of individual

50-nucleotide. 50-nucleotide content was expressed as g/kg

protein.

Equivalent umami concentration (EUC)

The EUC value (g MSG/100 g) represents MSG (mono-

sodium glutamate) and 50-nucleotide concentrations that

express the umami intensity in food. The EUC value (g

MSG/100 g) was determined following the equation

described by Yamaguchi (1991).

Y ¼ aibi þ 1218
X

aibi

� � X
ajbj

� �
ð2Þ

where Y is the EUC of the mixture in g MSG/100 g; ai is

the concentration (g/100 g LRH hydrolysates) of each

umami amino acid [Aspartic acid (Asp) or glutamic acid

(Glu)]; aj is the concentration (g/100 g LRH hydrolysates)

of each flavour 50-nucleotide [50-inosine monophosphate

(50-IMP), 50-guanosine monophosphate (50-GMP), or 50-
adenosine monophosphate (50-AMP)]; bi is the relative

umami concentration (g/100 g LRH hydrolysates) for each

umami amino acid to MSG (Glu, 1; Asp, 0.077); bj is the

relative umami concentration (g/100 g LRH hydrolysates)

for flavour 50-nucleotide to 50-IMP (50-IMP, 1; 50-GMP,

2.3; 50-AMP, 0.18); and 1218 is a synergistic constant

based on the concentration (g/100 g LRH hydrolysate)

used. EUC was expressed as g/kg protein.

Determination of antioxidant activities

DPPH radical scavenging activity The DPPH radical

scavenging activity of LRH hydrolysates was carried out as

described by Shimada et al. (1992).

Ferric reducing antioxidant power (FRAP) The FRAP

test was carried out according to the method of Benzie and

Strain (1999).

Oxygen radical absorbance capacity (ORAC) assay

ORAC assay was performed as per the method of Dávalos

et al. (2004).

Statistical analysis

Statistical analysis of data was performed using the Sta-

tistica software Version 10 (StatSoft, Tulsa, USA). All

experiments were run in triplicate, and a completely ran-

domised design (CRD) was used. Data were subjected to

analysis of variance (ANOVA). Comparison of the means

was carried out by Duncan’s multiple range test at a sig-

nificance level of p\ 0.05.

Results and discussion

Effect of pretreatments and proteases on the degree

of hydrolysis (DH)

DH is a parameter used to evaluate the degree of protein

breakdown. The effects of different pretreatments (US,

MW, and HT), pretreatment time (5, 10 and 15 min) and

proteases (protamex, neutrase and flavourzyme) on DH of

LRH protein are shown in Fig. 1a–c. It has been noticed

that the pretreatment time and the type of protease have

influenced the DH significantly and ranged from 6.16 to

23.53%. US, MW and HT pretreatments showed the dif-

ferent effects on DH value. Indeed, application of MW

pretreatment for 5 min caused a sharp increase in DH

compared to the control, regardless of the enzyme tested.

The increase of the pretreatment time from 5 to 10 min

have no significant effect on DH value (p[ 0.05). How-

ever, an extension of the MW pretreatment time to 15 min

resulted in a decrease in the DH (p\ 0.05). The decrease

in DH after 10 min could be due to the aggregation of the

LRH proteins via the formation of covalent bonds.
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Aggregation of LRH protein leads to the masking of

enzyme binding sites and hence decreased in the DH of

LRH protein. It has been reported that application of

microwave treatment for a long time caused the aggrega-

tion of serum albumin (de Pomerai et al. 2003). In the case

of the US pretreatment, the increase of the pretreatment

time from 0 to 15 min caused a gradual increase in the DH

value. In contrast, the HT pretreatment brought out a sig-

nificant decrease in DH throughout the pretreatment time

compared to the control sample, irrespective of the type of

protease. The increase in the DH indicates that the US and

MW pretreatments might have caused the destroying of the

interactions between the native sequence stretches of the

amino acids resulting in the unfolding of the LRH proteins

and exposing the enzyme binding sites at greater extents.

The exposure of a large number of enzyme binding sites

resulted in more hydrolysis of peptide bonds and, thus an

increase in the DH. Uluko et al. (2013) also reported that

the US and MW pretreatments increased the DH of milk

protein. The decrease in the DH of the heat pretreated

sample is probably related to the masking of enzyme

binding sites caused by denaturation of the proteins via

covalent bond formation, making the LRH proteins less

sensitive to hydrolysis. A similar result was observed by

Guérard et al. (2001), when tuna wastes were preheated,

the decrease in the enzymatic hydrolysis rate was noticed.

Overall, both US and MW render the protein more sensi-

tive to the enzyme hydrolysis while the heating pretreat-

ment declined the DH of LRH protein. On the other hand,

the DH of LRH hydrolysates was highly influenced by the

type of enzyme. Hydrolysates prepared by flavourzyme

possessed the highest DH as compared to neutrase and

protamex for all samples (p\ 0.05). Nevertheless, for the

heat pretreated samples, neutrase showed slightly higher

DH than protamex. The results indicate that flavourzyme

has a high affinity towards the LRH proteins compared to

neutrase and protamex, resulting in the cleavage of a large

number of the peptide bonds. Indeed, the enzyme prepa-

rations used herein contain several proteinases with dif-

ferent affinities towards LRH protein. Indeed flavourzyme

is a mixture of endopeptidase and exopeptidase that gives it

the ability to hydrolyse a large number of peptide bonds

and, hence possessed a higher DH. Previous studies have

revealed that flavourzyme is active in the hydrolysis of the

animal as well as plant based-proteins (Merz et al. 2015;

Neves et al. 2017). The difference in the DH of LRH

protein hydrolysates might have an impact on the recovery

yield, umami amino acid content, equivalent umami con-

centration and antioxidant activities of LRH hydrolysates.
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Fig. 1 Degree of hydrolysis of LRH with protamex (a), Degree of

hydrolysis of LRH with neutrase (b); Degree of hydrolysis of LRH

with flavourzyme (c); Nitrogen recovery yield (NRY) of LRH with

protamex (d) Nitrogen recovery yield of LRH with neutrase (e) and
Nitrogen recovery yield of LRH with flavourzyme (f). LRH: Labeo

rohita head. Results are expressed as the mean ± standard deviation

(n = 3). Values followed by different superscript lowercase letters on

the bars mean statistically significant differences (p\ 0.05). CT:

control; US: ultrasound pretreated sample; MW: microwave pre-

treated sample; and HT: heat pretreated sample
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Effect of pretreatments and proteases on nitrogen

recovery yield (NRY)

The effects of the pretreatments and protease type on the

NRY of hydrolysates from LRH is presented in Fig. 1d–f.

The NRY of the hydrolysates was also influenced by the

pretreatment time, the type of pretreatment and protease

investigated. The NRY of the LRH protein hydrolysate

range from 32.24 to 69.75%. Application of the pretreat-

ments (the US, MW, and HT) has significantly affected the

NRY of LRH protein hydrolysate (p\ 0.05). Overall, the

increase in US pretreatment time from 0 to 15 min resulted

in a gradual rise in the NRY, regardless of the type of

enzyme used. Concerning the MW pretreatment, the NRY

sharply increased with the increase of the pretreatment time

from 0 and 10 min, regardless of the type of the enzyme

used. However, a significant decrease in the NRY was

observed when the MW pretreatment time was extended to

15 min (p\ 0.05). In contrast, the increase of the HT

pretreatment time from 0 to 15 min caused a gradual

decline in the NRY. The increase in the NRY of the MW

and US hydrolysates is probably due to the substantial

disintegration of proteins by the US and MW irradiations

and thereby increased in the hydrolysis of the peptide

bonds. Meanwhile, the drop in the NRY of the HT

hydrolysates could be attributed to the resistance of the

heat-denatured aggregated proteins to the enzymatic

hydrolysis. This result is in agreement with the lower DH

of the HT hydrolysates. Batista et al. (2009) reported that

cooking of the sardines prior to enzymatic hydrolysis

reduced the NRY. Among the proteases tested, the

hydrolysate produced by protamex showed the highest

NRY followed by neutrase and flavourzyme, respectively

for all pretreated and control LRH samples. Although fla-

vourzyme yielded the highest DH, the NRY was low. This

could be explained by the fact that flavourzyme is partially

composed of exopeptidase, which is mainly involved in the

release of free amino acids while protamex and neutrase

are consists of endoenzymes which can release a broad

number of large molecular weight peptides, as evidenced

by the result of the molecular distribution of the LRH

protein hydrolysates (Table S1). Liaset et al. (2002) also

found that the enzymatic hydrolysis of Atlantic salmon

(Salmo salar, L.) frames by protamex has given a high

NRY (76%). Therefore, in terms of NRY, the US or MW

pretreatment followed by the protamex hydrolysis of the

LRH could be an effective combination. Based on the

results of the NRY, the protein hydrolysate extracted from

5 min MW pretreated LRH, 15 min US pretreated LRH,

5 min heat pretreated LRH and untreated LRH was used

for the subsequent study.

Effect of pretreatments on free amino acid content

(FAA)

The influence of the pretreatments and protease type on the

release of MSG-like and total free amino acids (TFAAs)

from LRH is illustrated in Table 1. TFAAs and MSG-like

amino acids were ranged from 11.20 to 32.12 g/kg protein

and from 0.73 to 3.31 g/kg protein, respectively. The

contents of TFAAs in LRH hydrolysates were affected by

both pretreatments and type of protease investigated. It was

postulated that the MSG-like taste arises from the free

aspartic acid and glutamic acid (Phat et al. 2016). US and

MW hydrolysates showed a higher content in TFAAs and

MSG-like amino acid than CT hydrolysate and HT

hydrolysate, respectively, irrespective of the protease used

(p\ 0.05). This result suggests that US and MW pre-

treatments have made favourable modifications in the

confirmation of LRH proteins, which has led to the pro-

nounced proteolysis and thus to the release of a large

amount of the FAAs. The result is in agreement with the

higher DHs of the US and MW hydrolysates, compared to

the control sample (Fig. 2a). Furthermore, US hydrolysate

presented a higher in TFAAs and MSG-like amino acid

contents compared to MW hydrolysates, regardless of the

type of enzyme (p\ 0.05). This result indicates that the

US pretreatment promotes the hydrolysis of a larger

number of peptide bonds than MW pretreatment, and

consequently release of a larger amount of FAAs. Con-

versely, application of the HT pretreatment resulted in the

decrease in TFAAs content of the LRH protein hydrolysate

as well as the MSG-like amino acid content over the

control, regardless of the protease type used. This obser-

vation could be due to the formation of heat-induced

aggregations of proteins, resulting in the poor accessibility

of peptide bonds. Of the proteases tested, flavourzyme

produced the highest TFAAs and MSG-like amino acid

contents in LRH hydrolysates compared to other proteases,

irrespective of pretreatment tested (p\ 0.05). As men-

tioned previously, flavourzyme contains both endopepti-

dase and exopeptidase activities. Exopeptidase contained in

flavourzyme cleaves the terminal amino acid residues of

the polypeptide chains, thereby releasing a large amount of

FAAs compared to neutrase and protamex, which are

consisted solely of endopeptidases. Generally, flavourzyme

is used to produce the flavour amino acids and peptides

from proteins (Berends et al. 2014; Merz et al. 2015). The

highest MSG-like amino acid content (3.31 g/kg protein)

and TFAAs (31.12 g/kg protein) were obtained by the

USFL hydrolysate (p\ 0.05). Therefore, these results

suggested that US or MW pretreatment followed by the

flavourzyme hydrolysis promotes the hydrolysis of LRH

proteins and the release of a large amount of free MSG-like

amino acids.
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Table 1 Free amino acid content (g/kg protein) of LRH protein hydrolysates

Amino acid CT MW

Protamex Neutrase Flavourzyme Protamex Neutrase Flavourzyme

CTPT CTNT CTFL MWPT MWNT MWFL

Aspartic acid 0.78 ± 0.07aB 1.00 ± 0.13ab 1.13 ± 0.07b 0.83 ± 0.01aAB 1.17 ± 0.02b 1.39 ± 0.05c

Glutamic acid 0.98 ± 0.09aB 1.11 ± 0.08aB 1.42 ± 0.11bB 1.03 ± 0.01aB 1.51 ± 0.15bC 1.71 ± 0.03bC

Serine 1.05 ± 0.06abB 0.90 ± 0.03aB 1.12 ± 0.04bB 0.99 ± 0.04aC 0.93 ± 0.01aB 1.33 ± 0.01bC

Histidine 1.12 ± 0.03aA 1.55 ± 0.01cB 1.43 ± 0.03bB 1.50 ± 0.12aB 1.74 ± 0.06aC 1.83 ± 0.01bC

Glycine 0.91 ± 0.03aB 0.96 ± 0.03aC 1.48 ± 0.07bB 1.61 ± 0.01bC 0.82 ± 0.01aB 1.66 ± 0.03bBC

Threonine 1.54 ± 0.02bD 1.02 ± 0.02aA 1.28 ± 0.09abA 1.18 ± 0.01aB 1.04 ± 0.9aA 1.58 ± 0.02bA

Arginine 1.33 ± 0.02bB 2.09 ± 0.07cB 0.78 ± 0.04aA 1.03 ± 0.03aA 2.33 ± 0.07bB 1.12 ± 0.01aB

Alanine 1.45 ± 0.15aB 1.90 ± 0.20abB 2.10 ± 0.17bB 1.72 ± 0.08aC 2.04 ± 0.06bB 2.14 ± 0.02bB

Tyrosine 1.09 ± 0.01bB 0.83 ± 0.05aB 1.50 ± 0.14aD 1.41 ± 0.12bC 0.98 ± 0.03aC 1.85 ± 0.09aC

Cysteine 0.28 ± 0.05aB 0.17 ± 0.02aB 0.21 ± 0.01aA 0.34 ± 0.03bB 0.24 ± 0.03aC 0.31 ± 0.02abA

Valine 4.75 ± 0.58cB 2.39 ± 0.10aB 2.98 ± 0.06bB 5.09 ± 0.01cB 2.78 ± 0.02aC 3.25 ± 0.07bC

Methionine 0.96 ± 0.04aB 1.17 ± 0.09bB 0.73 ± 0.05aB 1.39 ± 0.03bC 1.49 ± 0.01bC 1.16 ± 0.03aC

Phenylalanine 1.17 ± 0.07bB 0.73 ± 0.4aB 0.72 ± 0.06aA 1.30 ± 0.07cB 1.13 ± 0.03aD 1.26 ± 0.06abC

Isoleucine 1.29 ± 0.03aB 1.46 ± 0.08abC 1.68 ± 0.12bB 1.23 ± 0.08aAB 1.22 ± 0.03aB 2.13 ± 0.07bC

Leucine 2.47 ± 0.22aB 3.23 ± 0.10bB 3.29 ± 0.14bB 2.81 ± 0.20aB 3.55 ± 0.10bB 3.88 ± 0.03bC

Lysine 1.20 ± 0.05aB 1.37 ± 0.09cB 1.55 ± 0.13bB 1.33 ± 0.02aB 1.80 ± 0.03cB 2.40 ± 0.10bC

Proline 1.25 ± 0.06aA 0.93 ± 0.07aB 1.89 ± 0.09bB 1.61 ± 0.02aB 1.44 ± 0.05aC 2.32 ± 0.07bC

Tryptophan 0.72 ± 0.03aB 0.96 ± 0.08bB 1.18 ± 0.01cA 1.15 ± 0.06aC 1.25 ± 0.05abC 1.46 ± 0.09bB

MSL FAAs 1.84 ± 0.12aB 2.11 ± 0.21abB 2.55 ± 0.17bB 1.86 ± 0.02aC 2.68 ± 0.13bC 3.10 ± 0.08cC

Sweet FAAs 9.50 ± 0.30cB 6.20 ± 0.20aB 8.75 ± 0.15abB 10.47 ± 0.09cC 7.02 ± 0.08aC 10.14 ± 0.02bC

Bitter FAAs 8.82 ± 0.20aB 9.92 ± 0.08bB 10.52 ± 0.23cB 10.78 ± 0.26aC 11.32 ± 0.16aC 13.56 ± 0.18bD

TL FAAs 2.28 ± 0.04aB 2.19 ± 0.14aB 3.05 ± 0.27bB 2.74 ± 0.10aC 2.78 ± 0.03aC 4.09 ± 0.09bC

Total FAAs 23.60 ± 0.48aB 22.77 ± 0.06aB 25.29 ± 0.58bB 26.39 ± 0.13aC 26.18 ± 0.11aC 31.15 ± 0.12bC

Amino acid US HT

Protamex Neutrase Flavourzyme Protamex Neutrase Flavourzyme

USPT USNT USFL HTPT HTNT HTFL

Aspartic acid 0.89 ± 0.01aB 1.05 ± 0.03b 1.41 ± 0.0.01c 0.28 ± 0.03aA 0.27 ± 0.02a 0.36 ± 0.02b

Glutamic acid 1.41 ± 0.09bC 1.26 ± 0.01aB 1.91 ± 0.05cC 0.58 ± 0.03aA 0.46 ± 0.00aA 0.92 ± 0.08bA

Serine 0.87 ± 0.00aC 0.96 ± 0.05aB 1.64 ± 0.06bD 0.18 ± 0.02bA 0.08 ± 0.01aA 0.56 ± 0.07cA

Histidine 1.15 ± 0.06aA 2.10 ± 0.06cD 1.78 ± 0.06bC 0.99 ± 0.05cA 0.36 ± 0.07aA 0.63 ± 0.04bA

Glycine 1.82 ± 0.23bC 0.89 ± 0.02aBC 1.82 ± 0.14bC 0.14 ± 0.02aA 0.64 ± 0.06cA 0.22 ± 0.02bA

Threonine 1.30 ± 0.02aC 1.10 ± 0.22aA 2.65 ± 0.12bB 0.82 ± 0.03aA 0.65 ± 0.02aA 1.36 ± 0.21bA

Arginine 1.13 ± 0.09aAB 2.15 ± 0.20bB 1.33 ± 0.12aC 1.18 ± 0.02bAB 0.72 ± 0.02aA 1.37 ± 0.07cC

Alanine 1.56 ± 0.03aBC 2.17 ± 0.16bB 2.28 ± 0.01bB 0.34 ± 0.03aA 1.03 ± 0.04bA 1.17 ± 0.14bA

Tyrosine 1.45 ± 0.06bC 0.97 ± 0.03aC 1.60 ± 0.12aD 0.60 ± 0.02bA 0.59 ± 0.04abA 0.86 ± 0.04aA

Cysteine 0.35 ± 0.01bB 0.20 ± 0.01aBC 0.26 ± 0.06abA 0.14 ± 0.02aA 0.11 ± 0.00aA 0.23 ± 0.03bA

Valine 5.02 ± 0.38bB 2.92 ± 0.02aC 3.25 ± 0.08aC 1.73 ± 0.08bA 1.53 ± 0.13abA 1.36 ± 0.02aA

Methionine 1.40 ± 0.01bC 1.37 ± 0.20aC 1.22 ± 0.01aC 0.55 ± 0.01bA 0.64 ± 0.03cA 0.31 ± 0.02aA

Phenylalanine 1.74 ± 0.05bC 0.97 ± 0.01aC 0.94 ± 0.01aB 0.96 ± 0.06cA 0.25 ± 0.03aA 0.73 ± 0.03bA

Isoleucine 1.82 ± 0.20aC 1.83 ± 0.06aD 2.21 ± 0.02bD 1.13 ± 0.02bA 0.40 ± 0.02aA 1.27 ± 0.06cA

Leucine 2.78 ± 0.16aB 3.62 ± 0.21bB 3.33 ± 0.15bB 1.86 ± 0.02aA 2.01 ± 0.22aA 2.19 ± 0.10aA

Lysine 1.36 ± 0.14aB 1.84 ± 0.15bB 2.17 ± 0.21bD 0.60 ± 0.07aA 0.78 ± 0.06bA 0.97 ± 0.03abA

Proline 1.78 ± 0.12aB 1.57 ± 0.02aC 2.28 ± 0.16bC 0.98 ± 0.03bA 0.69 ± 0.06aA 1.14 ± 0.07bA

Tryptophan 1.04 ± 0.04aC 1.37 ± 0.08bC 1.51 ± 0.11bB 0.49 ± 0.03aA 0.65 ± 0.7aA 1.15 ± 0.07bA

MSL FAAs 2.08 ± 0.13aC 2.31 ± 0.01aC 3.31 ± 0.06bC 0.86 ± 0.05bA 0.73 ± 0.03aA 1.38 ± 0.09cA

Sweet FAAs 10.78 ± 0.47bC 7.43 ± 0.11aC 11.65 ± 0.11bD 3.84 ± 0.11aA 3.59 ± 0.27aA 5.24 ± 0.03bA
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Effect of pretreatments on 50-nucleotide content

The effects of pretreatments and protease type on 50-nu-
cleotides content of LRH protein are displayed in Table 2.

In general, fishes are rich in 50-nucleotides (50-AMP, 50-
GMP, 50-CMP, 50-UMP and 50-IMP) which contributes to

umami taste sensation (Phat et al. 2016). 50-AMP, 50-IMP

and 50-GMP are considered as flavour 50-nucleotides owing
to their contribution to umami taste. In all samples, the

main 50-nucleotide was 50-AMP (3.07–3.96 g/kg), followed

by 50-GMP (0.40–0.55 g/kg), 50-IMP (0.32–0.48 g/kg), 50-
CMP (0.21–0.47 g/kg) and 50-UMP (0.07–0.10 g/kg),

respectively. The total 50-nucleotide and flavour 50-nu-
cleotide contents of LRH hydrolysates ranged from 4.06 to

5.30 g/kg protein and 3.75 to 4.81 g/kg protein, respec-

tively. Overall, the pretreated hydrolysates showed a higher

content in both total 50-nucleotide and flavour 50-nucleotide
as compared to the control, irrespective of the protease type

tested. Moreover, the HT and US hydrolysates showed

higher contents in flavour and total 50-nucleotides com-

pared to MW pretreatment (p\ 0.05). The result suggested

that all pretreatments enhanced the extraction of the flavour

50-nucleotides and total 50-nucleotides. Yue et al. (2016)

observed an increase in flavour 50-nucleotide contents of

the crabs subjected to high hydrostatic pressure. Con-

versely, Poojary et al. (2017) have reported that the pro-

tease hydrolysis of mushrooms had no impact on the

extraction of the flavour 50-nucleotides. In contrast, the

heating of the mushrooms at a temperature higher than

70 �C was required for the effective extraction of the fla-

vour 50-nucleotides (Poojary et al. 2017). The highest fla-

vour 50-nucleotide content (4.81 g/kg protein) was obtained

by USFL hydrolysate (p\ 0.05). According to Yang et al.

(2016), flavour 50-nucleotides content can be classified as

high ([ 5 g/kg), medium (5–1 g/kg), and low (\ 1 g/kg).

Among LRH protein hydrolysates produced, all US and HT

hydrolysates were classified in the high range while all CT

and MW hydrolysates were classified in the medium range.

Therefore, US and HT pretreatments can be used to

enhance the flavour 50-nucleotide and total 50-nucleotide
contents of LRH hydrolysates.

Effect of pretreatments on equivalent umami

concentration (EUC)

EUC value is used to determine the characteristic umami

taste of food. It has been reported a high correlation

between the EUC value and the human sensory evaluation

score (Phat et al. 2016). The association of the flavour 50-
nucleotides and MSG-like amino acids, enhance the umami

taste of the food by a synergistic effect. The effects of the

pretreatments and the type of protease on the EUC values

of the LRH hydrolysates is shown in Table 2. It was

observed that EUC values of LRH hydrolysates were

influenced by both pretreatments and protease type used

and ranged from 10.15 to 41.82 g MSG/kg protein. In

comparison with the control, the MW and US pretreat-

ments increased the EUC values of the LRH hydrolysates,

while the HT pretreatment decreased its value (p\ 0.05),

regardless of the protease type used. This result indicates

that the US and MW pretreatments enhanced the umami

taste compound content of the LRH hydrolysates. Fur-

thermore, EUC of US hydrolysates presented was higher

than that of MW hydrolysates for the same protease used.

Regardless of the pretreatments, the flavourzyme showed

the highest EUC values of hydrolysates than neutrase and

protamex enzymes (p\ 0.05). The result suggested that

the flavourzyme is the effective protease for improving the

umami taste content of the LRH hydrolysates. The USFL

hydrolysates yielded the highest EUC value (41.82 g MSG/

Table 1 continued

Amino acid US HT

Protamex Neutrase Flavourzyme Protamex Neutrase Flavourzyme

USPT USNT USFL HTPT HTNT HTFL

Bitter FAAs 11.37 ± 0.24aC 12.22 ± 0.38aD 12.63 ± 0.02bC 6.58 ± 0.15bA 4.89 ± 0.36aA 7.15 ± 0.30bA

TL FAAs 2.81 ± 0.08aC 2.80 ± 0.18aC 3.77 ± 0.09bC 1.2 ± 0.05aA 1.37 ± 0.10aA 1.83 ± 0.01bA

Total FAAs 27.80 ± 0.09bD 26.96 ± 0.03bD 32.12 ± 0.13bD 13.04 ± 0.04bA 11.20 ± 0.49bA 16.85 ± 0.16bA

Values are expressed as the mean ± SD (n = 3). Different lowercase letters in the same row within the same pretreatment including control

indicate significant difference (p B 0.05). Different superscript capital letters in the same row within the same protease indicate significant

difference (p B 0.05)

MSG-like FAAs (Glutamic acid ? Aspartic acid); bitter FAAs (Valine ? Methionine ? Isoleucine ? Leucine ? Phenylalanine ? His-

tidine ? Tryptophan ? Arginine); Sweet FAAs (Glycine ? Serine ? Threonine); and TL FAAs (Cysteine ? Tyrosine ? Lysine)

CT control, US ultrasound pretreated sample, MW microwave pretreated sample, HT heat pretreated sample, FAAs free amino acids, MSL MSG-

like, TL tasteless
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kg protein) while the lower EUC value was obtained by

HTNT hydrolysate (p\ 0.05). Based on their EUC values,

samples can be classified into four levels according to Mau

et al. (1997), level 1 ([ 100 g MSG/kg dry weight), level 2

(10–100 g MSG/kg dry weight), level 3 (1–10 g MSG/kg

dry weight) and level 4 (\ 1 g MSG/kg dry weight).

Therefore, all LRH hydrolysates are classified in the sec-

ond level. Thus, US pretreatment followed by flavourzyme

hydrolysis of LRH is the promising method for enhance-

ment of the umami taste compound content in LRH

hydrolysate.

Effect of pretreatments on antioxidant activities

The effects of different pretreatments and protease type on

DPPH, ORAC and FRAP activities of LRH hydrolysates

are displayed in Fig. 2. It has been noted that antioxidant

properties of produced LRH hydrolysates have been

influenced by both pretreatments as well as the type of

protease investigated. The antioxidant activities of protein

hydrolysate are not reliant on only a single mechanism.

Protein hydrolysates contain various antioxidant peptide

sequences with different mechanisms of action. Some

antioxidant peptides are more effective as radical scav-

engers or sequester, and other are metal chelating or

reducing. Therefore, various antioxidant assays are needed

to assess the antioxidant properties of protein hydrolysates.

In the present study, variation in the DPPH, ORAC and

FRAP activities has been observed with the respective

pretreatment and type of protease used. US Hydrolysates

exhibited the highest DPPH activities than other hydro-

lysates at all proteases used, indicating that the US pre-

treatment was effective to generate a large number of

hydrogen donors peptides, which could react with free

DPPH radicals and convert them to more stable com-

pounds. When compared the proteases, hydrolysates pre-

pared by neutrase showed the highest DPPH activity. The

highest DPPH scavenging activity (12.31 TE/g hydro-

lysate) was obtained by USNT hydrolysate. Similarly, the

US hydrolysates evinced the higher ORAC values, while

HT hydrolysates presented the lowest ORAC values,

regardless of the protease type used. Nonetheless, no sig-

nificant difference was observed between the MW hydro-

lysates and the CT hydrolysate, irrespective of the enzyme

used (p[ 0.05). Further, neutrase showed higher ORAC

values for the US hydrolysates. The USNT hydrolysate

obtained the highest ORAC value (818.2 lmol T E/g

protein). In the case of FRAP values, protamex had a

higher value for US, MW and CT hydrolysates, compared

to other proteases. The highest FRAP value was noticeable

for MWPT hydrolysate (132.33 TE/g protein), followed by

USPT hydrolysate (119.61 TE/g hydrolysate) and CTPT

hydrolysate LRH (91.24 TE/g protein), respectively. In

general, the US and MW pretreatments improved the

antioxidant activities of LRH hydrolysates, whereas the HT

pretreatment waned the antioxidant activities of LRH

hydrolysates when compared to the control samples,

regardless of the protease type used. The improvement of

B

C

Ba
Cb

Da

Aa

Bb
ABc

Cb

Ab

Aa
Ba

Db

Cb

0

2

4

6

8

10

12

14

CT MW US HT

D
PP

H
 (µ

M
 T

E/
g 

pr
ot

ei
n)

Pretreatment 

Protamex Neutrase Flavourzyme

Bb Bb
Cb

Aa

Ba Ba

Cc

Ab

Bb BCb Ca

Ab

0
100
200
300
400
500
600
700
800
900

CT MW US HT

O
R

A
C

 (µ
M

 T
E 

/g
 p

ro
te

in
)

Pretreatment

Protamex Neutrase Flavourzyme

Bc

Db
Cb

AaBb
Aa

Ca Ba
Aa Aa

Ba

Aa

0

20

40

60

80

100

120

140

160

CT MW US HT

FR
A

P 
(u

M
 T

E/
 g

 p
ro

te
in

)

Pretreatment

Protamex Neutrase Flavourzyme

A

Fig. 2 Radical scavenging activity (DPPH), ferric reducing antiox-

idant power activity (FRAP) and oxygen radical absorbance capacity

activity (ORAC) activities of the untreated and pre-treated Labeo

rohita head protein hydrolysates. a DPPH, b ORAC and c FRAP.

Results are expressed as the mean ± standard deviation (n = 3).

Values followed by different superscript lowercase letters on the bars

within the same pre-treatment mean statistically significant differ-

ences (p\ 0.05) among different enzymes, values followed by

different superscript capital letters on the bars for the same enzyme

mean statistically significant differences (p\0.05) among different

pretreatments. CT: control; US: ultrasound pretreated sample; MW:

microwave pretreated sample; and HT: heat pretreated sample
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antioxidant activities by the US and MW pretreatments was

more likely associated with the exposure of hydrophobic

interaction sites of the LRH protein to proteases at a greater

extent due to unfolding or rearrangement of the LRH

protein, as a consequence speed up the hydrolysis rate and

release a large number of peptides with high antioxidant

activity (Jiménez-Ruiz et al. 2013). US pretreatment has

been reported to improve the antioxidant activity of milk

protein better than MW and HT pretreatments (Uluko et al.

2013). On the other hand, the decrease in antioxidant

activities of the HT hydrolysates was probably due to the

low proteolysis of the heat-denatured LRH proteins,

resulted in a small number of antioxidant peptides released.

Similarly, Uluko et al. (2015) reported that heating had

decreased the antioxidant activity of milk protein hydro-

lysates. Also, LRH hydrolysates produced by neutrase and

protamex exhibited better antioxidant activities, followed

by flavourzyme. Overall, it was observed that each protease

showed their potency towards the generation of specific

antioxidant potential peptides from LRH. Jun et al. (2004),

proposed that the antioxidant property of protein hydro-

lysates depends largely on the type of protease used for

hydrolysis of proteins. Further, it was postulated that the

antioxidant activity of protein hydrolysates is dependent

not only on the peptide size but also to a greater extent on

their sequences, evidenced the importance of the specificity

of the enzyme used.

Conclusion

The results of the present investigation showed that the US

or MW pretreatment could be an effective pretreatment to

enhance the protein recovery, MSG-like amino acids and

flavour 50-nucleotide contents, equivalent umami concen-

tration (EUC) and the antioxidant activities of LRH protein

hydrolysates. On the other hand, HT pretreatment had a

negative impact on the enzymatic hydrolysis, protein

recovery and antioxidant potential of LRH hydrolysate. US

hydrolysates displayed the higher antioxidant potential

Table 2 50-nucleotide (g/kg protein) and equivalent umami concentration (EUC) content (g/kg protein) of LRH hydrolysates

50-Nucleotides CT MW

Protamex Neutrase Flavourzyme Protamex Neutrase Flavourzyme

CTPT CTNT CTFL MWPT MWNT MWFL

50-Amp 3.21 ± 0.29aA 3.01 ± 0.14aA 3.07 ± 0.22aA 3.25 ± 0.30aA 3.34 ± 0.07aB 3.55 ± 0.28bAB

50-Cmp 0.22 ± 0.02aA 0.23 ± 0.03aA 0.21 ± 0.02aA 0.31 ± 0.03bB 0.36 ± 0.02bB 0.22 ± 0.01aA

50-Gmp 0.46 ± 0.04aA 0.40 ± 0.02aA 0.41 ± 0.07aA 0.55 ± 0.02aB 0.50 ± 0.07aB 0.52 ± 0.06aA

50-IMP 0.32 ± 0.03aA 0.34 ± 0.06aA 0.38 ± 0.05aA 0.38 ± 0.02aAB 0.36 ± 0.03aA 0.39 ± 0.07aA

50-Ump 0.08 ± 0.02aA 0.08 ± 0.01aA 0.07 ± 0.00aA 0.09 ± 0.01aA 0.08 ± 0.01aA 0.10 ± 0.01aA

FNT 3.98 ± 0.30aA 3.75 ± 0.15aA 3.86 ± 0.10aA 4.19 ± 0.31aAB 4.21 ± 0.02aB 4.45 ± 0.29aB

TNT 4.25 ± 0.30aA 4.06 ± 0.11aA 4.11 ± 0.13aA 4.58 ± 0.32aAB 4.65 ± 0.06aAB 4.76 ± 30aB

EUC 19.05 ± 0.75aB 20.01 ± 2.14aB 26.28 ± 1.78bB 23.82 ± 0.94aC 32.31 ± 0.48bC 37.69 ± 2.09cC

50-Nucleotides US HT

Protamex Neutrase Flavourzyme Protamex Neutrase Flavourzyme

USPT USNT USFL HTPT HTNT HTFL

50-Amp 3.75 ± 0.04bA 3.90 ± 0.01aC 3.96 ± 0.18bB 3.70 ± 0.36aA 3.85 ± 0.18aC 3.75 ± 0.226aB

50-Cmp 0.37 ± 0.03aB 0.39 ± 0.07aB 0.40 ± 0.05aB 0.47 ± 0.05aC 0.46 ± 0.12aB 0.39 ± 0.06aB

50-Gmp 0.48 ± 0.04aA 0.51 ± 0.04aB 0.49 ± 0.05aA 0.48 ± 0.07aA 0.50 ± 0.06aB 0.49 ± 0.05aA

50-IMP 0.40 ± 0.01aB 0.41 ± 0.04aA 0.42 ± 0.04aA 0.41 ± 0.04aB 0.41 ± 0.04aA 0.48 ± 0.03aA

50-Ump 0.09 ± 0.00aA 0.08 ± 0.01aA 0.09 ± 0.01aA 0.07 ± 0.00aA 0.07 ± 0.00aA 0.08 ± 0.01aA

FNT 4.79 ± 0.01aB 4.62 ± 0.07aC 4.81 ± 0.01aB 4.61 ± 0.33aAB 4.77 ± 0.19aC 4.72 ± 0.15aB

TNT 5.25 ± 0.05aB 5.09 ± 0.35aB 5.30 ± 0.10aC 5.15 ± 0.29aB 5.29 ± 0.25aB 5.19 ± 0.20aBC

EUC 30.08 ± 2.17aD 28.31 ± 2.25aB 41.82 ± 2.99bD 13.42 ± 0.64bA 10.15 ± 0.66aB 21.24 ± 1.85aC

Values are expressed as the mean ± standard deviation (n = 3). Different lowercase letters in the same row within the same pretreatment

including control indicate significant difference (p B 0.05). Different superscript capital letters in the same row within the same protease indicate

significant difference (p B 0.05)

CT control, US ultrasound pretreated, MW microwave pretreated, HT heat pretreated, 50-AMP 50-adenosine monophosphate, 50-CMP 50-cytosine
monophosphate, 50-GMP 50-guanosine monophosphate, 50-IMP 50-inosine monophosphate, 50-UMP 50-uridine monophosphate, FNT (Flavor 50-
nucleotide) 50-AMP ? 50-GMP ? 50-IMP, TNT total 50-nucleotides, EUC equivalent umami concentration
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than MW, HT and CT hydrolysates at all tested proteases.

Furthermore, a combination of US pretreatment and fla-

vourzyme produced the hydrolysate with the highest con-

tent of free amino acids, MSG-like amino acids, and total

50-nucleotide. However, protamex showed the highest

nitrogen recovery regardless of the pretreatment used. US

pretreatment combined with flavourzyme hydrolysis could

be a most effective method for the production of LRH

hydrolysate rich in the umami taste compounds and

antioxidant potential. Therefore, LRH hydrolysates can be

used as umami flavour enhancer or nutraceutical in food

formulation.
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