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To prepare dual-functional seasoning ingredients with a salty-umami taste, five proteases were applied to hy-
drolyze Monetaria moneta proteins, preparing enzymatic hydrolysates. Their taste compounds along with the
salty-umami taste, were investigated. The results revealed that enzymatic hydrolysis facilitated the release of
taste compounds from M. moneta. The whiteness and < 3 kDa peptides of enzymatic hydrolysates significantly
increased. Moreover, flavorzyme and protamex, with high DHs, could thoroughly hydrolyze the proteins,
generating the enzymatic hydrolysates abundant in taste compounds (e.g., amino acids, nucleotides) that syn-
ergistically provided a strong salty-umami taste. Saltiness and umami posed a strong positive correlation, with a
correlation coefficient exceeding 0.90, resulting in the highest levels of equivalent salty intensity (ESI = 80.05
gNaCl/L) and equivalent umami concentration (EUC = 84.56 gMSG/100 g) in the flavorzyme-treated hydroly-
sate, followed by the protamex-treated hydrolysate. In summary, these findings offer novel insights into pre-
paring dual-functional seasoning ingredients with a salty-umami taste, ideal for use in low-salt food production.

1. Introduction

Table salt is a principal ingredient in seasonings because it uniquely
enhances the taste and aroma of food by deodorizing, degreasing, and
amplifying their aromas (He & Tan, 2024; Taladrid et al., 2020).
Currently, the excessive reuse of diverse seasoning ingredients has led to
a dangerously high daily sodium intake, with worldwide averages fall-
ing between 3.54 and 4.72 g/day, which significantly exceeds the daily
limit of 2.0 g/day recommended by the World Health Organization
(WHO). This excessive intake poses a severe global public health crisis,
underscoring the need to curb sodium consumption. In response, the
WHO has proposed a strategy to reduce salt intake by 30 % before 2025
(Le et al., 2022; Wang, Huang, et al., 2023). However, the trend towards

“salt reduction without loss of salty taste” profoundly impacts seasoning
ingredients worldwide and causes to a huge impact on the food industry.
Moreover, the rise of “civilization diseases” and “wealth diseases”
directly threaten human health. Consequently, the demand for salty and
umami flavors is reaching new heights, increasingly prioritizing “foods’
taste” (Hu et al., 2021; Song et al., 2023).

In taste perception, salty and umami compounds interact comple-
mentary, and thus they establish a new platform that produces a com-
posite sensation known as the “salty-umami taste” (Hu et al., 2021; Song
et al., 2023). Furthermore, umami substances can enhance the percep-
tion of saltiness, reducing sodium intake, and thus synergistic umami
effect represents a potential approach to salt reduction (Li et al., 2024).
Recent studies have identified several salty peptides, such as Ala-Val,

Abbreviations: WHO, World health organization; DH, degree of hydrolysis; MW, molecular weight; HPLC, high-performance liquid chromatography; FAA, total
free amino acids; EAA, total essential amino acids; SAA, total salty amino acids; UAA, total umami amino acids; TAA, total sweet amino acids; BAA, total bitter amino
acids; AAA, total acids amino acids; HxR, Inosine; Hx, inosine; TNs, total nucleotides; TOAs, total organic acids; MSG, monosodium glutamate; TAV, taste activity
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Asn-Ser-Glu, Asn-Glu, Lys-Ser-Ala-Glu-Asn, Arg-Glu-Glu, and Lys-Glu-
Arg (Shen et al., 2022; Wang et al., 2024; Zhang et al., 2018). These
peptides are rich in acidic amino acids like aspartic and glutamic acids,
along with their sodium salts, which also exhibit a pronounced umami
taste. This dual functionality of peptides underscores their ability to
impart a strong salty-umami taste to food (Song et al., 2023). Conse-
quently, an increasing trend in the seasoning industry is developing
dual-functional seasoning ingredients with a strong salty-umami taste.
Bio-enzymatic technology is widely used to produce natural seasoning
ingredients because it can offer significant advantages such as mild re-
action conditions, controllable reaction directions, and low energy
consumption (Feng et al., 2024; Ildephonse et al., 2023). During enzy-
matic hydrolysis, proteins are cleaved and dissociated into a variety of
free amino acids, peptides, and other taste compounds that are readily
digestible and absorbable by the human body (Feng et al., 2024; Ilde-
phonse et al., 2023). These compounds synergistically enhance the salty-
umami flavor of food, allowing for reduced sodium intake without
compromising the intensity of salty and umami tastes (Feng et al., 2024;
Illdephonse et al., 2023; Zhang et al., 2018). Additionally, these taste
compounds can interact with each other and even modify other taste
formations, thereby creating a synergistic effect that intensifies the
salty-umami taste of food (Shen et al., 2022; Wang et al., 2024; Zhang
et al., 2018).

Monetaria moneta, a delicious edible shellfish, is a low-value marine
species abundant in the South China Sea. Its small size and complex
processing requirements often hinder its full utilization (Yuan et al.,
2018). In the southern coastal regions of Guangdong and Guangxi,
M. moneta is commonly used in soups, prized for its tasty meat and
abundant nutritional content. Notably, the edible parts of M. moneta are
high in proteins which can offer a complete amino acid profile, resulting
in its inclusion in the first classic work of traditional Chinese medicine,
“Shen Nong’s Herbal Classic,” almost two thousand years ago (Yuan
et al., 2018). However, there are relatively few publications about
M. moneta. Specifically, its high protein content renders it suitable for
preparing dual-functional seasoning ingredients with a robust salty-
umami taste.

As a result, we systematically evaluated the effects of different pro-
teases on the hydrolysis efficiency and taste compounds derived from
M. moneta and analyzed the salty and umami tastes of protein hydro-
lysates. Based on the characteristics of taste compounds in protein hy-
drolysates, we also investigated the relationship between salty and
umami tastes. This study offers a novel perspective on the relationship
between salty and umami tastes, aiming to provide dual-functional
seasoning ingredients with a robust salty-umami taste for use in low-
salt food production.

2. Materials and methods
2.1. Materials and chemical reagents

Fresh M. moneta was purchased from a local aquatic market in
Zhanjiang, Guangdong, China. After being washed and de-shelled, the
meat was removed, drained, and packed in sample bags. It was then
stored in a refrigerator at —20 °C.

Bromelain (300 U/mg), papain (10 U/mg), neutrase (100 U/mg),
flavourzyme (20 U/mg), protamex (120 U/mg), and nucleotide stan-
dards were purchased from Yuanye Bio-Technology Co., Ltd. (Shanghai,
China). Organic acids standards were obtained from Maclean
Biochemical Technology Co., Ltd. (Shanghai, China), while amino acid
standards were purchased from Sigma-Aldrich Co. Ltd. (St. Louis, MO,
USA). The remaining chemical reagents used in the experiments were of
analytical grade and sourced from the Chemical Reagent Factory in
Guangzhou, China.
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2.2. Preparation of protein hydrolysates

The preparation of protein hydrolysates was carried out according to
a modified version of the method described by Wang et al. (2022).
Specifically, 600 g of M. moneta meat was mixed with deionized water at
a mass-to-volume ratio of 1:3. After homogenization at a speed of
10,000 rpm for 5 min, the pH of the mixture was adjusted to 7.0. Sub-
sequently, the mixture was divided into six equal parts and subjected to
hydrolysis at 50 °C for 4 h with various proteases (bromelain, papain,
neutrase, flavourzyme, and protamex), and the proteases were added at
an enzyme-to-protein ratio of 3000 U/g. Following complete enzymatic
hydrolysis, the hydrolysates were immediately placed in boiling water
for 15 min to deactivate the enzymes. They were then centrifuged at
8000 g for 20 min and stored at —40 °C for further analysis. Control
experiments were conducted by following the same procedure but
omitting the proteases.

2.3. Determinations of the degree of hydrolysis (DH)

The content of a-amino nitrogen was determined through formal-
dehyde titration, while the protein content was assayed using an auto-
matic nitrogen analyzer (Kjeltec 8200, FOSS, Germany). This approach
was based on a method described by Wang et al. (2022) with modifi-
cations. The protein content of M. moneta was found to be 10.54 g/100 g
(wet weight). The total nitrogen content is typically estimated by
dividing the protein content by a conversion factor of 6.25 (Yang et al.,
2024). Subsequently, DH was calculated using formula (1), which de-
termines the percentage of a-amino nitrogen content relative to the total
nitrogen content.

T -T

DH
Py

x 100 @

In formula (1), T; and T, represent the a-amino nitrogen contents of
M. moneta and its protein hydrolysate, respectively; while P; denotes the
total nitrogen content of M. moneta.

2.4. Whiteness evaluation

After equilibrating at room temperature (25 °C) for 30 min, the
whiteness of protein hydrolysates was evaluated using a colorimeter
(Model NS800; 3NH Technology Co., Ltd., Shenzhen, China) (Zhang,
Liu, et al., 2024). The parameters L* (lightness), a* (red-green), and b*
(yellow-blue) were measured and the whiteness was calculated
following the formula (2).

Whiteness =100 —1/(100 — L')* + @' + b @

2.5. Determinations of molecular weight (MW) distribution

The MW distribution of protein hydrolysates was determined by
high-performance liquid chromatography (HPLC) (Wang et al., 2022).
After being filtered through a 0.22-pm membrane filter, the samples
were introduced into a chromatographic column [TSKgel G2000SWXL
(7.8 mm I.-D x 30 cm, C—No0.003HA02325H)]. The detection wave-
length was established at 220 nm, and a mixed solution (Acetonitrile:
water:trifluoroacetic acid = 20:80:0.1) was used as a mobile phase.
Protein standards of varying molecular weights [Insulin (5807.58 Da),
Bacitracin (1421.69 Da), Glycine-Glycine-Tyrosine-Arginine (451.48
Da), and Glycine-Glycine-Glycine (181.19 Da)] were utilized to generate
a standard curve which was plotted as y = —0.0763x + 4.3866 (R =
0.9944). From this data, the MW distribution of the protein hydrolysates
was calculated based on the retention times of the samples and ulti-
mately expressed as percentages.
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2.6. Determination of free amino acid (FAA) concentrations

The concentration of FAAs was analyzed based on a previous method
with some modifications (Chen et al., 2022). The supernatants obtained
in section 2.2 were filtered through a 0.45-pm membrane filter and then
separated by using a ZORBAX Eclipse-AAA column (4.6 x 150 mm, 3.5
pm) with detection wavelengths set at 338 and 266 nm. Additionally, 40
mM NaH,PO4 (pH 7.8) and a mixed solvent (Acetonitrile:methanol:
water = 45:45:10) were used as mobile phases A and B, respectively, in
the HPLC analysis. The amino acid contents were quantified using
calibration curves generated from authentic compounds relative to
external standards.

2.7. Determination of nucleotide and organic acid concentrations

The concentrations of nucleotides and organic acids were measured
using the methods described by Wang, Li, et al. (2023). After passing
through a 0.45-pm membrane filter, the solutions were introduced into a
COSMOSIL 5C18-MS-II column using HPLC (Agilent 1200, Agilent
Technologies, Santa Clara, CA, USA). The detection wavelength was set
at 220 nm, and mobile phases A and B consisted of 5 % of 0.1 % phos-
phoric acid and 95 % methanol solutions, respectively. The identity and
quantity of the compounds were finally determined by comparing the
retention times with those of standards and through calibration using
the standard curves.

2.8. Determination of betaine, glycogen, and small peptide concentrations

The concentration of betaine was measured using the Reinecke salt
crystallographic colorimetric method (Liu et al., 2024). The detection
wavelength was established at 525 nm using a spectrophotometer
(Thermo Spectronic Genesys 10UV, Thermo Fisher Scientific Inc., Wal-
tham, MA). The betaine concentration was determined by referencing a
standard curve, represented by the equation y = 11.024x-0.0056 (R? =
0.9984). Besides, the glycogen concentration was determined using the
phenol-sulphuric acid method (Liu et al., 2024). Absorbance measure-
ment was taken at 470 nm using a spectrophotometer, and a standard
curve was plotted by using glucose as a standard for measuring glycogen
concentration, given by y = 0.0035x + 0.0663 (R> = 0.9990).

Furthermore, to eliminate proteins, 20.0 mL of protein hydrolysates
were blended with an equivalent volume of a 10 % trichloroacetic acid
solution. After allowing the mixture to stand for 30 min, it was centri-
fuged at 4000 g for 15 min. Subsequently, the small peptide concen-
tration was determined using Lowry’s method. A standard curve was
established using bovine serum albumin, plotted as y = 0.5474x +
0.0096 (R* = 0.9995).

2.9. Determination of inorganic ion concentrations

Sodium (Na™) and potassium (K') in protein hydrolysates were
determined using inductively coupled plasma-optical emission spec-
troscopy (Thermo Fisher Scientific Inc., Cambridge, UK) (Liu et al.,
2024). Additionally, chlorides (C1™) were determined using the molyb-
denum blue spectrophotometric method reported in the study (Liu et al.,
2024).

2.10. Taste activity value (TAV) of taste compounds

Taste compounds with a TAV (taste activity value) > 1 are defined as
key taste compounds that can contribute significantly to the taste of
protein hydrolysates, while taste compounds with 0.1 < TAV < 1 exhibit
a modifying effect (Wang, Li, et al., 2023). The TAV is calculated using
the following equation. In formula (3), C; represents the concentration of
taste compounds (mg/L), and T; represents their corresponding
threshold value in water (mg/L).
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TVA; = ? 3

1
2.11. Sensory evaluation of salty and umami tastes

Quantitative descriptive analysis (QDA) was employed to conduct
the sensory evaluation of protein hydrolysates (Yang et al., 2022). The
intensities of salty and umami tastes were evaluated using a ten-point
scoring system, structured as follows: very weak (scoring between
0 and 2), weak (scoring between 2 and 4), medium (scoring between 4
and 6), strong (scoring between 6 and 8), and very strong (scoring be-
tween 8 and 10). This scoring rubric facilitated a precise quantification
of taste intensities. The salty/umami taste intensity of a 0.1 g/L NaCl/
MSG standard solution was recorded as a “0 score”, while that of a 5.0 g/
L NaCl/MSG standard solution was recorded as a “10 score”. Besides,
20.0 mL of protein hydrolysates were diluted tenfold, poured into clean
and transparent cups, and randomly assigned with a three-digit code.
After equilibrating at room temperature (25 °C) for 30 min, the tastes of
the protein hydrolysates was evaluated by 20 trained food professionals
aged between 20 and 30, who had experience in assessing the tastes of
protein hydrolysates. They were required to conduct a sensory evalua-
tion of the salty and umami tastes of the protein hydrolysates and
assigned scores based on the scoring rubric. All protein hydrolysates
were evaluated under consistent conditions.

2.12. The analysis of salty and umami tastes, equivalent salty intensity
(ESI) and equivalent umami concentration (EUC)

A volume of 20.0 mL of protein hydrolysates was taken and diluted
tenfold. After filtering through two layers of filter paper, the salty and
umami tastes of the protein hydrolysates were analyzed using an elec-
tronic tongue equipped with CTO and AAE taste sensors (Liu et al.,
2024). Additionally, a standard curve for salty intensity was plotted as y
=2.0420x + 19.9310 (R2 = 0.9660) using NaCl solutions. Based on the
salty intensity recorded by the electronic tongue, we tentatively define
the Equivalent Salty Intensity (ESI) as the salty intensity elicited by the
protein hydrolysate that corresponds to the salty intensity elicited by a
specific concentration of NaCl. Therefore, it is denoted as ESI (gNaCl/L)
and can be calculated using the following equation. In formula (4), P
represents the salty intensity elicited by the protein hydrolysate, and T
represents the diluted ratio of the protein hydrolysate.

4

gNaCl\ P xT—19.9310
EIS ( L ) 2.0420

The term “equivalent umami concentration” refers to the combined
effect of certain umami amino acids (Asp, Glu) and nucleotides (IMP,
GMP, and AMP). The EUC is defined as a cumulative effect of amino
acids (Asp, Glu) and nucleotides (IMP, GMP, and AMP) that produces an
umami intensity equivalent to a specific concentration of monosodium
glutamate (MSG) per 100 g (Liu, Li et al., 2024). This parameter can be
calculated using the following equation. In formula (5), a; and q;
represent the concentrations (g/100 g) of the amino acids and nucleo-
tides, respectively. Additionally, ; denotes the relative umami concen-
trations (RUC) of amino acids (Glu (1.00) and Asp (0.077)) compared to
MSG, while p; signifies the RUC of nucleotides (IMP (1.00), GMP (2.30),
and AMP (0.18)) relative to MSG. The synergistic constant is fixed at
1218.

EUCEMSG / 100 g) = +12183 awh > ap, (5)
2.13. Statistical analysis
All experiments were independently replicated three times using

various samples. Statistical analysis, including ANOVA and Duncan’s
Multiple Range tests, was conducted using SPSS software (version 19.0;
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Fig. 1. Effects of different proteases on the physicochemical properties of protein hydrolysates of Monetaria moneta. (a) the degree of hydrolysis, (b) whiteness, (c)
protein hydrolysates, (d) molecular weight distribution, A-F represent control, protein hydrolysates of bromelain, papain, neutrase, flavorzyme, and protamex,

respectively.

SPSS Inc., Chicago, IL, USA). All data were presented as mean + stan-
dard deviation (SD).

3. Results and discussion
3.1. Effects of different proteases on the DH of protein hydrolysates

DH is a crucial indicator for assessing proteases’ ability to hydrolyze
proteins, which directly correlates with the efficiency of protein hy-
drolysis (Zhang, Tu, et al., 2024). As illustrated in Fig. 1 (a), there is a
significant difference in the efficiency of enzymatic hydrolysis between
the control and five types of proteases. Notably, the DH of the control
was the lowest, at just 15.86 % (P < 0.05). In contrast, the DH of the
proteases showed a marked increase compared to the control. This in-
crease can be attributed to the ease with which M. moneta proteins are
hydrolyzed by proteases, resulting in the generation of diverse amino
acids and peptides (Zhang, Tu, et al., 2024). Furthermore, the DHs of the

proteases exhibited substantial variation, arranged in the following
order: papain, flavourzyme, and protamex > neutrase > bromelain >
control. This variation may stem from the specificity of the proteases
(Zhang, Liu, et al., 2024). Specifically, papain, flavourzyme, and pro-
tamex exhibited high hydrolysis efficiencies, with their DHs exceeding
22.64 %.

The muscles of shellfish, both striated and smooth, are abundant in
myofibrillar, sarcoplasmic, and matrix proteins (Li et al., 2022). Spe-
cifically, matrix protein belongs to a class of insoluble proteins rich in
collagen and elastin (Li et al., 2022). Consequently, these proteins were
not extracted during the water extraction process, leading to the lowest
DH in the control. However, M. moneta proteins underwent facile hy-
drolysis during the enzymatic process and converted proteins into
various small molecule compounds, thereby significantly enhancing
their DHs (Yang et al., 2024). Seven enzyme groups were applied to
hydrolyze broken fruiting bodies of morel mushroom (Morchella sexte-
lata), and the morel hydrolysate obtained from Neutrase-Flavourzyme
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Table 1

Food Chemistry: X 24 (2024) 102056

Effects of different proteases on the concentration of free amino acids and nucleotides in protein hydrolysates of Monetaria moneta.

Taste substance name

Protein hydrolysates of different proteases(g/L)

Control Bromelain Papain Neutrase Flavourzyme Protamex
Asp 0.58 + 0.01¢ 0.68 + 0.01° 0.66 + 0.02° 0.63 + 0.02¢ 0.89 + 0.03* 0.82 + 0.03"
Glu 1.94 + 0.02° 2.62 + 0.01° 2.85 + 0.04° 2.46 + 0.03¢ 3.30 + 0.05% 2.91 + 0.04°
Gly 0.86 + 0.03f 1.78 + 0.02¢ 1.85 + 0.01° 1.67 + 0.02¢ 1.89 + 0.02" 2.11 + 0.02°
Thr* 0.76 + 0.02° 1.01 + 0.02¢ 1.06 + 0.01° 1.14 + 0.03° 1.31 + 0.02* 0.79 + 0.03°
Ala 2.07 + 0.05° 3.82 +0.01° 3.73 + 0.02° 3.37 +0.01¢ 3.76 + 0.02° 4.33 +0.02*
Pro 0.31 +0.01¢ 0.36 + 0.01¢ 0.38 + 0.01°¢ 0.30 + 0.01¢ 0.61 + 0.03% 0.48 + 0.05"
Ser 0.42 + 0.014 0.51 + 0.01° 0.61 + 0.02° 0.81 + 0.02° 0.82 + 0.02* 0.28 + 0.02°
Arg 1.44 + 0.03° 2.19 + 0.01¢ 2.32 +0.01° 2.02 + 0.02¢ 2.53 + 0.02* 2.34 + 0.02°
Tyr 1.14 + 0.03? 1.03 + 0.02° 0.96 + 0.02¢ 0.63 + 0.02° 0.95 + 0.02¢ 1.07 + 0.03°
His* 0.28 + 0.01¢ 0.46 + 0.01° 0.48 + 0.012 0.43 + 0.02° 0.48 + 0.01% 0.47 + 0.01%
Val* 0.92 + 0.014 1.33 + 0.02° 1.31 + 0.02° 1.06 + 0.03° 1.44 + 0.02° 1.34 + 0.03°
Met* 0.53 + 0.02¢ 0.88 + 0.01* 0.83 + 0.02" 0.68 + 0.02° 0.89 + 0.02* 0.85 + 0.02°
Trp* 0.17 + 0.01¢ 0.28 + 0.01%° 0.27 + 0.01° 0.23 + 0.02° 0.30 + 0.01% 0.27 + 0.02°
Phe* 0.83 +0.01° 1.22 + 0.01° 1.11 + 0.02° 0.93 + 0.02¢ 1.14 + 0.01° 1.14 + 0.02°
Tle* 0.85 + 0.02° 1.29 + 0.01° 1.20 + 0.01° 0.91 + 0.02¢ 1.34 + 0.02% 1.27 + 0.02°
Leu* 1.47 + 0.02° 2.57 + 0.01% 2.26 + 0.03¢ 1.68 + 0.024 2.48 + 0.01° 2.47 + 0.02°
Lys* 1.12 +0.01f 1.66 + 0.01¢ 2.04 + 0.02" 1.62 + 0.02° 2.17 + 0.02* 1.89 + 0.02°
Asn 0.32 + 0.01° 0.41 + 0.01¢ 0.45 + 0.02° 0.21 + 0.01f 0.57 + 0.02* 0.50 + 0.02°
Gln 0.25 + 0.01° 0.41 +0.01° 0.38 + 0.01°¢ 0.32 + 0.02¢ 0.46 + 0.02* 0.46 + 0.01%
Cys 0.20 + 0.00° 0.17 + 0.01° 0.17 + 0.01° 0.20 + 0.01° 0.21 + 0.02* 0.21 + 0.02*
Cit 0.12 + 0.01¢ 0.17 + 0.01° 0.07 + 0.01¢ 0.15 + 0.03" 0.23 + 0.02* 0.18 + 0.01°
Nva 0.05 + 0.00¢ 0.07 + 0.01° 0.07 +0.01° 0.11 + 0.01% 0.06 + 0.00° 0.06 + 0.01¢
Hyp 0.26 + 0.01% 0.13 + 0.01¢ 0.17 +0.01¢ 0.20 + 0.03" 0.21 + 0.01° 0.19 + 0.01*
Sar 0.03 + 0.00° 0.02 + 0.00° 0.01 + 0.00° 0.02 + 0.00° 0.04 + 0.00° 0.02 + 0.00°
FAAs 16.93 + 0.35° 25.08 + 0.26° 25.22 + 0.36° 21.76 + 2.37¢ 28.08 + 0.42% 26.47 + 0.27°
EAAs 6.94 + 0.13¢ 10.71 + 0.12° 10.55 + 0.15° 8.67 + 0.14° 11.55 + 0.15° 10.49 + 0.16°
SAAs 2.52 + 0.02f 3.30 + 0.02¢ 3.52 + 0.06° 3.10 + 0.05° 4.18 + 0.08% 3.73 + 0.07°
UAAs 5.45 + 0.09° 8.90 + 0.05° 9.09 + 0.09° 8.13 + 0.03¢ 9.83 +0.12" 10.18 + 0.03°
TAAs 5.85 + 0.14 9.67 + 0.08¢ 9.94 + 0.09° 9.31 + 0.07° 10.91 + 0.12° 10.35 + 0.11°
BAAs 7.15 + 0.13° 10.45 + 0.11° 10.18 + 0.14° 7.92 + 0.17¢ 10.90 + 0.13% 10.50 + 0.17°
AAAs 2.80 + 0.03f 3.76 + 0.03¢ 3.99 + 0.07° 3.53 + 0.08° 4.67 + 0.09* 4.21 +0.08°
ATP 0.01 + 0.00¢ 0.14 + 0.00° 0.14 +0.01% 0.01 + 0.00° 0.02 + 0.00" 0.02 + 0.00*
ADP 0.00 =+ 0.00¢ 0.04 + 0.00° 0.05 =+ 0.00% 0.01 =+ 0.00¢ 0.02 + 0.00" 0.01 + 0.00°
AMP 2.41 +0.10° 5.03 + 0.09¢ 5.26 + 0.10° 4.99 + 0.06¢ 6.02 + 0.13* 5.46 + 0.06"
IMP 0.20 + 0.01° 0.28 + 0.01¢ 0.54 + 0.03" 0.37 + 0.03° 0.71 + 0.02* 0.70 + 0.02*
HxR 0.52 + 0.05° 0.79 =+ 0.05° 1.14 + 0.07° 0.64 + 0.08¢ 1.01 + 0.04° 0.98 + 0.05"
Hx 0.15 + 0.01° 0.44 + 0.03° 0.39 + 0.01° 0.40 + 0.01° 0.42 + 0.02%° 0.42 + 0.02%
GMP 0.06 + 0.01° 0.08 + 0.01¢ 0.11 + 0.01%¢ 0.10 + 0.00° 0.12 + 0.01° 0.13 +0.01%
Total nucleotides 3.36 + 0.12f 7.03 £ 0.12¢ 7.39 + 0.19° 6.52 + 0.09° 8.32 + 0.08% 7.72 + 0.14°

Note: The data are expressed in the form of mean + standard deviations (n = 3). Different letters (a-f) within the same row indicate significant differences (P < 0.05)

e

between mean values.

represents essential amino acids; FAA represents total free amino acids; EAA represents total essential amino acids; SAA represents total salty

amino acids (sum of Glu and Asp); UAA represents total umami amino acids (sum of Glu, Asp, Gly, and Ala); TAA represents total sweet amino acids (sum of Gly, Ala,
Ser, Thr, Pro, and Arg); BAA represents total bitter amino acids (sum of Lys, Met, Val, Ile, Leu, Tyr, His, and Phe); AAA represents total acids amino acids (sum of Glu,

Asp, and His).

combination contained the most contents of taste-activity compounds,
which resulted from the highest DH of them, up to 36.64 %, thereby
giving the best overall flavor properties (Gao et al., 2021).

Under the same conditions of enzymatic hydrolysis, various pro-
teases could exert different extents of enzymatic hydrolysis on M. moneta
proteins, which could potentially be determined by the specificity of the
enzyme. According to their cleavage sites, proteolytic enzymes can be
divided into exo-type proteinases and endo-type proteinases (peptidases)
(Kieliszek et al., 2021). The first group cleave the peptide bond proximal
to the amino or carboxy terminals, whereas endo-type proteinases
cleave peptide bonds distant from the termini of the proteins (Kieliszek
et al., 2021). Specifically, bromelain and papain are kinds of cysteine
proteases, also known as thiol proteases. These enzymes can act on the
carboxyl terminals of Arg and Lys within peptide chains, preferentially
hydrolyzing amino acids with two carboxyl groups at the N-terminal
(Veymar et al., 2021; Veymar et al., 2023). Nevertheless, the DH of
bromelain was notably lower than that of papain. This disparity might
be attributed to bromelain’s susceptibility to metal ions, which can
readily diminish its activity (Shukor et al., 2008; Veymar et al., 2021;
Veymar et al., 2023). Neutrase, an endo-type protease derived from
Bacillus subtilis, degrades peptide bonds between hydrophobic amino
acids. It tends to cleave the peptide bond between Leu and Phe at the C-
terminal, contributing to a lower DH (Chen et al., 2023; Zheng et al.,

2024). Additionally, flavourzyme, an exo-type protease, cleaves peptide
chains from both the C and N-terminals. Protamex, possessing dual
characteristics of both endo- and exo-type proteases, can cleave proteins
at multiple sites (Chen et al., 2023). Given the analysis of the DH and
cleavage sites of various proteases, it was observed that flavourzyme and
protamex exhibited proficiency in generating salty and umami in-
gredients, thereby imparting a distinct salty-umami taste to their protein
hydrolysates.

3.2. Effects of different proteases on the whiteness of protein hydrolysates

Whiteness serves as a crucial indicator which can reflect both the
color and quality of protein hydrolysates, and it also directly influences
consumer preferences (Zhang, Liu, et al., 2024). Changes in whiteness
offer a direct window into the internal transformations occurring within
protein hydrolysates, which attributes to their dissolved compound
components and the surface’s optical properties. Essentially, the
whiteness of protein hydrolysates is closely correlated with the DH of
proteases and their cleavage sites (Zhang, Liu, et al., 2024).

As illustrated in Fig. 1 (b-c), the results demonstrated that, following
enzymatic hydrolysis, the L* and b* values of all protein hydrolysates
experienced a notable increase (P < 0.05), but the a* value decreased
significantly (P < 0.05). Most importantly, the protein hydrolysates of
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papain, flavourzyme, and protamex exhibited a more pronounced
improvement in L* and b* values (P < 0.05), ultimately leading to a
substantial boost in their whiteness (P < 0.05). In response, the protein
hydrolysates were observed to be a yellow hue as a result. Combined
with their DHs, it could be speculated that these proteases effectively
hydrolyze M. moneta proteins, facilitating the release of taste com-
pounds from M. moneta and thereby enriching the taste of the protein
hydrolysates. Consequently, protein hydrolysate appearing in a yellow
hue is likely to exhibit a pronounced salty-umami taste.

3.3. Effects of different proteases on the MW distribution of protein
hydrolysates

To further investigate the salty-umami taste of protein hydrolysates
produced by different proteases, the MW distribution was determined.
This was because peptides with a small MW have been found to signif-
icantly affect taste (Yang et al., 2024). It is widely recognized that
peptides weighing less than 3 kDa exhibit a strong taste, whereas those
exceeding 3 kDa are typically weak or tasteless (Li et al., 2023; Song
etal., 2023). Peptides under 1 kDa can considerably enhance the umami
and salty tastes of protein hydrolysates (Wang et al., 2022; Zhang et al.,
2022).

The results presented in Fig. 1 (d) reveal that the MW distribution of
the protein hydrolysates primarily falls into five ranges, with the ma-
jority concentrated in the under 3 kDa range. In our study, the control
contained a significant proportion of peptides exceeding 3 kDa, ac-
counting for 14.70 % (P < 0.05). However, following hydrolysis with
various proteases, the content of peptides over 3 kDa decreased
remarkably (P < 0.05), while the proportion of peptides under 1 kDa
increased significantly (P < 0.05). Furthermore, the flavourzyme-
treated hydrolysate exhibited the highest content of peptides under 1
kDa (91.06 %), closely followed by the protamex-treated hydrolysate
(89.41 %). This suggests that both proteases are capable of thoroughly
hydrolyzing M. moneta proteins. Flavourzyme, an exo-type protease,
demonstrates a strong propensity to produce amino acids. Meanwhile,
protamex, possessing dual characteristics, efficiently cleaves proteins to
generate a diverse array of small peptides and amino acids. These results
account for the elevated levels of peptides under 1 kDa in their respec-
tive protein hydrolysates (Chen et al., 2023; Yang et al., 2024). Conse-
quently, compared to the control and other proteases, the flavourzyme-
and protamex-treated hydrolysates are likely to exhibit distinctive taste
profiles, characterized by a pronounced salty-umami taste.

3.4. Effects of different proteases on the concentrations of FAAs in protein
hydrolysates

As shown in Table 1, 24 varieties of FAAs were detected in both the
control and protein hydrolysates, including 9 essential amino acids
(EAAs) and 15 non-essential amino acids. The trends for total FAAs and
EAAs were comparable. In the control, the concentrations of FAAs and
EAAs were only 16.93 and 6.94 g/L, respectively. However, the con-
centrations of FAAs and EAAs in the protein hydrolysates rose obviously
(P < 0.05). Interestingly, the flavourzyme-treated hydrolysate exhibited
the highest concentrations of FAAs and EAAs, reaching 28.08 and 11.55
g/L, respectively (P < 0.05), closely followed by the protamex-treated
hydrolysate. This difference could be attributed to the DHs and cleav-
age sites of the proteases involved (Fang et al., 2022; Zhang, Liu, et al.,
2024). As a result, the nutritional value of protein hydrolysates treated
by flavourzyme and protamex remained impressively intact.

Apart from their nutritional importance, free amino acids play a
pivotal role in shaping the unique taste profiles of protein hydrolysates
(Chen et al., 2022; Yang et al., 2024). Amino acids are categorized into
five groups based on their taste attributes: salty amino acids (SAAs),
umami amino acids (UAAs), sweet amino acids (TAAs), bitter amino
acids (BAAs), and acidic amino acids (AAAs) (Wang et al., 2022; Zhang,
Tu, et al., 2024). Reports have indicated that SAAs and UAAs
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predominantly influenced the salty-umami taste, especially Glu and Asp,
which could contribute strongly to this taste profile in protein hydro-
lysates (Wang et al., 2022; Zhang, Tu, et al., 2024). In the control, SAAs
and UAAs concentrations were limited to 2.52 and 5.45 g/L, respectively
(P < 0.05). However, enzymatic treatment could elevate amino acid
levels, which increased these concentrations significantly in the protein
hydrolysates (P < 0.05), thereby enriching the salty-umami taste of the
hydrolysates. This phenomenon aligned with trends observed in DH and
MW distribution (referring to Fig. 1). Additionally, both flavourzyme
and protamex exhibit a profound ability to hydrolyze and disrupt pro-
tein structures (Chen et al., 2023; Yang et al., 2024). Consequently, the
concentrations of SAAs and UAAs surged significantly in the fla-
vourzyme- and protamex-treated hydrolysates (P < 0.05).

Furthermore, Gly, Arg, and Ala are exemplary sweet amino acids
abundantly found in protein hydrolysates. Apart from contributing
sweetness, Gly and Arg can also mitigate the bitterness of protein hy-
drolysates and amplify their umami flavor (Yang et al., 2024; Zhu et al.,
2023). For instance, when Ala is present alongside umami amino acids
(such as Glu), they can create a synergistic effect, ultimately imparting a
pronounced umami taste to protein hydrolysates (Liu et al., 2024). A
diverse range of BAAs were also identified in protein hydrolysates, with
Leu emerging as the most prevalent. Remarkably, even minute con-
centrations of BAAs have the potential to amplify the umami and sweet
flavors imparted by other amino acids (Du et al., 2024; Zhu et al., 2023).
As a result, protein hydrolysates processed by flavourzyme and prota-
mex comprised a notable amount of taste-associated amino acids, ulti-
mately endowing them with a distinct salty-umami taste in comparison
to the control and other proteases.

3.5. Effects of different proteases on the concentrations of nucleotides in
protein hydrolysates

Nucleotides and their related compounds constitute a class of taste
compounds that can synergize with amino acids to not only enhance
saltiness and umami but also improve the overall taste of protein hy-
drolysates (Liu et al., 2024; Wang et al., 2022). GMP primarily originates
from RNA, while ADP, AMP, IMP, inosine (HxR), and hypoxanthine (Hx)
are related products derived from ATP decomposition in shellfish after
death (Chen et al., 2022; Liu et al.,, 2024). Previous studies have
demonstrated that ATP decomposition can occur via two primary
pathways: (1) ATP - ADP - AMP — IMP—HxR — Hx and (2) ATP —
ADP —» AMP — AdR — HxR — Hx (Chen et al., 2022; Liu et al., 2024).
Among these nucleotides and their related compounds, four primarily
taste-related compounds are AMP (2.41-6.02 g/L), IMP (0.20-0.71 g/L),
HxR (0.52-1.14 g/L), and Hx (0.15-0.44 g/L), which account for
92.97-99.10 % of the total detected nucleotides in protein hydrolysates.
These results confirm that pathway (2) is the primary pathway of ATP
decomposition during the enzymatic hydrolysis process. Specifically,
AMP has the highest content among the total nucleotides, and its con-
centration is much higher than that of IMP. This further supports the
hypothesis that ATP is primarily degraded via pathway (2), with
pathway (1) being secondary. These findings are also consistent with
previous studies (Chen et al., 2022; Du et al., 2024; Yang et al., 2024),
which observed that AMP is abundant in protein hydrolysates and
pathway (2) dominates ATP decomposition during scallop adductors
processing (Chen et al., 2022).

Moreover, the variation in total nucleotides and AMP in protein
hydrolysates exhibited a similar trend. The highest concentrations of
total nucleotides (8.32 g/L) and AMP (6.02 g/L) were detected in the
flavourzyme-treated hydrolysate, closely followed by the protamex-
treated hydrolysate (7.72 and 5.46 g/L), respectively. Notably, the
concentration of AMP in protein hydrolysates was significantly higher
than that of the control. These results aligned with previous studies
where reported high levels of AMP in the trypsin-treated and
flavourzyme-treated hydrolysates, specifically 1.302 and 1.084 mg/g,
respectively (Yang et al., 2024). Such a high concentration of AMP could
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Fig. 2. Effects of different proteases on the concentration of taste compounds in protein hydrolysates of Monetaria moneta. (a) organic acids, (b) betaine, (c) glycogen,
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Table 2

Food Chemistry: X 24 (2024) 102056

Effects of different proteases on the taste compounds’ TAV of protein hydrolysates of Monetaria moneta.

Taste substance name Taste threshold

TAV of taste substances in different protein hydrolysates

L
(&/L) Control Bromelain Papain Neutrase Flavourzyme Protamex

Asp 0.53 1.10 + 0.01° 1.28 + 0.01° 1.25 + 0.03° 1.19 + 0.03¢ 1.67 + 0.05% 1.56 + 0.06°
Glu 0.30 6.47 + 0.06° 8.73 + 0.05° 9.52 + 0.14° 8.21 +0.12¢ 10.98 + 0.15° 9.70 + 0.13"
Gly 1.30 0.66 + 0.02 1.37 + 0.02¢ 1.42 + 0.01° 1.28 + 0.01° 1.45 + 0.01° 1.62 + 0.01°
Thr 2.60 0.29 + 0.01° 0.39 + 0.014 0.41 +0.01° 0.44 +0.01° 0.50 + 0.01% 0.31 +0.01°
Ala 0.60 3.46 + 0.08° 6.37 + 0.02° 6.21 + 0.03° 5.61 + 0.02¢ 6.26 + 0.04° 7.22 + 0.04*
Pro 3.00 0.10 + 0.00¢ 0.12 + 0.00° 0.13 £ 0.00° 0.10 + 0.01¢ 0.20 + 0.012 0.16 + 0.02°
Ser 1.50 0.28 + 0.01¢ 0.34 + 0.00° 0.41 +0.01° 0.54 + 0.01% 0.55 + 0.02* 0.19 + 0.02°
Arg 0.50 2.88 + 0.06° 4.38 + 0.03¢ 4.64 + 0.03" 4.04 + 0.04¢ 5.06 + 0.03% 4.69 + 0.04°
Tyr 0.72 1.58 + 0.04° 1.42 + 0.03° 1.33 +0.03¢ 0.87 + 0.02° 1.32 + 0.03¢ 1.49 + 0.04°
His 0.20 1.40 + 0.05° 2.31 + 0.06° 2.38 + 0.06% 2.14 + 0.12° 2.42 + 0.06% 2.36 + 0.06%
Val 0.40 2.31 + 0.03¢ 3.32 +0.04° 3.27 + 0.04° 2.65 =+ 0.07¢ 3.60 + 0.04° 3.35 + 0.07°
Met 0.30 1.78 + 0.06¢ 2.93 + 0.04° 2.76 + 0.06" 2.27 + 0.08° 2.97 + 0.06% 2.82 + 0.08"
Trp - - - - - - -

Phe 0.90 0.93 +0.01° 1.36 + 0.01% 1.23 + 0.02° 1.03 £ 0.02¢ 1.27 +0.01° 1.27 + 0.03°
Tle 0.90 0.94 + 0.02° 1.44 +0.01° 1.34 + 0.01° 1.01 + 0.02¢ 1.49 + 0.03* 1.42 + 0.02°
Leu 1.90 0.77 + 0.01° 1.35 + 0.01% 1.19 + 0.02° 0.88 + 0.01¢ 1.30 + 0.01° 1.30 + 0.01°
Lys 0.50 2.23 + 0.03f 3.33 + 0.03¢ 4.08 + 0.04° 3.24 + 0.04° 4.33 + 0.05% 3.77 + 0.04°
Asn - - - - - - -

Gln - - - - - - -

Cys 0.24 0.82 + 0.04* 0.70 + 0.05" 0.71 + 0.05" 0.84 + 0.04* 0.88 + 0.07% 0.88 + 0.07%
AMP 0.50 4.82 +0.21° 10.07 + 0.18¢ 10.52 + 0.21¢ 9.99 +0.11¢ 12.04 + 0.25° 10.91 +0.13°
IMP 0.25 0.80 + 0.06° 1.12 + 0.05¢ 2.15 +0.13" 1.49 + 0.11¢ 2.82 + 0.07% 2.81 + 0.09*
GMP 0.125 0.51 + 0.05¢ 0.66 + 0.07¢ 0.89 + 0.08" 0.79 + 0.03° 0.93 + 0.07° 1.04 + 0.06°
HxR - - - - - - -

Hx - - - - - - -

Lactic acid 1.26 0.55 + 0.01¢ 1.15 + 0.03% 1.18 + 0.01% 0.99 + 0.04¢ 1.08 + 0.04° 1.13 + 0.01°
Succinic acid 0.10 3.18 + 0.24¢ 4.21 + 0.09° 4.36 + 0.05% 3.91 + 0.06° 4.36 + 0.06% 417 +0.13°
Citric acid 0.45 0.17 + 0.02¢ 0.34 + 0.01° 0.36 + 0.00% 0.25 + 0.02° 0.37 + 0.02* 0.38 + 0.01%
Malic acid 0.50 0.64 + 0.04° 0.85 + 0.05¢ 1.13 + 0.04% 0.76 + 0.03¢ 1.05 + 0.02° 1.09 + 0.03°
K* 1.30 1.48 + 0.03° 1.16 + 0.01° 0.94 + 0.01¢ 1.17 + 0.02° 0.95 + 0.01¢ 1.03 + 0.01°
Na* 1.80 1.73 + 0.04° 1.32 + 0.02° 1.07 + 0.01° 1.38 + 0.02° 1.20 + 0.02¢ 1.21 + 0.01¢
cl 1.30 4.22 + 0.08% 3.25 + 0.03¢ 2.54 + 0.03¢ 3.42 + 0.03" 2.90 + 0.01¢ 2.88 + 0.01¢
Betaine 2.50 0.37 + 0.01° 0.44 + 0.00° 0.52 + 0.00% 0.40 + 0.01¢ 0.46 + 0.01° 0.47 + 0.00°

Note: The data are expressed in the form of mean =+ standard deviations (n = 3). Different letters (a-f) within the same row indicate significant differences (P < 0.05)
between mean values. Taste recognition threshold value (g/L) of free amino acids (Bai et al., 2022; Wang et al., 2022), nucleotides (Du et al., 2024; Wang et al., 2022),

organic acids (Zhu et al., 2023), inorganic ions and betaine (Chen et al., 2022).

play a role in augmenting the umami taste of protein hydrolysates (Yang
et al., 2024). Additionally, high concentrations of IMP and GMP were
also observed in the flavourzyme- and protamex-treated hydrolysates (P
< 0.05), echoing the trends seen in DH [referring to Fig. 1 (a)]. This was
attributed to proteases promoting the release of non-volatile taste
compounds, thereby elevating nucleotide concentrations (Yang et al.,
2024). Gao et al. (2021) also highlighted that various enzymatic hy-
drolysis systems could boost nucleotide concentrations in protein hy-
drolysates. Based on this analysis, flavourzyme and protamex effectively
promote the release of non-volatile taste compounds and elevate
nucleotide concentrations during the enzymatic hydrolysis process,
imparting their protein hydrolysates with a pronounced salty-umami
taste.

3.6. Effects of different proteases on the concentrations of organic acids,
betaine, and glycogen in protein hydrolysates

Asillustrated in Fig. 2(a), citric, malic, succinic, and lactic acids were
identified in both the control sample and the protein hydrolysates. These
acids are metabolites of M. moneta, primarily derived from glycogen.
Throughout the hydrolysis process, glycogen undergoes anaerobic
degradation catalyzed by endogenous enzymes, resulting in elevated
levels of organic acids in protein hydrolysates (Liu et al., 2024).
Consequently, the concentrations of organic acids in protein hydroly-
sates were treated with different proteases ranged from 2.13 g/L to 2.65
g/L, significantly higher than the control’s concentration of 1.41 g/L (P
< 0.05). Most importantly, citric and lactic acids can impart a slightly
fruity and sour taste while malic and succinic acids contribute a mild and
crisp acidity, further enhancing the salty-umami taste of protein

hydrolysates (Du et al., 2024; Wang, Huang, et al., 2023). Additionally,
succinic acid and its sodium salt are crucial umami compounds among
organic acids, since they synergize with inorganic ions and umami or
sweet-free amino acids to amplify the umami taste (Bai et al., 2022; Liu
et al., 2024). Hence, the abundance of malic and succinic acids in the
flavorzyme- and protamex-treated hydrolysates contributes to the salty-
umami taste.

Betaine is a primary alkaloid compound that gives a unique sweet-
ness to seafood and contributes to its taste (Chen et al., 2022; Wang, Li
et al., 2023). Moreover, although glycogen is not directly linked to taste,
it still holds a vital importance in the overall enhancement and modu-
lation of flavor (Liu et al., 2024). As depicted in Fig. 2 (b-c), the protein
hydrolysates demonstrated a comparable trend in the fluctuations of
betaine and glycogen concentrations. The lowest concentrations of
betaine and glycogen were observed in the control, measuring only
924.80 and 208.41 mg/L, respectively (P < 0.05). On the contrary, the
concentrations of both betaine and glycogen in the protein hydrolysates
increased significantly after enzymatic hydrolysis (P < 0.05). Addi-
tionally, high levels of betaine and glycogen were detected in the
papain-, flavorzyme-, and protamex-treated hydrolysates, which also
correlated positively with the high DHs [referring to Fig. 1(a)]. During
the enzymatic hydrolysis process, proteases can efficiently hydrolyze
proteins and disrupt muscle structure, releasing numerous taste com-
pounds (Gao et al., 2021; Yang et al., 2024). Especially, glycoproteins
undergo hydrolysis to release glycogen, significantly increasing the
concentration of betaine and glycogen (Gao et al., 2021; Yang et al.,
2024). According to variations in organic acids, betaine, and glycogen, it
could be inferred that the salty-umami taste in the flavorzyme- and
protamex-treated hydrolysates was extremely stronger compared to
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other hydrolysates (P < 0.05).

3.7. Effects of different proteases on the concentrations of peptide and
inorganic ions in protein hydrolysates

Peptides are easier to digest than proteins composed of the same
amino acids and taste better than a single amino acid (Wang et al.,
2022). Hence, they are considered as crucial taste compounds that can
impart a unique flavor to protein hydrolysates. The results presented in
Fig. 2 (d) indicate that the concentrations of peptides in the protein
hydrolysates produced by different proteases ranged from 6.41 g/L to
10.56 g/L, significantly exceeding the concentration of the control (4.09
g/L) (P < 0.05). Furthermore, the concentration of peptides in protein
hydrolysates was closely correlated with the DH and enzyme cleavage
site, which could explain the strong salty-umami taste observed in the
flavourzyme- and protamex-treated hydrolysates. Papain and protamex,
with their high DHs, efficiently hydrolyze proteins and convert them
into peptides, elevating the peptide concentration in their protein hy-
drolysates. However, despite flavourzyme’s high DH, as an exo-type
protease, it cleaves peptide chains to produce free amino acids, lead-
ing to a lower peptide concentration in the flavourzyme-treated hy-
drolysates (Chen et al., 2023). On the contrary, the control, bromelain,
and neutrase yielded the protein hydrolysates with low peptide con-
centrations owing to their low DHs. In addition, a series of taste-active
peptides have been isolated and identified from enzymatic hydroly-
sates, and these taste-active peptides are all oligopeptides which can
enrich the taste of enzymatic hydrolysates. For example, four decapep-
tides were found as taste-active peptides, and EDEGEQPRPF was the
most potent taste-active compounds, and 0.4 mg/mL of the taste-active
peptide in 50 mmol/L NacCl solution could increase its salty perception
equivalent to the salt level of 63 mmol/L NaCl reference solution (Chen
et al., 2021). The remaining peptides (VGPDDDEKSW, DEDEQPRPIP,
and DEGEQPRPFP) also could give umami and kokumi tastes to food as
well as show a weak saltiness-enhancing sensation (Chen et al., 2021).
Therefore, the peptides with low molecular weights significantly
contributed to the salty-umami taste, which resulted in the protamex-
treated hydrolysate with obvious salty-umami flavor.

As shown in Fig. 2 (e), the primary taste-affecting inorganic ions
detected in the protein hydrolysates were Na®, K*, and Cl~, and Cl~
comprised over 50 % of the total inorganic ions. Moreover, the varia-
tions in inorganic ion concentration exhibited an inverse relationship
with DH. Specifically, the highest concentration of inorganic ions was
observed in the control, peaking at 10.52 g/L, but it plummeted after
enzymatic hydrolysis. Additionally, the bromelain- and neutrase-treated
hydrolysates contained higher concentrations of inorganic ions than
those treated with other proteases. The flavourzyme- and protamex-
treated hydrolysates showed lower concentrations of inorganic ions.
Proteases with high DHs could proficiently hydrolyze M. moneta pro-
teins, thereby releasing a substantial number of peptides, amino acids,
polysaccharides, and other organic compounds (Gao et al., 2021; Yang
et al., 2024). Because these compounds possess a strong affinity for
chelating with inorganic ions, the concentrations of free inorganic ions
became into decreasing as a result (Adelnia et al., 2023; Nickerson et al.,
2008). Based on the aforementioned observations, it was further
determined that flavourzyme and protamex exhibited high efficacy in
hydrolyzing proteins, ultimately conferring a distinct salty-umami fla-
vor to their protein hydrolysates.

3.8. Effects of different proteases on the TAV of taste compounds

As shown in Table 2, the taste compounds with a TAV greater than
1.0 in the control and protein hydrolysates of various proteases were
predominantly amino acids (Asp, Glu, Ala, Arg, Tyr, His, Val, Met, and
Lys), AMP, succinic acid, and inorganic ions. Notably, the TAV of Glu
and AMP reached impressive levels of 10.98 and 12.04, respectively, in
the flavourzyme-treated hydrolysate. Essentially, these key compounds
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Fig. 3. Effects of different proteases on the dynamic heatmap of the taste
compounds’ TAV of protein hydrolysates of Monetaria moneta.

played a pivotal role in shaping the overall taste profiles of the protein
hydrolysates. Compared to the control, the protein hydrolysates
exhibited a significant increase in the TAV of amino acids, nucleotides,
and organic acids (P < 0.05), but the TAV of Nat, K, and Cl~ decreased
significantly (P < 0.05). Furthermore, the most substantial variations in
the TAV of taste compounds were observed in the flavourzyme- and
protamex-treated hydrolysates. Remarkably, both protein hydrolysates
contained more than 20 types of taste compounds with a TAV greater
than 1.0, imparting a rich salty-umami taste. This result can be attrib-
uted to the high DHs of flavourzyme and protamex, which allows for
more thorough protein hydrolysis. Afterwards, this facilitates the release
and concentration increase of non-volatile taste compounds, thereby
elevating their TAV (Gao et al., 2021; Yang et al., 2024). Referring to
Fig. 3, based on the variations in key taste compounds and their asso-
ciated taste characteristics, the control and different protein hydroly-
sates can be categorized into four groups: Group I (control and neutrase-
treated hydrolysate), Group II (bromelain- and papain-treated hydro-
lysates), and Group III (flavourzyme- and protamex-treated hydroly-
sates). Notably, Group III exhibited a significantly stronger (P < 0.05)
salty-umami taste compared to the other groups.
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3.9. Effects of different proteases on salty and umami tastes of protein
hydrolysates

Based on the analysis of E-tongue data and sensory scores shown in
Fig. 4 (a-d), it is evident that the intensities of salty and umami tastes
were the weakest in the control. In other words, the control exhibited the
lowest levels of ESI and EUC with values of only 62.82 gNaCl/L and
19.08 gMSG/100 g, respectively (P < 0.05). Following enzymatic hy-
drolysis, the sensory scores for salty and umami tastes in the protein
hydrolysates were significantly higher compared to the control (P <
0.05). As a result, the intensities of saltiness and umami were notably
enhanced (P < 0.05). Additionally, their ESI and EUC varied in the range
of 66.90-80.05 gNaCl/L and 44.97-84.56 gMSG/100 g, respectively.
Most importantly, the flavourzyme-treated hydrolysate exhibited the
highest levels of ESI (80.05 gNaCl/L) and EUC (84.56 gMSG/100 g) (P <
0.05), closely followed by the protamex-treated hydrolysate (77.95
gNaCl/L and 72.09 gMSG/100 g) (P < 0.05). These results aligned with
the analysis presented in Table 1 and Table 2. Furthermore, similar
observations were reported in a study by Li et al. (2023), where the salty
and umami tastes in low-value red swamp crayfish hydrolysates
increased significantly after hydrolysis with flavourzyme and protamex.
Zhang, Tu, et al. (2024) also highlighted that saltiness and umami were
the predominant characteristic tastes in the oyster hydrolysates.

3.10. Interaction between umami and salty tastes in the protein
hydrolysates

Based on the PCA analysis conducted using sensory scores for salti-
ness and umami, as shown in Fig. 5 (a), a significant disparity is evident
between the control and the protein hydrolysates. Notably, the fla-
vourzyme- and protamex-treated hydrolysates exhibited the most anal-
ogous salty-umami flavor characteristics. In conclusion, flavourzyme
and protamex demonstrated exceptional protein hydrolysis abilities
when compared to the control and other proteases. As shown in Fig. 5
(b), saltiness and umami also exhibited a positive correlation with the
DH. Proteases could hydrolyze proteins more thoroughly, releasing
numerous taste compounds and enhancing the whiteness of the protein
hydrolysate (Gao et al., 2021; Yang et al., 2024). This resulted in a
positive correlation between saltiness, umami and taste compounds
(such as amino acids, nucleotides, organic acids, peptides) in the protein
hydrolysates. Additionally, saltiness and umami also demonstrated a
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positive correlation with <3 kDa peptides but a negative correlation
with >3 kDa peptides. In other words, there was a strong positive cor-
relation between saltiness and umami in the protein hydrolysates, with a
correlation coefficient exceeding 0.90. This further supported the idea
that saltiness and umami could mutually reinforce each other. Collec-
tively, our findings aligned with previous reports. For instance, under
low-concentration ion conditions (such as Na* and K1), Glu can behave
similarly to MSG, a typical umami taste compound (Liu et al., 2024;
Yang et al., 2024). Simultaneously, Glu, being a typical acidic amino
acid, can ionize hydrogen ions in protein hydrolysates akin to organic
acids. These hydrogen ions can convert chemical signals into molecular
second messengers via a gustatory pathway, finally triggering the
perception of a salty taste in the brain (Le et al., 2022; Song et al., 2023).
Besides, organic acid anions exhibit a stronger affinity for cell mem-
branes, facilitating ion penetration into taste cells and enhancing the
salty taste perception as a result (Le et al., 2022; Song et al., 2023). Since
sourness can enhance the perception of saltiness to a certain extent,
umami peptides with sour taste characteristics may play a significant
role in saltiness enhancement (Zhang, He, et al., 2024).

Furthermore, umami substances have the potential to enhance the
perception of saltiness, reducing sodium intake, and thus synergistic
umami effect represents a potential approach to salt reduction (Li et al.,
2024). Higher concentrations of umami hydrolysates exhibit a greater
enhancement effect on salty taste, which is likely due to MSG’s ability to
compensate for NaCl, optimizing palatability (Yang et al., 2022). Sela-
mat et al. (2016) explored the acceptability of chicken soup with varying
NaCl and MSG concentrations, revealing that the addition of 0.7 % MSG
allowed for a 32.5 % reduction in NaCl without compromising taste.
Salty-enhancing peptides, rich in arginine such as Arg-Arg, Arg-Val, and
Ala-Arg, augment the frequency of sodium-induced responses, stimu-
lating the a-subunit of the epithelial sodium channel (ENaC) (Song et al.,
2023). These findings further confirm that the protein hydrolysates were
enriched with salty and umami compounds which collectively impart a
pronounced salty-umami taste to their protein hydrolysates (Li et al.,
2024; Selamat et al., 2016; Zhang, He, et al., 2024). As a result, the
flavourzyme- and protamex-treated hydrolysates were suitable as
seasoning bases for producing dual-functional seasoning ingredients
with a salty-umami taste, ideal for use in low-salt food production.



C. Song et al.

4. Conclusion

In conclusion, enzymatic hydrolysis proved beneficial for releasing
taste compounds from M. moneta, enhancing the whiteness of protein
hydrolysates, and significantly increasing the amount of <3 kDa pep-
tides (referring to Fig. 6). Flavourzyme and protamex could hydrolyze
M. moneta proteins more thoroughly, which resulted in various kinds of
taste compounds serving as key contributors to the salty-umami taste,
thereby imparting a distinct salty-umami taste to their hydrolysates. The
taste compounds also worked synergistically to deliver a potent salty-
umami taste, and a positive correlation was observed between salti-
ness and umami in the protein hydrolysates. Consequently, the
flavourzyme-treated hydrolysate exhibited the highest levels of ESI and
EUC, followed by the protamex-treated hydrolysates. Collectively, these
results provide invaluable insights for augmenting the salty-umami taste
of protein hydrolysates. Further investigation into the synergistic re-
actions among taste compounds to improve the salty-umami taste would
be beneficial for utilizing protein hydrolysates as dual-functional
seasoning ingredients, imparting a salty-umami taste to low-salt foods.
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